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Abstract

Climate change impacts mountains by increasing the intensity and frequency of natural disasters,
altering Nature’s Contributions to People (NCP) and threatening biodiversity. Nature-based Solutions
(NbS) are increasingly recognized to support local communities in adapting to climatic hazards and
conserving biodiversity. These initiatives hold the potential to accelerate the transformative adaptation
of social-ecological systems, addressing the interconnected crises of climate and biodiversity. However,
there is a limited understanding of the current stage of NbS implementation, the main existing barriers
to their adoption, and their linkages with spatial planning.

To address this knowledge gap, I first identified a portfolio of NbS for climate change adaptation in the
European Alps and mapped their location. The database showcases a wide range of NbS interventions
aimed at addressing a given hazard, with the potential for various NCP co-benefits. Then, I evaluated
whether the NbS are located where they are the most needed according to the intensity of the climate
hazards they aim to address and to the existing amount of supply, flow and demand of the NCP they aim
to provide. The spatial analysis indicates few spatial correlations, suggesting that climate hazards and
NCP may not be the primary drivers of NbS implementation.

To identify the main levers and barriers of already implemented NbS and guide enabling policies
for scaling NbS, I conducted semi-structured interviews with NbS managers. I investigated their deci-
sion-making contexts through the values-rules-knowledge framework and by assessing the transformative
characteristics of the initiatives. I identified three types of initiatives, namely local self-sufficient transformations;
green deal practices based on incremental changes; and co-production initiatives involving various sectors
at multiple scales. Individually, these groups show a limited potential for transformative adaptation.
However, when considering their interplay, a co-produced regional strategy may hold the potential to
foster transformative adaptation.

To support the scaling of NbS at the Alpine level, I identified where NbS should be prioritized in
the Alps for adaptation to drought. This spatial modelling considered areas where there is a deficit or
a surplus of groundwater, respectively aiming at enhancing or safeguarding this essential resource for
adaptation. The spatial distribution indicates that priority areas concentrate in the southern and the
northeastern lowlands and hillsides. A limited number of areas meet simultaneously priorities for biodi-
versity conservation, carbon sequestration and climate change adaptation. Priority areas are only par-
tially located within protected areas, emphasizing the need to consider the diversity of situations when
implementing NbS.

The findings from these three analyses acknowledge the potential of the NbS concept to engage local
communities in adaptation initiatives that jointly address both climate and biodiversity crises. Some of
the identified initiatives fostered the adoption of NbS by breaking down silos of governance and shar-
ing experiences. However, some challenges persist for scaling NbS, including the delay before getting
benefits, the other interacting local issues, the necessity to deal with uncertainty, and financial barriers.
Disseminating NbS, both successful and unsuccessful, recognising their role in multifunctional landscape
management, and designing new research protocols can foster their adoption.

Keywords

Nature-based Solutions, Nature’s Contributions to People, Climate change, European Alps,
Transformative adaptation.



Résumé

Le changement climatique se traduit dans les montagnes par ’augmentation en intensité et en fréquence
de plusieurs aléas climatiques extrémes, affectant les Contributions de la Nature aux Populations (CNP)
et menagant la biodiversité. Les Solutions fondées sur la Nature (SIN) gagnent en popularité par leur
capacité a aider les populations locales a s’adapter aux impacts du changement climatique tout en préser-
vant la biodiversité. Ces initiatives sont reconnues pour accélérer la mise en place d'une adaptation trans-
formative des socio-écosysteémes aux crises interconnectées du climat et de la biodiversité. Cependant,
I’état actuel de leur mise en oeuvre reste peu compris, ainsi que les principaux freins a leur adoption et
leur role dans 'aménagement des territoires.

Pour combler ces lacunes, j’ai tout d’abord recensé et cartographié une centaine de SN dans les Alpes
visant a s’adapter au changement climatique. Cette base de données illustre la diversité de pratiques ex-
istantes pour faire face a un aléa donné et les nombreux CNP qu’elles apportent. J’ai évalué la correspon-
dance spatiale des SfN avec l'intensité des aléas climatiques présente et a venir, ainsi qu’avec la capacité
des écosystemes a délivrer des CNP, ceux déja acquis par les sociétés humaines, ainsi que ceux dont elles
nécessitent. Les résultats montrent une faible corrélation, indiquant que les conditions climatiques et les
CNP ne se sont pas les principaux moteurs & la mise en oeuvre des SfN dans les Alpes.

Pour identifier les principaux freins et leviers a leur mise en place, j’ai réalisé des entretiens semi-direc-
tifs en lien avec vingt SfN recensées. Cela m’a permis de définir leur contexte de décision grace au cadre
conceptuel « valeurs-régles-connaissances » et leur niveau de caractéristiques transformatives. L’analyse a
révélé trois groupes de contexte de décision, qui sont les transformations locales en quéte d’autosuffisance
; les pratiques incrémentales « green deal » basées sur 1’évolution de la réglementation et des subventions
disponibles ; ainsi que les initiatives impliquant la concertation d’une large diversité d’acteur - ice - s,
chercheur - euse - s inclus - e - s. Pris individuellement, ces groupes montrent un potentiel d’adaptation
transformative limité, mais considérer leurs interactions permettraient de définir une stratégie régionale
d’adaptation intégrée.

Pour déterminer le potentiel de déploiement des SfN dans les Alpes, j’ai identifié les zones & prioriser
pour 'adaptation des territoires aux sécheresses par les SfN. L’analyse spatiale cible a la fois les zones
déficitaires en eau, nécessitant une gestion intégrée de cette ressource, et celles excédentaires en eau, qu’il
est primordial de préserver. L'hétérogénéité spatiale de leur distribution indique une concentration dans
les zones de plaines du sud et du nord-est. Quelques zones prioritaires pour I’adaptation coincident avec
celles qui ont un large potentiel pour la conservation de la biodiversité et la séquestration de carbone,
mais elles ne sont pas majoritaires. Les zones prioritaires ne sont qu’en partie situées dans les aires
protégées, nécessitant de la prise en compte de la diversité de situations pour la mise en place des SfN.

Cette these confirme la capacité du concept de SfN a engager les populations locales dans une dé-
marche d’adaptation aux crises climatique et de la biodiversité. Certaines de ces NbS ont la capacité de
décloisonner les secteurs en silos pour I'adaptation. Intégrer les SfN plus largement dans ces réflexions
permettrait d’initier le changement de paradigme transformant la vision antagoniste de 'aménagement
des territoires, ou la préservation de la biodiversité est en conflit avec le développement local et la préven-
tion des risques, vers une approche symbiotique. Cependant, de nombreux défis persistent pour déployer
les SfN, comme le temps nécessaire pour qu’elles deviennent efficaces, 1’existence d’autres enjeux, la
prise en compte des incertitudes des conditions futures, ainsi que le manque de sources de financement.
Echanger les pratiques existantes, de réussites mais aussi d’échecs, reconnaitre le réle des SfN pour
Iaménagement intégré des territoires, et définir de nouvelles méthodes de recherche transdisciplinaires
permettrait de favoriser leur adoption.

Mots clés

Solutions fondées sur la Nature, Contributions de la Nature aux Populations, Changement climatique,
Alpes, Adaptation Transformative.
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“Nous devons aujourd’hui comprendre

que la terre fournit assez pour tous et pour
I’évolution de tous. L’extinction ne semble
inévitable que si 'on cede a l'avidité, a
I'orgueil et a une approche mécanique et
militariste a des fins de conquéte.”

— Vandana Shiva, 1%, 2019

“Not everything that is faced can be
changed, but nothing can be changed until
it is faced.”

— James Baldwin

“We think we are smarter than nature,
but we are not. Our human intellect is
amazing, but we must be humble and
recognize that there is an even greater
intelligence in nature.”

— Jane Goodall, Seeds of Hope, 2015

“Actuellement ’homme meéne une guerre
avec la nature. S’il gagne, il est perdu.”
— Hubert Reeves



Chapter I

Introduction

Alpine mountains contribute to people’s good quality of life in various ways. For
example, forests rooted in steep slopes provide protection to downstream inhabitants and
infrastructures by mitigating landslides and rockfalls. In the Krimml region of Austria, the
forests are conserved to restore their natural dynamics and improve their adaptability to
climate change. Path trails have been established to inform hikers about the potential roles of
these protected forests. Source: the author.



Introduction

1. Straight into a wall: navigating the biodiversity and
climate crises

1.1. Major issues and societal challenges

1.1.1. The sources of the catastrophes

Even since human societies developed agriculture, they have modified their environment in
order to satisfy their livelihood needs (Foley et al., 2005). Some of the resulting benefits in-
clude an increase in food production, health improvement, and social relations support (MEA,
2005). This good quality of life, i.e. the “achievement of a fulfilled human life” increased almost
worldwide due to the complete transformation of livelihoods in recent history (Brondizio et al.,
2019; MEA, 2005). The latest turning point of societal transformation occurred two centuries
ago, with the mainstreaming use of fossil fuels, providing energy access like never before (IPCC,
2023a). The development of human societies based on economic growth has made substantial
technological progress, benefiting a large part of the global population and contributing to the
increasing life expectancy, periods of peace, and access to food and culture in Western societies
(Brondizio et al., 2019; MEA, 2005).

However, these induced changes are impacting global ecological processes and posing threats
to all living beings (Steffen et al., 2015a, 2015b). The increase in greenhouse gas emissions from
various industries, energy, and transport sectors is a paramount driver of climate change, which
threatens the habitability of the Earth (IPCC, 2023a; Portner et al., 2022). Additionally, socie-
tal restructuring has increased land-use changes, including sealing and deforestation, the over-
exploitation of resources from land and sea, the globalisation of markets, the homogenisation of
products, the pollution from various sources, and the expansion of invasive species (Brondizio et
al., 2019; MEA, 2005). This global transformation poses a major threat to biodiversity and its
components, which include all species, their genetic diversity, habitats, and the interactions that
occur both between and within species, all of which constitute ecosystems (CBD, 2000; Steffen
et al., 2015b). Although the exact number of species remains uncertain, the global extinction
rate of species has been surging in the last decades to levels ranging from ten to hundreds of
times higher than on average. This extinction rate is mostly considered in the literature to be
indicative of massive life extinctions (Brondizio et al., 2019; MEA, 2005).

11



In addition to the loss of numerous species, the synergetic crises of climate and biodiversity
affect human quality of life, in various ways (Portner et al., 2021). Among other consequences,
climate change is expected to increase the frequency of natural disasters that are already affect-
ing people worldwide (Portner et al., 2022). Heavier rainfall is expected, leading to higher occur-
rences of floods, with considerable impact on people and infrastructures. Similarly, more severe
landslides and mudslides are likely to occur. Less rainfall is expected in drier regions, where
water scarcity is already an issue, potentially leading to population migration and conflicts,
such as water wars (Karesdotter et al., 2023; Portner et al., 2022). Heatwaves are projected
to become more intense and frequent, with consequences similar to those of the pan-European
2003 heatwave, which resulted in thousands of fatalities and dramatic losses for agriculture and
forestry. This type of event is expected to occur approximately every two years by the end of
the century (Hari et al., 2020; Samaniego et al., 2018). The more frequent and intense droughts
will put pressure on water use, bringing sectors such as agriculture and forestry into conflict for
water (Portner et al., 2022, 2021). Additionally, the non-material contributions, that include
aesthetic landscape enjoyment and inspiration for art and technologies, are also affected by the
combined impact of climate change and biodiversity loss (Brondizio et al., 2019; MEA, 2005).

1.1.2. International science and policy to address major issues

The anthropogenic causes of this global crisis have been increasingly recognized over the past
few decades by a growing body of research, and rely on demographic, sociocultural, economic,
technological, institutional, governance, conflict and epidemic drivers (Brondizio et al., 2019;
Calvin et al., 2023; MEA, 2005). However, these causes were slow to emerge in public debates
(Boykoff and Roberts, 2007; Liith and Schaffer, 2022). Consequently, strategies have recently
emerged in response to these issues. Some believe that technological innovation alone will enable
the maintenance of the current overdeveloped Western lifestyles while remaining within plane-
tary boundaries (Bamberg et al., 2021). Others turn to individualism as a way to thrive within
an overshoot world (Parkkinen, 2021). Last, communities worldwide have united in a shared
dedication to sustainable development, aiming at pursuing a high quality of life over time and
for all, i.e. “that meets the needs of the present while safeguarding Earth’s life-support system,
on which the welfare of current and future generations depends” (Brundtland, 1987). Closely
related to the concept of resilience, sustainability shares principles including diversity, equity,
fairness, respect, proactiveness, and emphasizes the major role of education to tackle global
changes (Fischer et al., 2015; Leach et al., 2018; Wu, 2013). The advocates of sustainability
discourage individualism, disconnection from nature and market capitalisation (Ives et al., 2018;
McPhearson et al., 2021; Muradian and Gémez-Baggethun, 2021). The Sustainable Development
Goals (SDG), endorsed by the United Nations, aim for individual fulfilment through respon-
sible consumption, peace, access to food and clean energy, good health and education, as well
as life preservation on land and sea (United Nations, 2015). In order to guide their decisions,
governments initiated, with the support of international organisations (including UNEP, FAO,
IUCN, UNFCCC) and NGOs (including WWF, Conservation International), two international
science-policy platforms, namely IPCC (Intergovernmental Panel on Climate Change), estab-
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lished in 1988, and the IPBES (Intergovernmental Science-Policy Platform on Biodiversity and
Ecosystem Services), established in 2012.

These organisations regularly argue, through their literature syntheses, for the immediate
reduction of greenhouse gas emissions, coupled with efforts aiming at carbon sequestration, to
mitigate the worst effects of climate change (IPCC, 2023a). Moreover, the trend of biodiver-
sity loss must be reversed to limit the degradation of people’s quality of life (Brondizio et al.,
2019). However, it became evident that adaptation to future climate conditions is mandatory
to achieve the SDG (Portner et al., 2022; Roy et al., 2022; United Nations, 2015). Although
adaptation was initially envisaged in the 1970s, policies adopted to date have prioritised miti-
gation strategies over adaptation options (Bassett and Fogelman, 2013). Thus far, adaptation
efforts have mainly consisted of sporadic initiatives emerging from local communities once the
initial conditions became unsuitable. Consequently, the adaptation gap has widened, resulting
in a substantial increase in the efforts required to mitigate impacts (Berrang-Ford et al., 2021;
Portner et al., 2022; UNEP, 2022).

1.1.3. The emergence of synergetic responses

The relationships between society and nature have also evolved, and the diversity of human
values for nature is increasingly recognized worldwide (Anderson et al., 2022). To counteract the
environmental degradation that has occurred since the mid-twentieth century, protected areas
emerged as institutional instruments to achieve conservation goals (Mace, 2014). Then, conser-
vationists emphasized the benefits that nature provides to societies for preserving biodiversity
even outside protected areas. The resulting ecosystem services concept paves the way for nature
commodification and its abuses (Gémez-Baggethun and Ruiz-Pérez, 2011; Kallis et al., 2013;
Schroter et al., 2014). In response to this, research on social-ecological systems emerged in the
2010s to account for relational values and interdependence between nature and society (Binder
et al., 2013; Ostrom, 2009). More recently, the separation of these two components has been
questioned, shifting humans’ place from the system centre (Ives et al., 2018; West et al., 2020).

The coexistence of diverse values of nature has led to adaptation initiatives across various
sectors (Bennett et al., 2016; Berahmani et al., 2012; Brillinger et al., 2021; Palomo et al., 2021).
While grey infrastructures, such as dikes, have traditionally dominated in natural disaster risk
reduction field, emerging technologies including ecological engineering, green infrastructure or
ecosystem restoration are being recognised to address both adaptation and biodiversity conser-
vation (Munang et al., 2013; Sahani et al., 2019).

Over the past two decades, various ecosystem-based approaches have emerged one after
the other, and they have been recently merged under the umbrella concept of Nature-based
Solutions (CBD, 2009; Cohen-Shacham et al., 2016). Although NbS have been recently framed
(Eggermont et al., 2015; Seddon et al., 2019), the exponential increase of NbS-related publica-
tions in the last three years demonstrates the strong attention given to these promising solutions
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(Figure 1). My PhD project aims to explore NbS for climate change adaptation in the European
Alps. To frame this research, it is essential to delve into the underlying concepts, including cli-
mate change risk and adaptation; Nature’s Contributions to People supply, use and demand;
the delineation of NbS concept; the decision-making context in social-ecological systems; and
spatial planning role for NbS implementation.
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Fig. 1. Trends in the number of research papers mentioning different types of Nature-based

Solutions in the topic (title, abstract or keyword) (1990-2023), updated from the initial version (Cohen-
Shacham et al., 2016). Source of data: Web of Science (records collected on October 10, 2023, for each
term in the figure’s legend).
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1.2. Climate change risk and adaptation

1.2.1. The dimensions of adaptation

In its assessment reports published every six years, the IPCC provides an updated synthesis
of the existing knowledge on climate change based on three working groups. While the first
group reports the consequences of climate change from the perspective of possible socio-econom-
ic pathways, the third group evaluates the existing mitigation options, including the significant
potential of forests in sequestrating atmospheric carbon (IPCC, 2023b, 2023a). The second
group (WGII) explores the impact of climate change on ecological and human systems, their
vulnerability and their adaptation. Adaptation encompasses ecological and human dimensions.
Unless otherwise specified, I use the term ‘adaptation’ in accordance with the human dimen-
sion, which refers to the processes aimed at adjusting human systems “to actual or expected
climate and its effects in order to moderate harm or exploit beneficial opportunities” (Portner et
al., 2022). The ecological dimension of adaptation includes “autonomous adjustments through
ecological and evolutionary processes” such as species migration in response to the spatial shift
of their evolution niche, changing behaviour and variation in selective force driving change in
ecological communities (Pértner et al., 2022).

1.2.2. The IPCC risk framework

In the context of adaptation, risk is defined as “the potential for adverse consequences for
human or ecological systems” and as “the result from dynamic interactions between climate-re-
lated hazards with the exposure and vulnerability of the affected human or ecological system”
(Figure 2).

Hazard refers to “the potential occurrence of a natural or human-induced physical event
or trend” that may affect exposed assets. Hazards include biophysical events such as floods,
droughts, heatwaves, storms, wildfires, landslides and avalanches, as well as biological incidents
such as pest attacks, and the expansion of invasive species. Although the occurrence of these
hazards varies across regions, global trends show an increase in intensity and frequency of ex-
treme events, also referred to as natural disasters (Portner et al., 2022).
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Exposure refers to “the presence of people; livelihoods; species or ecosystems; environmental
functions, services, and resources; infrastructure; or economic, social, or cultural assets in places
and settings that could be adversely affected”.

Vulnerability is “the propensity or predisposition to be adversely affected” and “encompasses
a variety of concepts and elements, including sensitivity or susceptibility to harm and lack of
capacity to cope and adapt”.

[ IMPACTS 1

Vulnerability SOCIOECONOMIC
SAMATE PROCESSES
Natural Sociceconomic
Variability Pathways

| Adaptation and

Mitigation

Anthropogenic Actions

Climate Change
Governance

Exposure
EMISSIONS J
and Land-use Change
Fig. 2. Illustration of the core concepts of the WGII ARS5. Risk of climate-related impacts re-

sults from the interaction of climate-related hazards (including hazardous events and trends) with the
vulnerability and exposure of human and natural systems. Changes in both the climate system (left) and
socioeconomic processes including adaptation and mitigation (right) are drivers of hazards, exposure,

and vulnerability. Source: Lavell et al. (2012)

1.2.3. The adaptation typologies

Risk framing is inherently connected to solutions, such as risk management strategies, aiming
at aiding human systems to adapt (Ou et al., 2022; Portner et al., 2022). Given that most hazards
depend on global climate adaptation processes have focused on reducing the probability of assets
being affected, on mitigating the propensity (also referred to as ‘predisposition’) to be affected,
and on increasing the adaptive capacity of the system (Lavell et al., 2012). Given the increasing
number of adaptation initiatives, they have been classified according to the magnitude of chang-
es. First of all, coping strategies are often implemented in response to the impact on the affected
systems. They are short-term measures for tackling hazards, such as applying fertilizers or water-
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ing plants (Fedele et al., 2019), and are likely to be maladaptive in the long term (Barnett and
O’Neill, 2010). Second of all, we have incremental adaptation, understood as actions that aim at
doing slightly more, meaning engaging in a step-by-step process towards adaptation (Kates et al.,
2012). This strategy, which includes, for instance, the improvement of water use efficiency for
irrigation, is increasingly recognised as insufficient in the face of the magnitude of climate change
(Fedele et al., 2019; Kates et al., 2012). Third of all, transformative adaptation refers to actions
aimed at fundamentally altering the entire system’s properties and functions, in order to address
the root cause of vulnerabilities (Feola, 2015; Kates et al., 2012). This approach implies shifts in
most of the processes of the system, including governance, knowledge production, power dynam-
ics, relationships with nature, and decision-making processes (Fedele et al., 2019; Patterson et al.,
2017; Wise et al., 2014). Although transformative adaptation holds the potential to achieve sus-
tainability that justifies the required effort, real-world cases of transformation are limited (Fedele
et al., 2020; Goodwin et al., 2023), and the defining features of transformative adaptation differ
across the literature (Fedele et al., 2019; Feola, 2015; O’Brien and Sygna, 2013).

Climate change risk and adaptation can be addressed across time, space, sectors and options
(Brondizio et al., 2019; Portner et al., 2022; Wise et al., 2014), amplifying their inherent com-
plexity which encompasses feedback loops (e.g. local climate relies on vegetation which depends
on the local climate (Zemp et al., 2017)), cascades (e.g. the decrease of one population in a
trophic network affect ecosystem stability (Hautier et al., 2015)), non-linear behaviour (e.g. id-
iosyncratic spatial shifts of species due to climate change (Gibson-Reinemer and Rahel, 2015))
and infinite source of uncertainties (e.g. ranging from biophysical (Kotlarski et al., 2022) to
moral uncertainties (Ciullo et al., 2021)). In line with this, this work is not intended to provide
the absolute truths but rather to offer reflections on methodology, support existing literature,
and lend legitimacy to emerging approaches.

The latest IPCC WGII report introduced a new risk framework that strengthens the relation-
ship between ecological, human and climate systems (Portner et al., 2022). However, because
my research was designed before the release of this assessment, the risk framework used here
refers to the previous framework published in the IPCC Special Report on Managing the Risks
of Extreme Events and Disasters to Advance Climate Change Adaptation (Lavell et al., 2012)
and used within the 5th IPCC assessment report (Field and Barros, 2014).

In the following, I introduce key concepts on which I built the framing for my thesis research.
Their implementation and corresponding methodological advances are then presented in sub-
sequent chapters, along with their implementation for my situated work in the Alpine context.
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1.3. Supply, use and demand of Nature’s Contributions to People

1.3.1. The emergence of Nature’s Contributions to People to go beyond
ecosystem services

Conservation researchers and stakeholders are seeking ways to stop environmental degrada-
tion and species extinction that has taken place since the onset of the industrial revolution. The
concept of ecosystem services gained prominence at the beginning of the new millennium to
emphasise the need to preserve ecosystems given the benefits they provide to humans (Berkes
and Folke, 2002; MEA, 2005). Ecosystem services were defined as “the direct and indirect con-
tributions of nature to human wellbeing” and have been incorporated into many public policies
(Pramova et al., 2012; Saarikoski et al., 2018). However, scholars have criticised ecosystem ser-
vices for their limited ability to capture a diversity of worldviews, knowledge systems and stake-
holder perspectives (Hill et al., 2021; Kadykalo et al., 2019). Additionally, ecosystem services
have the propensity to consider culture in isolation, and to poorly consider the negative effects
of ecosystems on people (Kadykalo et al., 2019). These limitations have resulted in limited en-
gagement of social sciences in ecosystem services research (Kadykalo et al., 2019). Consequently,
the IPBES has recently introduced the Nature’s Contributions to People (NCP) defined as “all
the contributions, both positive and negative, of living nature (i.e. biodiversity of organisms,
ecosystems, and their associated ecological and evolutionary processes) to quality of life for peo-
ple” (Diaz et al., 2018, 2015). Nature’s Contributions to People embrace ecosystem services but
aim to be more inclusive of the diversity of relationships between humans and nature (Diaz et
al., 2015; Kadykalo et al., 2021). They have been grouped into eighteen categories within three
broad groups: material NCP including the provision of food, feed and materials such as tim-
ber; regulating NCP including water filtration, air cooling, pollination, as well as pest control;
non-material NCP including inspiration, e.g. for art, physical and psychological experiences, e.g.
for outdoor recreation activities, and supporting identities, e.g. traditional celebrations cantered
on a natural feature (Diaz et al., 2018).

The concept of bundles of NCP recognises that similar ecosystems provide a set of simulta-
neous NCP, commonly assessed using LULC (Land-use and Land-Cover) categories (Lavorel et
al., 2017; Raudsepp-Hearne et al., 2010). For instance, areas covered by forests are expected to
provide NCP related to carbon sequestration, soil erosion control, protection against landslides
and rockfalls, and habitat for endemic species (Felipe-Lucia et al., 2018; Mina et al., 2017; Pang
et al., 2017). In contrast, wetlands mitigate floods, filter water from nitrogen inputs, and seques-
trate carbon (Tomscha et al., 2021; Zedler and Kercher, 2005).

The supply of multiple NCP is based on the functional properties of ecological communities
(Cardinale et al., 2012). For instance, agriculture is highly dependent on soil fertility, which in
turn, relies on the functions of soil organisms that play a significant role in decomposition and
nutrient cycling processes (Blouin et al., 2013; Trap et al., 2016). Any change in soil species di-
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versity or abundance, or biophysical conditions can, therefore, reduce the amount of soil organic
matter, the flow of nutrients and the water retention capacity, which are indivisible factors for
plant health and growth (Hautier et al., 2015; Kopittke et al., 2019). Conventional agriculture
is known for decreasing regulating NCP such as soil erosion control, water infiltration and re-
tention (Lal, 2013; Palm et al., 2014).

1.3.2. The supply, flow and demand framework

In this thesis, I applied the supply-flow-demand framework (Baré et al., 2016; Burkhard and
Maes, 2017) to NCP. In this framework, the NCP supply is the potential amount of NCP that
the ecosystems can provide to societies, e.g. the total amount of freshwater in a watershed; the
NCP flow is the amount of NCP that society actually enjoys or benefits from, e.g. the amount
of water that is used by public service in a watershed; the NCP demand is the amount of NCP
that society needs to maintain their lifestyle, e.g. the amount of water needs to fulfil the actual
consumption of the population in a watershed. NCP supply is not always used or needed by
people in the same location (Palomo et al., 2013; Schirpke et al., 2019b). For instance, mountain
ecosystems regulate and filtrate rainwater and meltwater. This resource mainly serves the de-
mands of lowland communities, including requirements for agriculture, power plants, industries
and potable water networks (Huber et al., 2021; Klug et al., 2012).

1.3.3. Global trends in Nature’s Contributions to People

The IPBES framework includes direct interactions of NCP with Nature (referring to, from
the Western perspective, biodiversity and ecosystems), people’s quality of life, anthropogenic
assets (including among others infrastructures and knowledge) and indirect drivers of change,
i.e. elements issued from societies’ organisation. The IPBES has assessed the past and current
trends of NCP, as well as their future evolution according to plausible scenarios (Harrison et
al., 2019; Pereira et al., 2020). The global assessment report showed a global decrease in all the
NCP categories except for material NCP such as food and feed, energy and materials that vary
across regions (Figure 3; Brondizio et al., 2019). Even more disturbing, the previously observed
degradation trend has not been reversed (Brondizio et al., 2019) and the international Aichi
targets for biodiversity conservation upon sustainability have not been met (Brondizio et al.,
2019; CBD, 2020). The most impactful direct drivers of the loss in NCP on terrestrial land were
attributed, in order of importance, to land use change, overexploitation of resources, climate
change, pollution and invasive alien species. However, the indirect causes of these changes are
rooted in societal factors, including demographic, sociocultural, economic, and technological
factors, and are exacerbated by institutions, governance, conflicts and epidemics (Brondizio et
al., 2019; MEA, 2005).
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1.3.4. The interlinked impacts of climate and biodiversity crises

The WGII of the IPCC dedicated a section of their report to the NCP and published a joint
report with the IPBES to address the relationships between climate and biodiversity issues
(Portner et al., 2022, 2021). The most recent evidence indicates that the attribution of climate
change to the loss of NCP is expected to increase in the future if the current trend is not re-
versed (Portner et al., 2021; Runting et al., 2017). For instance, the increasing occurrences of
droughts and pest attacks attributed to climate change also negatively impact crops and forests’
functions (Mina et al., 2017; Rosenzweig et al., 2014). The snow cover reduction due to the
increase in temperature in mountains poses a threat to the viability of winter tourism activities
(Morin et al., 2021; Palomo, 2017). These impacts mean that social adaptation will be required.
The concept of Nature’s Contributions to Adaptation (NCA) was introduced to refer to the
benefits provided by ecosystems that specifically address climate change adaptation (Colloff et
al., 2016; Lavorel et al., 2015). NCA include the current supply that may be increasingly used
in the future, e.g. freshwater that is expected to be under more pressure due to climate change,
the persistence of the ecosystems under future conditions, e.g. due to the phenotypic plasticity
of organisms, the ecosystem properties that currently exist but that may appear to be beneficial
under future conditions, and the potential novel NCA delivered through the transformation of
ecosystems in responses to new conditions, e.g. due to glacier retreat (Colloff et al., 2020).

20



’%\Q Habitat creation
o~
~—

Regulation of air quality
Regulation of climate

Reg. of ocean acidification

Reg. freshwater quality
Formation of soils

‘ . Reg. freshwater quantity
&

Q Regulation of floods
W Removal of carcasses
REGULATING NCP
# Food and feed
J‘ Biomass-based fuels
M Materials
MATERIAL NCP
L@ Learning (ILK)
QQ,Q Physical experiences
m Supporting identities

NON-MATERIAL NCP

All NCP
NUMBER OF PUBLICATIONS
1 2—5 6 — 15 16 — 30 > 31
MIXED
DECREASED
CONSTANT
INCREASED
Fig. 3. Assessment of each of the 15 categories of Nature’s Contributions to People analysed,

from 1970 to the present, by the number of studies, for Europe and Central Asia, adapted from IPBES
European and Central Asia regional assessment (Rounsevell et al., 2018). The bar indicates the propor-
tion of papers that provide evidence of decreasing, constant, increasing or mized trends for each con-
tribution, representing the level of agreement. The intensity of the colour represents the total number
of publications identified and used in this assessment (i.e., solid colours indicate many papers, whereas
faded colours indicate few, and blank space indicates zero studies), thus, representing the quantity of
evidence
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1.4. The concept of Nature-based Solutions (NbS)

1.4.1. Nature-based Solutions emerged as an umbrella concept

From its first use in the late 2000’s, the Nature-based Solutions (NbS) concept was intended
to address simultaneously biodiversity conservation and other societal challenges, which were,
in these pioneer cases, climate change adaptation and mitigation (Eggermont et al., 2015). The
NbS concept rapidly gained in popularity in the following years, after the IUCN (International
Union for Conservation of Nature) first mentioned it concerning climate change. The promising
benefits of NbS for the economy offer opportunities to uptake them into policies, especially from
the European Union has funded many research projects on NbS since 2015 (Al Sayah et al.,
2022; Davies et al., 2021). The IUCN officially framed NbS in 2016 as an umbrella concept that
considers all similar approaches belonging to the NbS family and that was related to wordings
such as “power of nature”, “potential of ecosystems” or “enhancing resilience” (Dudley, 2010;
IUCN, 2012, 2009). NbS are defined as “actions to protect, sustainably manage and restore
natural or modified ecosystems that address societal challenges effectively and adaptively, si-
multaneously providing human well-being and biodiversity benefits” (Figure 4, Cohen-Shacham
et al., 2016). As understood by the IUCN, the defined principles delineate NbS as actions that
embrace nature conservation norms, produce benefits fairly and equitably, maintain biological
and cultural diversity, recognise and address the existing trade-offs, belong to an overall adapta-
tion strategy and can be implemented alone or in conjunction with other solutions - e.g. through
hybrid infrastructure (Cohen-Shacham et al., 2016).

NbS are thus been introduced recently, yet the idea of managing ecosystems to provide socie-
tal benefits is not new. NbS draw upon previous approaches known as ecosystem-based natural
disaster mitigation (Eco-DRR), ecosystem-based adaptations and NCP management (Figure 1;
Ruangpan et al., 2020). For example, the French Mountain Landscape Restoration programme
(RTM, Restoration des Terrains de Montagne, in French) was initiated in the mid-19th cen-
tury to restore and manage mountain forests to enhance their capacity to reduce landslides
and rockfalls (Buisson et al., 2018). For sustainable agriculture that balances the reduction of
crop yields due to climate change, farmers implement agroecological practices such as hedges
plantations, banned ploughing, crop rotation, and diversification of products through a holistic
approach (Altieri et al., 2015). Such practices, that combine agronomic and ecological processes
enhance the capacity of the agroecosystem to face harsher situations, through higher pest con-
trol, soil fertility and water retention capacity (Aguilera et al., 2020). In Europe, these practices
are considered, in some way, as updated versions of abandoned traditional practices to current
socioeconomic conditions (Cayre et al., 2018). Others argue that current knowledge of ecologi-
cal processes can help to optimize agriculture through sustainable intensification (Barot et al.,
2017; Cayre et al., 2018; Garnett et al., 2013).
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1.4.2. Nature-based Solutions for climate change adaptation

NbS to adapt to climate change gained in popularity for their implementation within multiple
ecosystems, including mangroves where ecosystem restoration aimed at mitigating the more fre-
quent coastal flooding, river floodplains where management of riparian forests decreased flood
risks, agricultural systems where agroecological practices mitigate hazards such as drought, soil
erosion and pest attacks, forests where sustainable management increase resilience to climate
hazards (CBD, 2009; Cohen-Shacham et al., 2016), Subsequently, initiatives emerged in other
ecosystems, as evidenced by the high number of projects related to NbS that have been funded
by the European Union (Faivre et al., 2017). They concern various sectors, including agriculture,
forestry, urban planning, and water bodies management, among others. Despite the diversity
of interventions, NbS share a common principle: the dynamic essence of the ecosystems allows
them to adapt to changing conditions, and to become more effective over time in addressing
societal challenges. In contrast, grey infrastructures deliver immediate benefits but deteriorate
over time and do not provide a range of co-benefits (Anderson et al., 2021; Daigneault et al.,
2016; Seddon et al., 2020). Criticism has been raised regarding the NbS concept, seen by some
as a novel marketing notion that fails to address the root cause of vulnerability, and maintains
the system on the same trajectory, without considering the diverse values of nature (Eggermont
et al., 2015; Melanidis and Hagerman, 2022). Others argue that NbS gather under a common
purpose all the alternative options that sometimes have not even had a voice, and argue for the
use of international standards for their operationalization (Eggermont et al., 2015; [UCN, 2020).

1.4.3. Implementation stage of Nature-based Solutions

NbS can be implemented by public institutions, e.g. adaptive management of forests on steep
slopes to enhance protection against landslides using drought-tolerant mixed species (Lingua et
al., 2020). They can be implemented by municipalities in urban areas to increase runoff regula-
tion through river restoration or to mitigate heatwaves by increasing tree cover (Kabisch et al.,
2017; Ramirez-Agudelo et al., 2020). Private actors are also involved in NbS implementation,
e.g. farmers adopting agroforestry or agroecological practices (Aguilera et al., 2020; Vermeulen
et al., 2018). Programs have emerged to disseminate NbS initiatives worldwide, and share ex-
periences and good practices, such as PANORAMA, Climate-Adapt, Nature-based Solutions
Initiative, and Oppla (Table S1).

NbS have demonstrated their effectiveness in addressing various challenges, such as mitigat-
ing floods and drought, enhancing biodiversity conservation and providing space for outdoor
recreation (Buckwell et al., 2020; Chausson et al., 2020; Huang et al., 2021; Sahani et al., 2019;
Seidl et al., 2011; Tomscha et al., 2021; Vojinovic et al., 2021). However, NbS effectiveness ap-
pears to be context-dependent, and some scholars have proposed guidelines aimed at designing
NbS to maximize their effectiveness potential, e.g. by including local values and mitigating
trade-offs between beneficiaries (Albert et al., 2021; Cohen-Shacham et al., 2019). However,
additional to still lagging evidence on NbS effectiveness, other knowledge gaps remain, especial-
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ly concerning the nature of NbS that are already implemented, their current local implementa-
tion rate and location, particularly in mountains (Doswald et al., 2014), and the driving forces
behind their implementation, including the obstacles and motivations with their adoption

(Albert et al., 2021; Mastrangelo et al., 2019; Ruangpan et al., 2020). These are the gaps this
thesis focuses on.

Fig. 4. Nature-based Solutions are rooted in the relationships between biodiversity, ecosystem
functioning and their contributions to human well-being. They are “actions to protect, sustainably man-
age and restore natural or modified ecosystems that address societal challenges effectively and adaptive-
ly, simultaneously providing human well-being and biodiversity benefits” (Cohen-Shacham et al., 2016).
Source: Cohen-Shacham et al. (2016)

24



1.5. Decision-making context and enabling conditions

1.5.1. The values-rules-knowledge framework

NbS, as an adaptation option, are implemented after consideration of plausible options, that
should include site-specific characteristics and considerations of people’s beliefs and habits.
The decision-making context comprises this set of elements that together lead individuals or
groups in making decisions (Moser and Ekstrom, 2010). Environmental scholars have identified
the decision-making context as a result of interactions between human values, formal and in-
formal rules and knowledge (Gorddard et al., 2016). Values represent a “set of ethical precepts
that determine the way people select actions and evaluate events” and include, among others,
universalism and power (Schwartz, 2012). In the IPBES values assessment report, broad values
are described as “general moral guiding principles”, while the specific values of nature are con-
sidered the “judgements regarding nature’s importance in particular situations” (IPBES, 2022).
The specific values of nature encompass instrumental values when biodiversity and ecosystems
are perceived as a source of provision, relational values, i.e. described by an intrinsic interlinkage
between individuals and nature, such as place attachment, and intrinsic values, i.e. when nature
is considered as a conservation target for itself or, in other words, disinterested (Chan et al.,
2016; Jax et al., 2018; Pascual et al., 2017). Multiple broad and specific values may be involved
in a decision, and their weight in a choice can vary from one decision to the other.

The legal and regulatory policy instruments applied to a certain region, i.e. formal rules; have
a large potential to impact a decision, e.g. through binding legislation or incentives (Dopfer
and Potts, 2009). The habits and norms, i.e. the informal rules, also wield powerful influence
over the direction of choices (Ostrom, 2011). Lastly, although information alone does not drive
decisions to take action, the mix of technical, scientific evidence-based and experiential knowl-
edge contributes to evaluating the available options (Kadykalo et al., 2021; Stoutenborough and
Vedlitz, 2014; Toomey, 2023; Vogel et al., 2007).

1.5.2. The levers and barriers to adaptation

The values, rules and knowledge framework (vrk) was previously used to detect the levers
and barriers that play a role in the decision-making context of adaptation initiatives (Figure 5,
Gorddard et al., 2016; Lavorel et al., 2019; Topp et al., 2021). However, the main components of
decision-making contexts that drive NbS implementation are still unclear. Previous studies iden-
tified specific pivotal levers that had played a role in decision-making, including change in access
to funds, collaboration processes (Moreau et al., 2022), governance (Egusquiza et al., 2019), regu-
lations (Chan et al., 2020), knowledge system (Kumar et al., 2020), societal values (Abson et al.,
2017; Boon-Falleur et al., 2022). A better understanding of the decision-making context leading to
NbS implementation would identify the key enabling conditions for NbS implementation.
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Importantly, the identified leverage points for adaptation relate to the indirect drivers of cli-
mate and biodiversity crises (Brondizio et al., 2019; Chan et al., 2020). Previous scholars have
identified the levers to activate to amplify adaptation initiatives in social-ecological systems,
hereafter referred to as scaling (Lam et al., 2020; Moore et al., 2015). Scaling refers to the mul-
tiplication of initiatives (scaling-out), that can be fostered by raising awareness and shifting
values (scaling-deep) (Lavorel et al., 2019; Pascual et al., 2023), and through new policies en-
abling NbS implementation (scaling-up) such as binding regulations or incentives (Schroter et
al., 2022; Toxopeus and Polzin, 2021).

VK /

Fig. 5. The vrk (values-rules-knowledge) framework describes the decision-making context in
social-ecological systems. Adapted from Gorddard et al. (2016).
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1.6. Spatial prioritisation of Nature-based Solutions

Spatial planning is a promising instrument to foster NbS by incorporating decision-making
into landscape management interventions (Albert et al., 2014a, 2020). Spatial planning policies
have increasingly incorporated biodiversity, NCP or climate change adaptation (Longato et al.,
2021; Perosa et al., 2021) and spatial planning and prioritization around NbS is thus a key ele-
ment for their future scaling.

1.6.1. Spatial prioritization for conservation

Given the limited amount of human and financial resources to implement on-ground inter-
ventions, prioritisation is crucial to optimize these resources (Sinclair et al., 2018). Due to the
spatial heterogeneity of biophysical and socio-economic conditions in a given region, mapping
variables of interest is useful to support decision-makers and planners (Albert et al., 2014b,
2014a). Indeed, opportunities and constraints can be identified. For example, in conservation
research, tools have been developed to identify priority areas to preserve biodiversity, although
this objective is often considered in contrast to the local economy or development (Bigard et
al., 2020; DeFries et al., 2004; Gonzalez-Redin et al., 2016). The methods commonly used for
this purpose are the identification of biodiversity hotspots based for example on species richness
(Moilanen et al., 2011; Ramel et al., 2020), or an approach based on endangered species, such
as the identification of their habitat suitability (Chen et al., 2019; Huang et al., 2020). These
mapping works were used to support the creation of protected areas (Jung et al., 2021; Kukkala
et al., 2016), or to contribute to habitat connectivity through ecological corridors (Garibaldi et
al., 2021; Huang et al., 2020).

The emergence of ecosystem services in research and policy has driven a substantial body
of studies with a focus on ecosystem services assessment and mapping to provide guidance for
optimising biodiversity conservation and human activities (Bateman et al., 2013; Burkhard and
Maes, 2017; Evers et al., 2018; Kremen and Merenlender, 2018; Naidoo et al., 2008). Various
tools have been developed to this purpose, mainly based on biophysical variables and LULC
data (Maes et al., 2012; Schirpke et al., 2019a). However, mismatch can arise between priority
areas for NCP and for other interests, such as biodiversity (O’Connor et al., 2021), and between
NCP categories (Birol et al., 2009; Crouzat et al., 2015). These studies mostly concentrate on
identifying hotspots of specific variables of interest, e.g. biodiversity or NCP, to guide deci-
sion-making towards their preservation in the face of human activities (Dunford et al., 2015;
Gonzalez-Redin et al., 2016). However, spatial prioritisation for conservation is criticised for
not considering the actual benefits of this action compared to the scenario without preservation
(Tallis et al., 2021), or for not considering local context (Wyborn and Evans, 2021).
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1.6.2. Spatial prioritization for interventions

Another expanding body of literature focuses on areas where the variables of interest have
experienced the most significant declines, emphasizing the need for restoration (Bullock et al.,
2011; Mappin et al., 2019). Consistent with conservation research, restoration prioritisation
tools have emerged for biodiversity (Mappin et al., 2019), ecosystem services (Comin et al.,
2018), and both (Egoh et al., 2014; Yin et al., 2022). The methods are mainly based on the
prediction of values derived from restoration projects, and comparisons with the initial state to
evaluate the effectiveness of the measure (Bastin et al., 2019; Strassburg et al., 2020). The areas
to prioritize are, therefore, those with the highest positive outcomes.

More recently, prioritisation studies have focused on various types of NbS, such as agroforestry
practices (de Mendonga et al., 2022; Fagerholm et al., 2016), wetland reconstruction (Odgaard
et al., 2017), urban green infrastructure (Ou et al., 2022), and protective forests against land-
slides and rockfalls (Kato and Huang, 2021). However, studies focusing on spatial prioritisation
often fall short in considering social aspects and equity (see some exceptions (Langemeyer et al.,
2018; Ruangpan et al., 2021)) (Albert et al., 2020; Sandbrook et al., 2023).

1.6.3. Spatial prioritization for climate change adaptation

A limited number of prioritization studies have addressed climate change adaptation (Longato
et al., 2021), although methods to incorporate climate change in spatial prioritisation have been
developed for decades (Dessai et al., 2005; Vos et al., 2008). Climate risk assessments are often
spatial-explicit to guide decision-making in identifying areas where the most vulnerable and
exposed communities are facing climate hazards (Villani et al., 2022). Several methods have
been developed for this purpose, with risk commonly assessed by the multiplication of its three
components (Dilawar et al., 2022; Liu and Chen, 2021). However, exposed assets to climate haz-
ards are rarely linked to NCP, as well as to vulnerability indicators (Hagenlocher et al., 2019).
Some frameworks have emerged to spatially prioritize NbS, in different contexts such as deltaic
socio-ecological systems (Depietri, 2020; Hagenlocher et al., 2018), river basins (Mubeen et al.,
2021) and agriculture landscapes (Shah et al., 2020). However, they addressed separately eco-
logical and social dimensions of exposure and vulnerability, missing opportunities to consider
NCP (exception in urban areas (Balzan et al., 2021; Longato et al., 2023)) (Lazzari et al., 2021;
Thiault et al., 2018). Local context and relevant variables need to be considered for spatial
prioritisation of NbS interventions, and to deal with the uncertainty of the model predictions.
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2. Study area — the European Alps

2.1. History and extent of the Alps

The European Alps, hereafter the ‘Alps’, constitute a mountain range that spans 1,200 km
long and 250 km wide, covering a total of 190,000 km2. The highest peak of the Alps is Mont
Blanc, which stands at an elevation of 4,808 m asl (Gazzelloni et al., 2015).

Humans (Homo sapiens) have inhabited the Alps since around 4 000 BC. During this time,
agriculture has flourished and natural Alpine grasslands have been used for livestock breeding
— a practice that persists nowadays during summer (von Scheffer et al., 2019). The traditional
practices of the inhabitants are recognized as cultural heritage (EEA, 2010; Marsoner et al.,
2018) and several local handmade products are certified as preserving the tradition (European
Commission et al., 2013; Lamarque and Lambin, 2015). The demography in the Alpine arc
has increased over time, reaching 13 million inhabitants to date, spread across eight countries:
Austria, Italy, France, Germany, Liechtenstein, Monaco, Slovenia and Switzerland (Gazzelloni
et al., 2015).

Two administrative boundaries delineated the spatial extent of the Alps (Figure 6). The
Alpine Convention, ratified by the eight Alpine countries in 1991, and the Alpine Space, defined
by EUSALP (European Union Strategy for the Alps), a structure established by the European
Union to support a macro-regional strategy addressing common challenges at the Alpine scale.
The Alpine Convention area covers the Alpine arc, without the surrounding lowlands. Within
it, the two major cities are Grenoble (France) with 600,000 inhabitants in its urban area,
and Innsbruck (Austria) with 150,000 inhabitants (Gazzelloni et al., 2015). The Alpine Space
covers the Alpine Convention area and the surrounding lowlands, including some areas of the
Mediterranean coasts, as well as major urban centres such as Lyon (France), Munich (Germany),
Milan (Italy) and Wien (Austria), Zurich (Switzerland) and Ljubljana (Slovenia).

2.2. The threatened biodiversity and Nature’s Contributions to
People

The Alps are a biodiversity hotspot due to the unique habitats they comprise, housing
rich arrays of species, some of which such as the Alpine ibex (Capra ibex), the Alpine mar-
mot (Marmota marmota), the European blueberry (Vaccinium myrtillus) and the edelweiss
(Leontopodium nivale) have a symbolic value (Rudisser et al., 2019). The unique character of
these habitats and the fact that the increasing amount of pressure from human activities is
however lower in their case compared to the lowlands made possible the creation of protected
areas all over the Alps (Bender et al., 2017).
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The Alps, considered as the water tower of Europe, are renowned for the precious NCP they
provide. In addition to the immense amount of freshwater that benefits both the Alpine Space
and areas beyond, the Alps also attract tourists in the millions all around the year with out-
door recreation activities (Gazzelloni et al., 2015; Schirpke et al., 2019b). Moreover, the natural
Alpine grasslands are home to a rich cultural heritage and famous agricultural products such
as cheeses and honey (EEA, 2010; European Commission et al., 2013). The Alps have been re-
cently referred to as sentinels of climate change due to the fact that environmental changes are
more visible in their societies and ecosystems (Gobiet and Kotlarski, 2020; Pepin et al., 2015).
For instance, Alpine temperatures have increased by 1.8°C since the preindustrial period, a rate
twice the global one, and are expected to rise by 4°C by the end of the century, according to the
strongest emissions scenarios of the IPCC (Gobiet and Kotlarski, 2020). Moreover, the changes
in precipitation seasonal distribution are likely to continue, with lower expected precipitation
levels in the summer, and higher ones in the winter. However, these changes are not evenly
distributed across the Alps, with greater effects observed in the southern part and at higher
elevations (Kotlarski et al., 2022).

Consequently, ecological niches of Alpine species are shifting upwards, but the species already
living at the summits are critically threatened (Brambilla et al., 2018). Although vegetation
productivity is increasing, forests and grasslands are undergoing an expansion of pests, e.g. die-
back attacks on oak and spruce forests, worsened by more frequent water scarcity (De Boeck et
al., 2016; Sire et al., 2022). Agriculture and forests are affected by drought and wildfires, leading
to a reduction in food production and the protective function of forests against landslides and
avalanches (De Boeck et al., 2016; Dupire et al., 2020; Stephan et al., 2023; Vacchiano et al.,
2018). Permafrost thawing causes an increase in rockfall events, exposing many communities to
higher occurrences of floods (Ragettli et al., 2021; Schlogl et al., 2021; Wilhelm et al., 2022).

2.3. Adaptation responses in the Alps

Adaptation responses have emerged across all sectors in the Alps (Bergeret and Lavorel,
2022; Cattivelli, 2021), and include, among others, local initiatives such as wetland conservation
options, changing agricultural and forestry practices, and snow-making technology (Vij et al.,
2021). Outdoor recreation activities, upon which a large part of the Alpine economy relies, are
also disrupted by climate change (Beaumet et al., 2021). For example, ski tourism is particu-
larly vulnerable to snow cover reduction, while summer activities such as hiking are becoming
more attractive due to the cool temperature of the mountains. Nevertheless, these activities in-
crease pressure on already sensitive ecosystems (Morin et al., 2021; Probstl-Haider et al., 2015).
Moreover, although a limited number of governance and policy responses has been reported
(Elkin et al., 2015; Vij et al., 2021), some emerged to mitigate climate impacts such as land
use regulations, policy recommendations, incentives for adaptation measures implementation,
and raising awareness activities (Cattivelli, 2021; Nordbeck et al., 2019; Thieken et al., 2016).
The implementation gap is still deepening, requiring unprecedented efforts to limit losses and
damages (Cattivelli, 2021; McDowell et al., 2021).
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3. Research context

My PhD thesis is part of the PORTAL project (Pathways of Transformation in the Alps),
funded by the French National Research Agency’s Programme d’Investissements d’Avenir -
Make Our Planet Great Again (2019-2025) and led by Ignacio Palomo (IRD-IGE, Grenoble)
and Sandra Lavorel (CNRS-LECA, Grenoble). The project aims to identify and characterize
initiatives seeking transformative adaptation to climate change in the Alps. Its objectives in-
clude the identification of NbS in the Alps, the assessment of NbS outcomes, their characteriza-
tion in relation to transformative change and the co-construction and dissemination of related
knowledge.

My PhD thesis, which started at the beginning of PORTAL, contributes to the development
of the objectives of the project. Within the PORTAL project, I participated in the supervision
of six interns who have contributed to the progress of the project’s objectives. Through regular
meetings, some of the members of the project have contributed to the achievement of this work,
namely Bruno Locatelli (CIRAD & CIFOR, background in Environmental Sciences), Emilie
Crouzat (INRAE, background in ecology), Enora Bruley (University of Geneva, background
in Environmental Science), Alberto Gonzalez-Garcia (IGE, background in Geography), and
Nicolas Dendoncker (University of Namur, background in Geography).

During my PhD thesis, I undertook a research stay at the Technical University of Munich for
three months, spanning from October to December 2022. I was hosted by the Chair for Strategic
Landscape Planning and Management, under the leadership of Pr. Stephan Pauleit, and I col-
laborated with Aude Zingraff-Hamed and her team. I had the opportunity to benefit from the
experiences and insights of researchers involved in a European-funded project, PHUSICOS,
which aimed at assessing the NbS effectiveness in mitigating hydrological hazards (Solheim et
al., 2021), and discerning the key governance models associated with the various stages of the
NbS implementation (Zingraff-Hamed et al., 2021). This collaboration significantly contributed
to the achievement of my research, offering not only insights specific to my work, but also a
broader understanding of NbS through interactions with researchers working on NbS in sub-Sa-
haran and South American contexts, as well as in urban areas.
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4. Research questions and objectives

My PhD thesis aims to understand the current implementation of NbS in the Alps to guide
their future scaling.

To address this challenge, I focused my work on three research questions along with their
specific objectives (Figure 6):

1) What NbS have been implemented in the Alps and where?

The main aim of Chapter II is to identify and characterise the already implemented NbS in the
Alps. The specific objectives are: i) to describe the portfolio of existing NbS; ii) to identify the
interlinkages between the NCP they aimed to provide and the hazards they aimed to address;
and iii) to characterize the location of NbS regarding socio-ecological and climate conditions.

2) Which factors drive NbS’ implementation? What conditions may facilitate
their future scaling?

The main aim of Chapter III is to understand the decision-making contexts around the NbS
implemented in the Alps. The specific objectives are: i) to identify the main values, rules and
knowledge involved in the implementation process; ii) to evaluate the transformative potential
of these NbS; and iii) to assess the relationships between the levers and the transformative po-
tential.

3) Where to scale NbS implementation in priority areas for adaptation?

The main aim of Chapter IV is to identify the priority areas to implement NbS for adaptation
to droughts. The specific objectives are: i) to develop a method to determine priority areas for
nature-based adaptation considering hazards and NCA; ii) to evaluate the potential synergies
and trade-offs of these priority areas regarding climate adaptation, mitigation and biodiversity
conservation; and iii) to characterise the enabling conditions to implement NbS in the identified
priority areas.
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5. General methodology

5.1. Description and method to build the PORTAL database

To address these research questions, I initially reviewed the NbS already implemented in the
Alps that were published on available online databases gathering adaptation initiatives. I col-
lected all the initiatives that I could identify in the Alps, aligning with the ITUCN definition of
NbS. I limited the search to the initiatives implemented within the Alpine Convention to remain
specific to mountain areas. Although many NbS have already been studied in the surrounding
lowlands, particularly in cities such as Milan or Munich, my objective was to contribute to
reducing the knowledge gap for mountain regions with only a limited number of identified ini-
tiatives.

The inclusion criteria were designed to collect initiatives that aim to address at least one
climate-related hazard, to maintain or provide NCP, to deliver benefits for biodiversity, and
to provide social or economic outcomes. I collected most of the available information regard-
ing these initiatives, including basic information regarding their names, descriptions, referenc-
es, countries, and locations. I also included addressed hazards, additional objectives, and the
NCP they aimed to maintain or provide. The current stage of implementation and durations,
the leading organisations and the collaborative ones, were also filled in. The last included ele-
ment is the type of interventions, that was categorised following the classification proposed by
Donatti et al. (2020): (i) on-ground NbS which includes restoration, protection, sustainable
management and creation of ecosystems; (ii) enabling NbS which include knowledge production,
awareness-raising activities, the implementation of new policies or plans about NbS; and (iii)
mixed NbS which comprise both on ground and enabling activities. An additional section of the
database allowed for the inclusion of supplementary elements related to the initiatives, such as
funding and cost data, although this information was not accessible for the majority of the NbS.

Among the few databases dedicated to NbS, most of the initiatives are located in the south-
ern countries (such as Equatorlnitiative'). Other databases gather a lot of adaptation initia-
tives worldwide. However, most of these initiatives do not meet the NbS inclusion criteria,
e.g. grey infrastructure implementation for natural disaster reduction. Some NbS were made
available through research projects, particularly those recently funded by the EU Horizon 2020
programme’ (Al Sayah et al., 2022; Davies et al., 2021), and by the EU Interreg Alpine Space

1 The EquatorInitiative database collected NbS to recognize and communicate on local sustainable development
initiative. More information available online (last visit on September 30, 2023): https://www.equatorinitiative.org
knowledge-center /nature-based-solutions-database

2 The Horizon 2020 was the EU’s research and innovation funding programme from 2014-2020. More information
available online (last visit on September 30, 2023): https://research-and-innovation.ec.europa.eu/funding /funding-opportu-
nities/funding-programmes-and-open-calls /horizon-2020 en
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programme®. Additionally, national and transboundary programs have funded research-action
projects related to NbS, such as the Swiss National Climate Change Adaptation pilot pro-
gramme®, the 4 per 1000 initiatives® to implement NbS for carbon sequestration in soils, and the
Bundesamt fir Naturschut® which provided examples of NbS in Bavaria (Germany).

Considering the limited number of NbS identified within these databases and projects (the
full list is available in the Appendix of this chapter), I applied an additional research protocol
to seek local initiatives from grey literature. I extended the collection to the websites of the
governmental agencies related to biodiversity conservation, protected areas, agriculture, forestry
and water bodies management, for each of the six main Alpine countries. Through this method,
I found some NbS led by local stakeholders, and I contacted some of them to request further
information regarding their initiative, when needed. These individuals not only provided me
invaluable insights regarding their work but also broader information, including details about
other NbS they knew. This snowballing method has proven its ability to collect more NbS, e.g.
the ones that were not publicly shared online.

I mapped the boundaries of each NbS using QGIS (version 3.16.5) based on the initiative’s
online description or by contacting one person who was involved in the initiative and who had
sufficient knowledge of it. The quality of the database was improved through the contributions
of three master students who worked on identifying and mapping some NbS. A large part of
online NbS records did not include their spatial boundaries, and due to unresponsive NbS im-
plementers to our requests, we were only able to map and include almost one hundred NbS. To
foster the dissemination of NbS, I published online’, with the great help of two students and my
supervisors, the description of a quarter of the NbS of the database.

Rather than aiming to be exhaustive, the PORTAL database seeks to represent the diversity
of existing solutions to address similar issues across different contexts. Importantly, the database
is flexible and may be complemented over time with additional NbS. The database was not only
used for this PhD thesis, but has also been used by colleagues working within the PORTAL
project, and external partners. The database’s flexibility enables external people to use it, e.g. by
selecting NbS related to specific interventions, such as addressing water scarcity, or reforestation,
and to improve it, e.g. by mapping more precisely the spatial boundaries of the initiatives.

3 The Interreg Alpine Space programme finances transboundary projects involving research institutions, companies,
NGO and associations to tackle common societal challenges in the Alpine Space. More information available online (last
visit on September 30, 2023): https://interreg.eu/programme/alpine-space

4 The Swiss Pilot programme Adaptation to climate change of the NCCS (National Centre for Climate Services)
supports innovative projects aimed at adapting Swiss regions or cities to climate change. More information available online
(last visit on September 30, 2023): https://www.nccs.admin.ch /necs/en/home /measures/pak.html

5 The “4 per 1000” initiative aims to collect initiatives aiming at addressing food security and carbon sequestration.
More information available online (last visit on September 30, 2023): https://4p1000.org

6 The Bundesamt fiir Naturschut is the German Federal Agency for Nature Conservation, aimed at collecting NbS
in Germany. More information available online (last visit on September 30, 2023): https://www.bfn.de/en

7 The PORTAL website presents the description and the location of some of the NbS of the database, that are
made available online: https://portal.osug.fr/-EXPLORE-THE-INITIATIVES-
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5.2. Ecological and climate services

The increasing considerations of climate and ecological issues have led institutions from
countries and the European Union to fund regional assessments and mappings of ecological
and climate conditions, as well as their trends. The European Environment Agency (EEA) and
Copernicus have, therefore, significantly contributed to providing climate projections, including
temperature, precipitation and hazards on a pan-Furopean scale. They have also assessed and
mapped the status of habitats for biodiversity conservation, the land-use and land-cover at very
high resolution, the amount of carbon sequestrated in ecosystems and their carbon saturation.
However, some of the EEA layers I used do not cover Switzerland. The main challenge was to
find other datasets and to harmonize data.

The database on NCP assessed and mapped at the Alpine scale by the AIpES project® was
a core element to address the hypotheses of this PhD thesis. To evaluate whether the NbS
implemented in the Alps correlated with higher or lower values of NCP or climatic data, I
extracted the values of the variables of each NbS location and I computed Wilcoxon tests to
compare the values in NbS location with values in average in the Alpine Convention. Due to the
heterogeneity of NbS size, and in order to deal with the spatial autocorrelation of the data, I
performed statistical tests on thousands of permutations with random values within each NbS.
To evaluate whether the location NbS relies on the combination of climatic and NCP variables,
I computed heatmaps of the number of NbS per interval of both climate and NCP variables.
The main constraint was to define the accurate number of intervals, and the cutting rules, to
detect distribution differences.

5.3. Interviews and on-ground fieldwork

To identify the main reasons driving individuals or groups to implement the identified NbS,
I contacted the implementers to request interviews. I decided to conduct semi-structured in-
terviews because the decision-making context encompasses various elements that may not be
adequately addressed by a questionnaire or a written description. These elements often relate to
personal feelings, experiences, or worldviews, which are difficult to access without relevant initial
and follow-up questions. In order to capture similar challenges as well as diversity, I selected
the NbS that aimed to address the three most frequently addressed hazards of the database,
namely droughts, floods and landslides. After having contacted, for each NbS, one person with
enough knowledge of its implementation, twenty people answered positively to my request for
conducting the interview.

8 The AlpES project (Alpine Ecosystem Services — mapping, maintenance and management) is a research project
funded by the Interreg Alpine Space programme and that spanned from 2014 to 2020. The project assessed and mapped
eight NCP supply, flow and demand at the municipality level in the Alpine Space. More information available online (last
visit on September 30, 2023): https://www.alpine-space.eu/project/alpes
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Given that most of the case studies involved on-ground interventions, I decided to conduct
in-person interviews and visit the interventions in the field every time it was possible. Firstly, I
conducted interviews close to Grenoble, France, to test the interview guidelines with significant
support from a master’s student. Subsequently, in order to represent all the Alpine countries
in this study, I organised a one-month field trip to conduct interviews with the individuals I
contacted from the five other main Alpine countries, namely Switzerland, Germany, Austria,
Slovenia and Italy. Unfortunately, I was not able to visit all the NbS sites, due to adverse weath-
er conditions or to the large distance between the interviewee’s office and the intervention sites.
However, most of the interviewees had pictures of the intervention, which supported the follow-up
discussions during the interviews. The analyses, presented in detail in Chapter III, comprise
a textual analysis to code the mentioned levers and barriers. Then, a clustering analysis was
performed to identify the different decision-making contexts. The transformative adaptation
potentials were assessed using six criteria and correlated to the decision-making contexts.

During the field trip, I also visited the NbS interventions of the database for which I did
not plan an interview. These visits allowed me to validate the information obtained from their
online description, and in most of the cases, I collected additional information on the interven-
tions. Lastly, I also discovered new NbS interventions that were not previously found. I have
consequently included them in the PORTAL database for future purposes.

5.4. Roles of stakeholders in the thesis and roles of researchers in
society

Stakeholders, practitioners and citizens played a significant role in designing the objectives
of this PhD thesis. In addition to the NbS implementers I contacted to improve the database,
many individuals I encountered contributed to shaping the direction of this research.

The PORTAL project organised a kick-off event during which local stakeholders related to
biodiversity conservation or climate change adaptation were invited. The participants men-
tioned their perceptions of the rapid changes in ecosystems. They expressed awareness regarding
the NbS concept but noted a lack of feedback regarding the existing initiatives. They mentioned
some of the barriers they encountered to implement NbS but did not identify levers to overcome
them.

During my PhD thesis, I had also the opportunity to collaborate with colleagues working on
the PORTAL project. I participated in a stakeholders workshop focused on NbS for climate
change adaptation in the Alps organised by Enora Bruley (Bruley et al. in prep.). The dis-
cussions held during the workshop were closely aligned with the topic of my PhD thesis, and,
therefore, provided elements for guiding methods and interpreting the results.

In sustainability science, researchers are often in a position that is far from neutral (Crouzat
et al., 2018). While maintaining rigorous and ethical methods remains crucial, the addressed
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questions are rooted in societal issues (Donner, 2014). Some researchers prioritize active en-
gagement in science-policy interfaces such as the IPBES or the IPCC, aiming to provide evi-
dence-based recommendations to policymakers. In some cases, scientists, who can be the same,
become activists to inform the public and urge policymakers to consider evidence-based knowl-
edge for a sustainable future (Gardner et al., 2021). In this context, certain researchers argue
for knowledge co-production, a collaborative approach to conduct research involving — often
local — stakeholders aiming at providing solution-oriented outcomes that address concrete issues
experienced by communities (Norstrom et al., 2020). Although my research does not strictly
comply with the co-production framework, I aimed to evaluate the main barriers and needs of
the stakeholders I met, including farmers, foresters, urban planners, hydrologists, conservation-
ists, engineers, entrepreneurs, municipal and regional officers. I was conscientious when making
recommendations, e.g. for policymakers, to ensure I did not misrepresent the visions and the
values of these individuals. Preserving the trust-based relationship between the academic and
on-ground worlds is essential to mitigate trade-offs towards a sustainable world (Chambers et
al., 2021; Norstrom et al., 2020).
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Appendix

S1. Table: List of databases of initiatives reviewed for collecting Nature-based Solutions in the Alps

Database of initiatives

‘Website

Naturvation https://naturvation.eu

Oppla https://oppla.eu/

BISE https://biodiversity.europa.eu
Nature4Cities https://implementation-models.naturedcities-platform.eu
ThinkNature https://www.think-nature.eu
UrbanEurope https://jpi-urbaneurope.eu

Nature-based Solutions Initiative

https://www.naturebasedsolutionsinitiative.org/

Pegasus http: //pegasus.ieep.eu
ClimateADAPT https://climate-adapt.eea.curopa.cu
PANORAMA https://panorama.solutions /fr

Reconnect http: //www.reconect.eu

GEF https: //www.thegef.org
WeADAPT https://www.weadapt.org
PreventionWeb https://www.preventionweb.net
Operantum https: //www.operandum-project.eu/oals
PreventionWeb https://www.preventionweb.net /

4per1000 https://www.4p1000.org

Adelphi

https://www.adelphi.de/en
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Ecologic

https://www.ecologic.eu

Phusicos

https://www.phusicos.eu

Interreg Alpine Space Programm

https://www.alpine-space.cu

AQUACROSS https://aquacross.cu
ROBUST http://rural-urban.eu
UNFCCC https://www4.unfcce.int

Bfn https://www.bfn.de/en
TRANSIT https://www.transit-h2020.eu

Naturedcities https://www.nature4cities.cu/

EquatorInitiative https://www.equatorinitiative.org
GANadapt https://www.unep.org/gan /fr
EKLIPSE https://eklipse.eu

Nature4Climate https://naturedclimate.org

Connect4Climate https://www.connect4climate.org
GoldStandard https:/ /registry.goldstandard.org
Whesd https://www.wbcsd.org

Green cities

https://www.thegreencity.eu

Regreen https://www.regreen-project.cu/
Enable http: //projectenable.eu
DReAMS https:/ /iclei-europe.org

ConnectingNature

https://connectingnature.eu
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ICLEI

https://iclei.org/en

Nature-based Solutions

https://www.nature-basedsolutions.com

ITWMI https://www.iwmi.cgiar.org
GrowGreen http: //growgreenproject.eu
IKI https://www.international-climate-initiative.com
IUCN https: //www.iucn.org

UN DecadeOnRestoration

https://www.decadeonrestoration.org

NCCS https://www.nccs.admin.ch
CARE https://careclimatechange.org
CRISTAL https://www.iisd.org/
WaterRessource www.waterandnature.org
UNGlobalCompact https://www.unglobalcompact.org/take-action /events /climate-action-summit-2019 /nature-based-solu-
Greensurge https://greensurge.cu
Openness http: //www.openness-project.eu
AdaptationLearning https://www.adaptationlearning.net
CleverCities https: //clevercities.eu
Progireg https://progireg.eu
PEDRR https://pedrr.org
GCA https://gca.org/global-commission-on-adaptation
Bluesolutions https://bluesolutions.info

Mountain Wilderness

https://www.changerdapproche.org
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Chapter 11

Nature-based Solutions for climate
change adaptation are not located where
they are most needed across the Alps

Mountain lakes are crucial ecosystems that provide a large range of contributions to people
and constitute a habitat for Alpine biodiversity. They are increasingly impacted by global
changes, highlighting the need for protection. At the Hintersee Lake, located in the Austrian
Hohe Tauern National Park, human activities are limited to conserve the habitat, which has
been declared as a natural monument. Source: the author.
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Abstract

Climate change impacts mountains socio-ecosystems by increasing certain natural disasters
and changing Nature’s Contributions to People (NCP). Nature-based Solutions (NbS) are in-
creasingly implemented to help local communities adapt to climatic hazards. However, the rel-
evance of their location in relation to those hazards and local NCP has hardly been addressed.
In the PORTAL project (Pathways of Transformation in the Alps), we identified and mapped a
portfolio of 97 NbS for climate change adaptation in the European Alps. Most NbS addressed
drought or soil instability, and aimed to provide multiple NCP simultaneously such as wood
production and protective function against landslides. We analysed whether NbS are located
where they are the most needed, according to both current and future intensity of the hazards
they aim to address and to supply-flow-demand indicators of the NCP they aim to provide. We
found that the location of NbS is overall not related to current supply-flow-demand indicators
of most NCP, nor to intensity of hazards. Nevertheless, NbS addressing droughts and floods are
located in areas where these hazards are more intense, but do not match higher values for NCP
indicators. Conversely, NbS aiming to produce wood and to provide protective function against
landslides are located in areas with greater levels of these NCP, regardless of the intensity of
hazards. These results suggest that hazards and NCP indicators are not the main drivers of NbS
implementation. We argue that integrating local climate conditions and current NCP flows is
needed to underpin a macro-regional strategy for planning NbS implementation.

Keywords

Nature-based Solutions, Climate Change Adaptation, Nature’s Contributions to People,
European Alps, Spatial analysis.
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1. Introduction

Considered as one of the greatest challenges humanity faces, climate change threatens human
good quality of life and ecosystems, especially in high-elevation areas, where temperature has
been rising faster than in lowlands (Pepin et al. 2022). With this accelerating change, mountain
communities already experience more frequent and intense natural hazard events, and these are
expected to increase in the future whatever the carbon emission scenario (Gobiet and Kotlarski
2020). In the European Alps, climate scenarios suggest that the frequency and the intensity of
extreme climatic hazards and climate-induced disasters — such as heatwaves, erratic rainfall,
floods, wildfires, landslides, rockfalls and avalanches — will increase significantly during the
21st century (Gobiet et al. 2014; Einhorn et al. 2015; Beniston and Stoffel 2016; Gariano and
Guzzetti 2016; Huss et al. 2017). The magnitude of these hazards will be elevation-dependent,
with higher altitudes expected to experience a greater relative increase in temperature, and a
lower relative decrease in snow cover duration (Gobiet and Kotlarski 2020). Precipitation pro-
jections are more uncertain especially in terms of potential changes in their geographic distribu-
tion; overall precipitation is likely to increase in winter, and decrease in summer, with significant
geographic variation along a north-south axis (Gobiet and Kotlarski 2020). This, together with
glacier retreat, will lead to more intense and frequent droughts, especially in summer (Gobiet
et al. 2014; Laurent et al. 2020). Snow cover decrease will continue, in terms of quantity and
duration (Gobiet and Kotlarski 2020; Morin et al. 2021).

This climate change threatens mountain biodiversity. Increasing temperatures in all seasons
drive the upward shift of plant species, resulting in ecosystem composition change (Lamprecht et
al. 2018), extinction risk for cold-adapted plant and animal species isolated to summits that may
have nowhere to go (Pauli and Halloy 2019) and new suitable climatic conditions for invasive spe-
cies (Carboni et al. 2018). This suggests the future loss of major parts of the habitat for up to half
of endemic Alpine plants (Engler et al. 2011; Dullinger et al. 2012), and the high extinction risk of
animal populations such as some Alpine ungulates (Lovari et al. 2020) and birds (Dirnbock et al.
2011; Ferrarini et al. 2017; Brambilla et al. 2018) in the absence of adapted conservation planning
(Chamberlain et al. 2016). These effects on biodiversity and ecosystems, added to the increasing
natural hazards and declining cryosphere, affect ecosystem functioning and consequently the di-
verse Nature’s Contributions to People (NCP) in mountain regions, including freshwater supply,
wood and fodder production, forest protective function against landslides, pest control, outdoor
recreation activities and global climate regulation among others, which benefit local communi-
ties, tourists and people living in lowlands (Palomo 2017; Schirpke et al. 2019a, b; Grét-Regamey
and Weibel 2020). For example, freshwater supply is highly sensitive to climate change in moun-
tains, and millions of users upstream and downstream will be put at risk (Immerzeel et al. 2020;
Mastrotheodoros et al. 2020). Heatwaves and drought hazards resulting from increasing tempera-
ture and the reduction of freshwater supply will have large social and economic consequences
(Zappa and Kan 2007), with human health impacts in urban areas (Villanueva et al. 2015), per-
turbations of grassland and forest carbon sequestration ability (Mina et al. 2017; Ingrisch et al.
2018), pest expansion (Huss et al., 201), reduction of forest protective function against landslides
due to increasing tree mortality (Allen et al. 2010; Sass 2014), and economic losses of farms with
dairy cows submitted to more severe heat stress (Boni et al. 2014).
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In the face of these unprecedented changes, adaptation options are being put in place in
Alpine socio-ecological systems (Terzi et al. 2019; Vij et al. 2021). Among them, Nature-based
Solutions (NbS) have recently gained attention in global research and practice as climate ad-
aptation strategies (Seddon et al. 2020). NbS are actions to protect, sustainably manage and
restore natural or modified ecosystems that address societal challenges effectively and adaptive-
ly, simultaneously providing human well-being and biodiversity benefits (Cohen-Shacham et al.
2016). Some examples are grassland conservation methods within ski resorts to reduce soil ero-
sion (Casagrande Bacchiocchi et al. 2019); forest management practices and mixed tree species
options to increase forest resilience (Elkin et al. 2015; Irauschek et al. 2017); adapted grassland
management practices for mountain livestock production (Lamarque et al. 2013; Nettier et al.
2017); and green infrastructure to reduce heatwave intensity in urban areas (Kabisch et al.
2017).

NbS for climate change adaptation are claimed to have the potential to maintain or enhance
multiple NCP that help society adapt to climate change (Jones et al. 2012; Colloff et al. 2020).
These NbS can apply on the ground measures to conserve or improve NCP that protect people
from climate change (e.g., reforesting a landslide-prone area to improve NCP such as soil con-
servation or landslide reduction). They can also act on NCP drivers, such as land-use policies or
incentives for good management (e.g., forest harvesting regulations or payments for ecosystem
services), and address the vulnerability of NCP to climate change (e.g., by reforesting with spe-
cies that will be adapted to future climate).

To our knowledge no study has evaluated the location of NbS regarding NCP or the hazards
they aim to address. We assume that the need for NbS is higher where society is more likely
to be affected, i.e. where climatic hazards are more intense or frequent; NCP are less supplied;
and/or NCP are more used or demanded by society. We hence explicitly consider for the first
time for assessing NbS the three NCP dimensions: supply, the amount of NCP coproduced by
ecosystems and people (Schroter et al. 2012); flow, the part of the supply benefiting society;
and demand, the amount of NCP society needs (Burkhard and Maes 2017). Our analysis con-
sidered those socio-economic factors included in NCP indicators (such as population density,
presence of infrastructure or livestock) but not other factors often used in risk assessments, such
as education levels, wealth, or governance (e.g. Gerlitz et al. 2017; Birkmann et al. 2022). We
restricted our analysis to hazards and NCP indicators because of the subjectivity of selecting
and combining socio-economic factors that may not be relevant to local society needs (Beccari
2016; 11 Choi 2019). Following the IPCC framework (Field and Barros 2014), we define a hazard
as “the potential occurrence of a natural or human-induced physical event or trend that may
cause loss of life, injury, or other health impacts, as well as damage and loss to property, infra-
structure, livelihoods, service provision, ecosystems and environmental resources”.

Here, we define needs for NbS in terms of climatic hazards combined with NCP, for example
erratic rainfall (hazard) with forest protective function against landslides (NCP). We assume
that the need for NbS is high where the NCP surplus is low, i.e. where the amount of NCP sup-
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plied is closer to the amount of NCP used or demanded by society. In our example, this would
regard areas with limited protective function from current forest against landslides. Similarly,
we also assume that the needs for NbS are high where the NCP demand-supply is high, i.e.
where any decrease in NCP supply risks to leave demand unmet. This would regard the same
areas with currently low protective function of forest against landslides but also high demand
from population and infrastructure for protective function against landslides. Similarly, we also
assume that the need for NbS is high where the NCP demand-supply is high, i.e. where any de-
crease in NCP supply risks to leave demand unmet. This would regard the same areas with cur-
rently low protective function against landslides but also important protective function demand
from the population and infrastructures against landslides. This consideration also applies to
locations with a low demand-supply ratio in cases where currently low demand is expected to
increase due to increasing hazards and current NCP supply may not sufficiently cover future
demand. However, we note that this approach does not address cases of mismatch between sup-
ply and demand locations (Schirpke et al. 2019b).

To understand how NbS are distributed, we explore the spatial distribution of NbS in the
Alps in relation to current and future climate change hazards and to NCP indicators separately,
and in relation to their combinations. We first identified and mapped the location of implement-
ed NbS in the Alps into a novel database. Secondly, we computed a spatial analysis to compare
NbS locations to i) a series of current and future climate change hazards; ii) the NCP indicators
including NCP supply, flow, demand as well as flow-supply and demand-supply ratios; iii) com-
mon combinations of hazards and NCP indicators.
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2. Materials & Methods

2.1. Nature-based Solutions grey literature review

We identified NbS for climate change adaptation within the Alpine Convention space area,
referred to as the Alps henceforth, which covers 190 717 km? within Austria, Italy, France,
Switzerland, Germany, Slovenia, Liechtenstein and Monaco. We searched existing NbS and
adaptation initiative databases, including ClimateADAPT, Oppla and PHUSICOS. Then, we
explored the websites of environmental public agencies related to the forest, agriculture, fresh-
water provision, biodiversity conservation and protected area sectors, for all countries of the
Alps. We complemented this search with data from websites of partner organisations involved in
the implementation of these NbS. Our main inclusion criteria targeted NbS aiming to address at
least one climate change impact or at least one impact that is known to be enhanced by climate
change. These initiatives had to address also the loss of habitat for biodiversity to be included.

We grouped NbS into three categories following the classification from Donatti et al. (2020):
i) On the ground NbS, including the restoration, protection, creation of ecosystems and eco-
system sustainable management ; ii) Enabling NbS, which focus on the creation of new knowl-
edge, awareness-raising activities and the implementation of new policies or plans in relation to
nature-based adaptation; iii) Mixed NbS, which implement both on the ground and enabling
activities.

We coded the climatic hazards addressed by each NbS as well as the NCP they address.
For NCP we used the classification from Diaz et al. (2018) and adapted it to specific NCP
addressed by NbS in mountain regions. We created subcategories resulting into 22 NCP listed
in Supplementary file 1. For example, the extreme events regulation NCP from IPBES classifi-
cation has been divided in eight sub-categories such as flood regulation or heatwave regulation.
We then computed a Sankey diagram to illustrate the links between hazards addressed by NbS
and the NCP they aim to provide. Finally, we mapped the boundaries of each NbS (QGIS soft-
ware version 3.16.5) based on the initiative’s description online or by contacting the person in
charge.

2.2. Climatic hazards and Nature’s Contributions to People

To assess current and future climatic hazards, we used data from the Climate Data Store,
hosted on the Copernicus platform, between 1970 and 2000 for the reference period, and be-
tween 2050 and 2060 for the future. We selected the following variables: temperature, precipi-
tation, snow cover, heatwaves intensity, flood hazard and wildfire hazard. Because we aimed to
compare relative rather than absolute values between locations we selected the climatic scenario
that had been used for each climate model (RCP 8.5 for most variables, and RCP 4.5 when RCP
8.5 was not available). For all variables, we computed the relative change from current to future
values for each pixel. Details on each specific variable are in the Supplementary Files 2 and 3.
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We used the indicators of NCP supply, flow and demand for seven NCP assessed and mapped
at the municipality level by the AIpES project (Alpine Ecosystem Services - mapping, mainte-
nance, management) based on biophysical and socio-economic variables (Schirpke et al. 2019a):
freshwater; fodder; fuel wood; forest protective function against landslides; CO2 sequestration;
outdoor recreation; and symbolic biodiversity (for details, see Supplementary File 4). As the
flood and heatwave regulation NCP were not mapped by the AIpES project, we did not include
them in our analysis.

Adapted from the surplus-balance-deficit indicator developed by (Li et al. 2016), we com-
puted the demand-supply ratio and the flow-supply ratio for each NCP, except for symbolic
biodiversity for which we computed only the flow-supply ratio given demand for this NCP can
be considered as global and was therefore not mapped by AIpES. As most NbS identified have
been implemented after the data acquisition to map NCP indicators (e.g. 2012 for land use and
land cover maps), we assumed that the NbS identified have not influenced NCP values (Schirpke
et al. 2019a; Meisch et al. 2019; Jager et al. 2020). Moreover, because most on-the-ground NbS
cover a small surface relatively to the municipality’s surface, we considered that they have a low
influence on NCP supply at the municipality scale.

2.3. Data analysis

To deal with the different sets of units across studied climatic and NCP variables, we rescaled
their values using a min-max normalisation (Peng et al. 2016), both for positive and negative
values, calculated as (1):

X; — Xon; X: — Xppon
X, = ——— T i X >0;X, = — T8 ifx, <0 (1)

Xmax+ — Xmin+ Xmin- — Xmax-

Where Xs is the rescaled value, Xi is the initial value, Xmin+ the lowest value of the subset
of positive value, Xmax+ the highest value of the subset of positive value, Xmin- the lowest
value of the subset of negative value, Xmax- the highest value of the subset of negative value.

We assigned the values of hazards and NCP layers spatially overlapping each NbS, and we
performed Wilcoxon tests in order to detect whether values of hazards and NCP within NbS
addressing them are significantly higher or lower than across the entire Alps (for details, see
Supplementary File 2).

To detect whether the presence of NbS in the Alps reflects the combination of the intensity
of the targeted climatic hazard and of the NCP known to help adapt to, or impacted by this
hazard, we first created subsets of NbS targeting a specific combination of hazards and NCP
known to address the impact. Given available data these were: drought hazards addressed by
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NbS aiming to provide freshwater; drought hazards addressed by NbS aiming to provide grass-
land fodder; drought hazards addressed by NbS aiming to produce wood; heatwave hazards
addressed by NbS aiming to produce wood. For each of them, we then computed two heatmaps
of value distributions across the gradients of climatic hazard and NCP values, one for NbS loca-
tions and one for the entire Alps. We then subtracted the heatmaps of the Alps from the NbS
heatmaps and used a Khi2 test to detect whether the NbS distribution is different from the
distribution across the Alps.

3. Results

3.1. The multifunctionality of Nature-based Solutions in the Alps

We identified 97 NbS in the Alps (Fig. 1, for details in Supplementary File 5), addressing
in total 22 different hazards in relation to climate change, and aiming to provide 22 different
NCP. A quarter of NbS implement activities on the ground only (n=23), a quarter of NbS are
enabling activities (n=23), and around half of the NbS are mixed (n=>51), implementing simul-
taneously enabling activities and activities on the ground.

Overall, NbS across the Alps address a diversity of hazards. Half of NbS documented in our
database aim to address at least two hazards simultaneously (51%). NbS addressing three (9%)
or four hazards simultaneously (5%) are enabling activities that aim to counteract several haz-
ards or target several sectors, such as research projects or local adaptation plans designed with
stakeholders from multiple sectors (Supplementary File 5). Each NbS often aims to provide
more than one NCP, which highlights the multifunctionality potential of NbS in terms of NCP
they aim to deliver (Fig. 2). Hazards related to temperature changes are those most commonly
addressed by NbS, including drought (32% of NbS), heatwaves (11%) and increasing tempera-
ture (6%). Among these, drought is associated with the highest diversity of NCP. Overall, NbS
targeting drought aim to address 19 different NCP, including material NCP (mainly food),
regulating NCP (mainly freshwater supply and soil quality) and non-material NCP (providing
outdoor recreation activities) (Fig. 2). NbS also commonly address hazards related to soil sta-
bility, specifically landslides (11%), rock falls (7%), soil erosion (10%), avalanches (7%), and
mudslides events (2%). Among these, NbS addressing landslides and rockfalls co-occur with 14
different NCP in total, mainly those related to the protective function against landslides. NbS
addressing vector and water-borne diseases (32% of NbS — related to pests) co-occur with 14
different NCP in total, mainly the material NCP of wood production and the pest control reg-
ulating NCP (Fig. 2).
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Fig. 2. Systematic map of the climatic hazards addressed by Nature-based Solutions (NbS) — on

the left — and the Nature’s Contributions to People (NCP) targeted by NbS — on the right. The links
involving only one NbS are not represented. The number in each row indicates the number of NbS in

each category.
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When considering NCP, NbS mainly aim to provide materials, mainly wood production
(31%), and address a total of at least 17 different hazards (mainly landslides and vector and wa-
ter-borne diseases) (Fig. 2). A large number of NbS (29%) aim to provide food production NCP,
and they address mostly food insecurity and drought hazards. A significant number of NbS aims
to provide regulating NCP particularly the regulation of floods (15%), the protective function
against landslides (14%) and the regulation of heatwaves (12%). Importantly, we reported
many cases of NCP co-occurrence. For example, among initiatives aiming to provide protective
function against landslides, some reforestation initiatives simultaneously target avalanche pre-
vention. This explains why most NbS (50/97) aim to provide at least two NCP simultaneously,
and seven NbS aim to provide more than five NCP simultaneously.

3.2. Location of Nature-based Solutions according to climatic
hazards

For most hazards, NbS are not located in areas of highest hazards within the Alps, for the
historical period, the future, or for the relative change of this hazard between the two periods,
except for a few exceptions (Table 1). NbS addressing drought are located in areas that are not
currently submitted to higher hazards than across the Alps. However, they do target areas that
are projected to experience more intense drought, with greater changes in the drought index.
On the contrary, NbS addressing heatwaves are located in areas that have experienced lower
occurrence in the historical period than the Alps overall and that are likely to experience lower
heatwaves in the future. Similarly, NbS addressing snow cover reduction are located where the
snow cover will be less reduced during summer than across the Alps, with a lower reduction in
summer snow cover from the historical to the future period. NbS addressing floods are located
where the flood index is higher in the historical period than across the Alps. However, we found
future flood hazards to be lower within NbS than across the Alps. Distributions of hazard values
for each NbS are illustrated in the Supplementary File 6.
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Table 1.

Wilcozon tests results comparing climatic variable values within Nature-based Solutions

(NbS) and across the Alps.

Significance level: (*): p-value <0.1 ; (**): p-value <0.05 ; (***): p-value <0.01; NS: not-significant.

n: number of NbS.
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3.3. Location of Nature-based Solutions according to Nature’s
Contributions to People

NbS follow different spatial patterns in relation to the distribution of NCP supply, flow,
demand and their ratios. NbS targeting fodder production and outdoor recreation NCP are
generally not located where their supply or demand differ from the Alps (Table 2). In contrast,
NbS targeting freshwater supply are located where its flow value, namely water use, is higher
than across the Alps. Similarly, NbS targeting protective function against landslides are located
in hotspots of its flow-supply ratio, mostly reflecting the higher value of the flow. This indicates
that these NbS are implemented where the NCP is highly used, independently of the supply
and demand. NbS targeting wood production are located in areas where they are least needed
as they are located where fuel wood demand is lower and supply is higher compared to the
Alps. NbS targeting CO2 sequestration are located in areas where supply is higher than across
the Alps, yet where demand is also higher. Finally, regarding symbolic biodiversity all NbS are
located in areas with lower values of both supply and flow than across the Alps. Distributions

of NCP values for each NbS are illustrated in the Supplementary File 7.

Table 2.

Wilcoxzon tests results comparing Nature’s Contributions to People (NCP) values within

Nature-based Solutions (NbS) and across the Alps. D-S ratio means NCP demand-supply ratio. F-S
ratio means NCP flow-supply ratio. D-S/F ratio is used when the supply and the flow are equivalent.
Significance level: (*): p-value <0.1 ;(**): p-value <0.05 ; (***): p-value <0.01; NS: Not-significant.
The number on each row indicates the number of NbS targeting the specific NCP
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3.4. Location of Nature-based Solutions according to the
combination of climatic hazards and Nature’s Contributions to People

Consistent with our findings for climatic hazards and NCP supply, flow and demand, overall
NbS are not located in combined hotspots of relative change in hazards and NCP flow-supply
ratio, nor in combination with the NCP demand-supply ratio. In the following we focus in par-
ticular on the distribution of values within the most numerous NbS addressing drought hazards
in combination with NCP of freshwater, fodder or wood production, and NbS addressing heat-
waves in combination with wood production (Fig. 3). Our analyses show that values within NbS
are similar to those across the Alps regarding the future relative change in drought index and
NCP flow-supply and demand-supply ratios. However, NbS addressing drought appear to be
concentrated in the upper values of relative change in the drought index, whatever the targeted
NCP, in comparison with Alps values (Fig. 3). Nevertheless, the distributions of values within
NbS addressing drought differ across targeted NCP. NbS targeting fodder and wood production
match upper values of their flow-supply ratio, while the NbS addressing the freshwater NCP are
uniformly distributed along the drought change gradient.
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Fig. 3. Heatmaps displaying the associations between one climate-related hazard (horizontal

axis) and one Nature’s Contributions to People (NCP) indicator (vertical axis). The values corre-
spond to the difference between the number of values within Nature-based Solutions (NbS) addressing
the hazard as well as the NCP and the values within the entire Alps distributed along the gradient of
the hazard and the NCP. The number (n) associated to each NCP corresponds to the number of NbS
addressing both hazard and NCP for each heatmap.

82



We also assessed the combination of relative change in fire hazard and wood production NCP.
While the distribution of values within NbS is not statistically different to those across the Alps,
our analyses show an absolute greater occurrence of NbS at the higher end of the hazard gra-
dient in conjunction with the medium-to-high range of the wood production flow-supply ratio
(Supplementary File 8), suggesting further analysis of this potential correlation.

4. Discussion

This study explores climate change adaptation within a large region, and questions the spatial
location of NbS in relation to societal needs, by focusing on hazards and NCP. We identified 97
NbS in the Alps illustrating the diverse potential actions in various type of habitat. This portfo-
lio confirms NbS practical implementation including the creation of knowledge for nature-based
climate change adaptation on the ground (Debele et al. 2019; Vij et al. 2021) as well as enabling
initiatives (Donatti et al. 2020). However, we found that in general NbS are not located in areas
of higher current and future climatic hazards, nor of greater NCP supply- flow-demand indica-
tors. We discuss in the following sections what drives implementation of adaptation initiatives
such as NbS, and first explore the barriers of implementation that can explain why NbS did not
match the greatest climatic hazards and NCP levels. Secondly, we explore the further consid-
eration of socio-ecological and climatic conditions for optimal NbS location. Lastly, we address
recommendations to overcome the limited knowledge on NbS effectiveness for climate change
adaptation (Seddon et al. 2019; Donatti et al. 2020), through a macro-regional programme sup-
porting adaptation of areas experiencing the most intense hazards and higher impacts on NCP.

4.1. Diversity and multifunctionality of Nature-based Solutions for
climate change adaptation

Consistent with previous syntheses, we found that NbS in the Alps have the potential to ad-
dress multiple hazards (Chausson et al. 2020; Palomo et al. 2021). Some hazards are addressed
jointly because of their similar nature and biophysical mechanisms, for example NbS addressing
several natural hazards such as landslides and avalanches through forest protection, manage-
ment and restoration. But co-occurring hazards of different natures are also addressed jointly by
NbS, such as wildfires and natural pests through sustainable forest management (Felipe-Lucia
et al. 2018; Stritih et al. 2021). Drought and floods are also addressed jointly by wetland resto-
ration, which is known to be effective when well designed (Erwin 2009).

As highlighted in previous reviews, most of the NbS we identified aim to maintain a NCP
threatened by climate change hazards, and to provide multiple NCP co-benefits (Brink et al.
2016; Osaka et al. 2021). While a large proportion of NbS target material NCP, such as wood,
fodder and food production, the NbS which we documented across the Alps involved a large
diversity of ecosystems, such as forests, pastures, wetlands, bare rock and urban areas. They are
not predominantly located within a given ecosystem, such as previous study on European NbS
(Vij et al. 2021), but in contrast with global review identifying NbS mostly in forests (Chausson
et al. 2020).
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4.2. Nature-based Solutions are distributed across a range of climate
change hazard levels

Although NbS in the Alps are overall not located in hotspots of the current and future haz-
ards they target, we found a few significant trends for NbS addressing specific hazards. For
example, NbS addressing drought are located in areas where drought will be more severe in
the future than across the Alps. While NbS locations are not associated with current droughts,
this result is consistent with a previous study illustrating that local adaptation initiatives in
Mediterranean agriculture are implemented where farmers experience higher temperatures and
more intense water scarcity (Harmanny and Malek 2019). NbS addressing floods are located
within hotspots of current hazard, but not in areas of higher future hazard. This focus on cur-
rent rather than future hazard can be explained by the future decrease of flood risk in lowlands
due to change in precipitation patterns in future climate scenarios for the Alps (Beniston and
Stoffel 2016; Wilhelm et al. 2022). For example, NbS addressing floods are mostly located to
protect downstream cities such as Innsbruck (Austria) or Vizille (France) from current flood
events. Although here we did not consider impacted populations and their adaptive capacity, a
previous study reported a mismatch between nature-based adaptation initiatives for flood regu-
lation and where they are the most needed (Houghton and Castillo-Salgado 2020).

A large part of the NbS from our database addresses droughts and floods. It can be explained
by the fact that these two hazards impact NCP supply from various sectors, like agriculture
(Tello-Garcia et al. 2020), forestry (Elkin et al. 2013), and natural disaster risk reduction
(Mina et al. 2017), with severe economic impacts (Fraser et al. 2013; Andres and Badoux 2019;
Breteau-Amores et al. 2019). Moreover, the assessment and adaptation of these two hazards
are hot topics in the literature(Aguiar et al. 2018; Mubeen et al. 2021), especially in mountain
areas(Deléglise et al. 2019; Zingraff-Hamed et al. 2021a) and this can contribute to the large
number of adaptation actions (Cook et al. 2012; Street et al. 2019).

Contrary to drought and floods, NbS addressing heatwaves are located in areas with lower
hazard occurrence than across the Alps. While we have not explored the fine-resolution land
cover of areas where NbS are implemented, in our database NbS that address heatwaves are
green infrastructure within urban areas, where vulnerability to heatwaves is higher (Jagarnath
et al. 2020). However, the heatwave index used in this study is based on predicted temperatures,
which increase most in higher-altitude areas, therefore not fully relevant to these NbS. Future
analyses would need to include urban heat islands as a hazard that urban NbS are addressing
by controlling temperature with trees (Schwaab et al. 2021).

The paucity of NbS addressing snow cover reduction and wildfires can explain the non-sig-
nificant results regarding these, for which further studies are needed. Nevertheless, we found
that NbS addressing snow cover reduction are located where changes will be lower in summer
than across the Alps. This is because they refer to three enabling NbS that focus on ski resorts
at higher altitudes that are less affected by snow cover change during winter but with higher
change during summer (Beaumet et al. 2021). While our database is not exhaustive, the rela-
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tively small number of initiatives identified for ski resorts adaptation is consistent with previous
syntheses showing limited nature-based interventions from the skiing sector, which still mainly
invests in snowmaking solutions (Berard-Chenu et al. 2021). Concerning wildfires, although
climate change is expected to increase their frequency in the Alps (Stritih et al. 2021), impacts
are not severe or intense enough yet as a single threat to mountain forests (Kulakowski et al.
2017), especially outside of the southern Alps (Bebi et al. 2017). Our results are thus in line
with this current low risk perception, with the three NbS addressing wildfires targeting multiple
co-benefits of adaptation to landslides, storms or drought.

The location of NbS addressing increasing temperature or precipitation appeared indepen-
dent of the geographic distribution of these two climatic variables. Although they are leading in-
dicators of climate change in the literature (Field and Barros 2014), we identified relatively few
NbS addressing these drivers directly. This may be because, except for their direct impacts on
shifts in species niches or changes in plant phenology, their socio-ecological impacts are indirect
through increased intensity of hazards like floods or avalanches (Gobiet and Kotlarski 2020).

4.3. Nature-based Solutions location according to NCP demand,
supply and flow

Overall, we found that NbS location was in general poorly related to hotspots of NCP de-
mand, supply or flow. Nevertheless, our analyses showed that many NbS are located in areas
needing protective function against landslides according to the flow of this NCP. A visual
analysis confirmed that they tend to be situated in probable release areas above settlements
that need protection, such as railways, roads or infrastructure (see Supplementary File 5). This
suggests accurate perceptions of risks and NCP by managers, in spite of contentions this may
not be the case (Stritih et al. 2021). In contrast, NbS targeting the freshwater NCP are located
where freshwater flow (indicating the water use by inhabitants) is highest across the Alps, but
not in hotspots of freshwater supply (indicating water availability). In the Alps, as happens in
many mountain massifs, hotspots of freshwater supply (upstream) and flow (in lowlands) are
disjoint (Meisch et al. 2019). Thus, NbS appeared to focus on areas where freshwater is used
rather than on supplying areas which are often located at high altitude areas which also have
lower population density (Meisch et al. 2019).

Symbolic biodiversity and climate mitigation CO2 sequestration are two NCP for which de-
mand is global, but supply is local or regional. While biodiversity conservation is a priority goal
of NbS (Cohen-Shacham et al. 2016), we found that locations of NbS for climate change adap-
tation are unrelated to symbolic biodiversity, which is mainly located within protected areas
(Schirpke et al. 2018). In-depth analyses would need to investigate whether NbS implemented
outside protected areas are located where the value of symbolic biodiversity is higher or lower
than within non-protected Alpine areas. Furthermore, only few NbS identified in the Alps men-
tion a symbolic species; they rather target species with a key functional role like Pinus heldrei-
chii to test new tree varieties or Carex nigra to characterise the wetland restoration success. The
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case of symbolic biodiversity contrasts with climate mitigation. Although not directly motivated
by climate change mitigation, many NbS identified for climate change adaptation across the
Alps are located within low- to mid-elevation forests with higher, even if not maximum values
of both demand and supply for the CO2 sequestration NCP (Schirpke et al. 2019a).

4.4. Combination of climatic hazards and NCP for
Nature-based Solutions implementation

While climatic hazards and socio-ecological variables have been used to prioritise areas for
implementing NbS for climate change adaptation (Bourne et al. 2016), the location of NbS in
this study does not generally coincide with climatic hazards or NCP, neither with their combi-
nations. Of all the combinations of hazards and NCP assessed, our results suggest that only NbS
targeting the resilience of freshwater supply to drought are located where drought threatens this
NCP’s flow. Indeed agricultural practices and especially irrigation are emerging as responses to
drought impacts in mountain areas (Griineis et al. 2018; Bergeret and Lavorel 2022), as in other
regions (Harmanny and Malek 2019). Although the results were not significant, NbS targeting
the resilience of fodder production to drought appeared to be located in the areas most exposed
to drought and with a higher fodder flow, namely high mountain pastures, whose forage produc-
tion is known to be vulnerable to climate change (Schirpke et al. 2017; Deléglise et al. 2022) and
where adaptation of practices is essential (Nettier et al. 2017). Nevertheless, hazards perceived
by stakeholders, and therefore adaptation behaviours, are not always associated with the most
sensitive conditions, as previously observed in the French Alps (Bruley et al. 2021b).
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4.5. Limitations of the study

Our analyses had four main limitations. First, we acknowledge that the database of NbS we
compiled is not exhaustive, and therefore, further studies that include a larger number of NbS
are needed, particularly for targeted hazards for which the number of NbS we identified was
lower, such as for temperature change, wildfires, snow cover or precipitation changes. Reviewing
grey literature is a practical way to identify NbS and adaptation initiatives (Zingraff-Hamed
et al. 2021b). Although we identified almost one hundred initiatives, our database is limited as
identifying and georeferencing all NbS implemented in the Alps is impossible. As our analysis is
mainly based on project documentation, we were limited in understanding reports published in
other languages than English and French. This also explains why we identified more initiatives
in France, but when analysing NbS addressing a specific hazard or NCP, the limited number of
NbS for each Alpine country reduced this bias de facto.

Secondly, our analyses were further constrained by the coarse spatial resolution for climatic
hazards (5 km? for the flood index) that might also be a source of mismatch, where some pixels
covering up to a 1000 m elevation range may not provide an accurate flood hazard value for NbS
implemented in valleys, nor capture change in future hazards for small catchments (Wilhelm et
al. 2022). As the on-the-ground NbS usually had a small extent, a more precise estimation of the
hazard value could yield different results for some specific NbS. Moreover, other socio-economic
factors may better capture societal needs for NbS through aspects of exposure or vulnerability
to hazards (Portner et al. 2022). However, these were included in several NCP indicators. For
example, demand for freshwater and outdoor recreation activities were assessed through popu-
lation density and tourism statistics. As another example, the quantification of the demand for
the protective function of forest against landslides is based on the presence of infrastructure at
risk (Schirpke et al. 2019a; Meisch et al. 2019). Thirdly, the overall mismatch between NbS and
NCP needs to be considered cautiously given we used NCP values mapped at municipality level
(Schirpke et al. 2019a), while some NbS are smaller than the municipality in which they are
implemented. This may conceal local social needs or biophysical details, especially land use at
finer resolution. For example, the protective forest against landslides implemented in Engadin
(Switzerland) covers 45 ha, while the municipality in which it implemented is 20 000 ha, with
20% covered by forest. As a result, the municipal data indicates a low level of wood supply,
while the NbS is well located to protect downstream settlements. Likewise, our approach did
not allow us to assess the spatial location of NbS in relation to certain vulnerable social groups,
as for example for heatwaves impacting elderly people and children in urban areas (Kabisch et
al. 2017).

Fourthly, our spatial analysis explored the combination between current or future climatic
conditions and NCP supply-flow-demand representing socio-ecological conditions. However, as
we focused solely on initiatives that aim to adapt to climate change, we did not consider multiple
other anthropogenic pressures on ecosystems that must be examined in future analyses of NbS
optimal locations (Egarter Vigl et al. 2021). Furthermore, we only analysed climatic hazards
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rather than their potential impacts on future NCP supply, which is likely to be reshaped due
to combined climate and land-use changes (Dunford et al. 2015; Mouchet et al. 2017; Schirpke
et al. 2017). We did not consider climate-driven ecosystem transformation, which with the ex-
ception of glacier retreat is unlikely at higher altitudes in the short term (Schirpke et al. 2020).

4.6. Recommendations for outscaling Nature-based Solutions

To implement NbS for climate change adaptation, integrating current and future climate
conditions and NCP indicators into spatial planning tools is essential for avoiding maladapta-
tion (Lavorel et al. 2015; Pértl et al. 2017; Hurlimann et al. 2021). Moreover, they need to be
combined with local decision contexts to offer effective solutions (Kruse and Piitz 2014). Spatial
planning is still poorly addressed for NbS (Bourne et al. 2016), especially in Europe (Geneletti
and Zardo 2016), and the establishment of appropriate processes is critical (Albert et al. 2021).
Spatial planning of NbS has mostly been limited to urban areas (Brink et al. 2016; Kooy et al.
2020; Simperler et al. 2020), coastal ecosystems (Jones et al. 2020; Sutrisno et al. 2021), or lo-
cally tailored initiatives (Turconi et al. 2020; Zaimes et al. 2020). To support the future scaling
of NbS and their spatial planning, future research needs to determine the personal, institutional
and economic drivers of NbS implementation, such as previous experiences of climate change
impacts (Demski et al. 2017; Harmanny and Malek 2019), stakeholder visions for adaptation
(Lupp et al. 2021; Bergeret and Lavorel 2022), governance processes (Zingraff-Hamed et al.
2021a) and funding (Jones et al. 2017; Bruley et al. 2021a). Improving knowledge on NbS ef-
fectiveness and their cost-benefit balance compared to other types of solutions is also essential
to support decision-maker choices and avoid maladaptation (Seddon et al. 2020; Seddon 2022).

Broad scale planning and active adaptation can also provide positive outcomes for climate
change adaptation. Macro-regional strategies have shown their positive outcomes at national
level for NbS implementation for climate change mitigation (Bradfer-Lawrence et al. 2021), at
the European scale for climate change adaptation (Wende et al. 2012; Lung et al. 2013) and
ecosystem restoration (Egoh et al. 2014; Schulp et al. 2016), and at the Alps to conserve biodi-
versity through ecological networks (Plassmann et al. 2016). Macro-regional strategies need to
be strengthened for future NbS outscaling (Bennett et al. 2016; Juschten et al. 2021), so that
NbS better target climatic hazards and NCP.
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Conclusion

Climate change is already threatening mountain ecosystems and the NCP they provide to
local and distant communities. We found that NbS are implemented in the Alps to tackle the
diverse impacts of climate change and to increase or maintain the supply of several NCP. While
few NbS are located within hotspots of climate change hazards, such as for droughts and cur-
rent floods, NbS are generally not located within the hotspots of the current or future hazards
they claim to address, neither within NCP hotspots, nor where they coincide. This reveals the
need to explore the NbS decision-making context with an interdisciplinary approach including
in particular institutional and economic aspects, personal values and knowledge. Our findings
also suggest the need to integrate local climatic projections and NCP quantification into future
planning of NbS. A macro-regional strategy in combination with local stakeholder engagement
has the potential to meet this challenge.
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Appendices

S1. Table. List of Nature’s Contributions to People (NCP) adapted from IPBES classification (Diaz et al., 2018) to correspond to the NCP associated to
Nature-based Solutions for climate change adaptation identified in the PORTAL project.

IPBES classification

IPBES shortened definition

PORTAL classification

Remark

Habitat creation and maintenance

The formation and continued produc-
tion, by ecosystems or organisms within
them, of ecological conditions necessary

or favorable for living beings of direct
or indirect importance to humans. E.g.
growing sites for plants, nesting, feeding,

and mating sites for animals, resting
and overwintering areas for migratory
mammals, birds and butterflies, roosting
places for agricultural pests and disease
vectors, nurseries for juvenile stages of
fish, habitat creation at different soil
depths by invertebrates

/

We have not take in account Habitat
NCP as the preservation of habitat for
biodiversity was a criteria of inclusion in
the database

Pollination and dispersal of seeds and
other propagules

Facilitation by animals of movement of
pollen among flowers, and dispersal of
seeds, larvae or spores of organisms bene-
ficial or harmful to humans

No identified NbS aim to provide polli-
nation NCP

Regulation of air quality

Regulation (by impediment or facilita-
tion) by ecosystems, of CO2/02 bal-
ance, O3, sulphur oxide, nitrogen oxides
(NOx), volatile organic compounds
(VOCQ), particulates, aerosols, allergens

No identified NbS aim to provide air
quality NCP

Regulation of climate

Climate regulation by ecosystems (in-
cluding regulation of global warming)

Climate regulation
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Regulation of ocean acidification

Regulation, by photosynthetic organisms
(on land or in water), of atmospheric
CO2 concentrations and so seawater

pH, which affects associated calcification
processes by many marine organisms
important to humans (such as corals)

No identified NbS aim to address ocean
acidification

Regulation of freshwater quantity, loca-
tion and timing

Regulation, by ecosystems, of the
quantity, location and timing of the flow
of surface and groundwater used for
drinking, irrigation, transport, hydro-
power, and as the support of non-mate-
rial contributions. Regulation of flow to
water-dependent natural habitats that in
turn positively or negatively affect people
downstream, including via flooding
(wetlands including ponds, rivers, lakes,
swamps). Modification of groundwater
levels, which can ameliorate dryland sali-
nization in unirrigated landscapes

Freshwater supply

Regulation of freshwater and coastal
water quality

Regulation — through filtration of par-
ticles, pathogens, excess nutrients, and
other chemicals — by ecosystems or par-

ticular organisms, of the quality of water
used directly (e.g. drinking, swimming)
or indirectly (e.g. aquatic foods, irrigat-
ed food and fiber crops, freshwater and
coastal habitats of heritage value)

Water quality
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Formation, protection and decontamina-
tion of soils and sediments

Formation and long-term maintenance
of soil structure and processes by plants
and soil organisms. Includes: physical
protection of soil and sediments from
erosion, and supply of organic matter and
nutrients by vegetation; processes that
underlie the continued fertility of soils
important to humans (e.g. decomposition
and nutrient cycling) ; filtration, fixation,
attenuation or storage of chemical and
biological pollutants (pathogens, toxics,
excess nutrients) in soils and sediments.

Soil quality

Regulation of detrimental organisms and
biological processes

Regulation, by organisms, of pests,
pathogens, predators or competitors that
affect humans (materially and nonmateri-
ally), or plants or animals of importance

for humans. Also the direct detrimental
effect of organisms on humans or their
plants, animals or infrastructure.

Pest control

Energy

Energy

Food and feed

Production of food from wild, managed,
or domesticated organisms, such as fish,
bushmeat and edible invertebrates, beef,
poultry, game, dairy products, edible
crops, wild plants, mushrooms, honey.
Production of feed (forage and fodder)
for domesticated animals (e.g. livestock,
work and support animals, pets) or for
aquaculture, from the same sources.

Food from grasslands

The production of fodder within grass-
lands have been separated to match with
the NCP maps corresponding to the
grassland production

Food

This NCP corresponds to the food pro-
duction that do not come from grasslands

Materials, companionship and labor

Production of materials derived from
organisms in cultivated or wild ecosys-
tems, for construction, clothing, printing,
ornamental purposes (e.g. wood, peat,
fibers, waxes, paper, resins, dyes, pearls,
shells, coral branches).

Materials

This NCP mainly correspond to wood
production
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Medicinal, biochemical and genetic
resources

Production of materials derived from
organisms (plants, animals, fungi, mi-
crobes) used for medicinal, veterinary
and pharmacological (e.g. poisonous, psy-
choactive) purposes. Production of genes
and genetic information used for plant
and animal breeding and biotechnology.

Genetical

No identified NbS aim to provide me-
dicinal or biochemical NCP, we therefore
only kept genetical NCP

Learning and inspiration

Provision, by landscapes, seascapes,
habitats or organisms, of opportunities
for the development of the capabilities
that allow humans to prosper through
education, acquisition of knowledge and

development of skills for well-being,
information, and inspiration for art and
technological design (e.g. biomimicry)

Because some NbS aim to provide new
knowledge, we have classified the NCP
according to the NCP that the new
knowledge aim or help to provide.

Physical and psychological
experiences

Provision, by landscapes, seascapes, hab-
itats or organisms, of opportunities for
physically and psychologically beneficial
activities, healing, relaxation, recreation,
leisure, tourism and aesthetic enjoyment
based on the close contact with nature
(e.g. hiking, recreational hunting and
fishing, birdwatching, snorkeling, diving,
gardening)

Experiences

Supporting identities

Landscapes, seascapes, habitats or
organisms being the basis for religious,
spiritual, and social-cohesion experiences.

No identified NbS aim to support iden-
tities.

Maintenance of options

Capacity of ecosystems, habitats, species
or genotypes to keep options open in
order to support a good quality of life.

Maintenance of options
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Regulation of hazards and extreme
events

Amelioration, by ecosystems, of the
impacts on humans or their infrastruc-
ture caused by e.g. floods, wind, storms,
hurricanes, heat waves, tsunamis, high
noise levels, fires, seawater intrusion, tidal
waves. Reduction or increase, by ecosys-
tems or particular organisms, of hazards
like landslides, avalanches.

Floods regulation

Heatwaves regulation

Avalanches regulation

Fires regulation

Soil erosion regulation

Mudslides regulation

Food from grasslands

Storm regulation

Protective function against landslides

Because identified NbS adressing differ-
ent type of natural disaters, we decided
to create sub-categories of extreme events
regulation NCP to correspond to the
different events addressed by NbS.

Diaz, S., Pascual, U., Stenseke, M., Martin-Lépez, B., Watson, R.T., Molnar, Z., Hill, R., Chan, K.M.A., Baste, I.A., Brauman, K.A.,
Polasky, S., Church, A., Lonsdale, M., Larigauderie, A., Leadley, P.W., van Oudenhoven, A.P.E., van der Plaat, F., Schroter,
M., Lavorel, S., Aumeeruddy-Thomas, Y., Bukvareva, E., Davies, K., Demissew, S., Erpul, G., Failler, P., Guerra, C.A., Hewitt,
C.L., Keune, H., Lindley, S., Shirayama, Y., 2018. Assessing nature’s contributions to people. Science 359, 270-272. https://doi.
org/10.1126 /science.aap8826
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S2. Data acquisition and process

Climatic hazards:
1.  Temperature and heatwaves

We used the annual temperature mean data computed by the CLIMAENERGY project using
the bias-adjusted EURO-CORDEX model for 2 metre air temperature, averaged for an en-
semble of models using 4 Regional Climate Models (RCMs) and 4 General Circulation Model
(GCM) (Jacob et al. 2014). The values are averaged on a 30-year period.

We used the number of heatwaves from the same dataset, considered as a period of at least three
consecutive days on which the maximal daily temperature exceeds the 99th percentile of the
maximal daily temperature of the May to September season (Jacob et al. 2014).

2. Precipitation, soil moisture and floods

We used the annual precipitation mean, the seasonal precipitation mean, the snow cover during
the winter season and the autumn season computed by the EDgE project, using an ensemble
of models combining RCPs, GCMs and hydrological models. These take into account the water
falling as rain, snow, sleet or hail (Samaniego et al. 2019). The values are averaged on a 30-year
period.

Within the same dataset, we used a specific indicator computed to calculate the drought index
based on a soil moisture model, considered as the volume of water within the unsaturated zone
of the soil profile. Another indicator evaluates the flood hazard based on a river discharge model
(Samaniego et al. 2019).

3. Wildfires

To assess wildfire hazard, we used the Fire Weather Index dataset computed within the frame-
work of C3S European Tourism project. This meteorologically based index considers the soil
moisture at different soil depths, air temperature, relative humidity, wind speed and 24-h accu-
mulated precipitation. The values are averaged on a 5-year period.

Data analysis:

We computed all plots and statistical tests, including Wilcoxon tests, Heatmaps and Khi2 tests,
with R software (version 4.0.5).

1.  Wilcoxon tests

In order to reduce spatial autocorrelation, we created a subset of values with a sample of 1% of
the values inside and outside Nature-based Solutions (NbS) respectively (i.e. with at least one
pixel by NbS initiative). For each climatic hazard (current, future, relative change), we ran 1000
Wilcoxon tests to compare the median of the values outside and inside NbS, for NbS that aimed
to address the related impact. For each NCP variable (demand, supply and demand-supply ra-
tio), we ran 1000 Wilcoxon tests to compare the median of the values outside and inside NbS,

106



for NbS that aimed to address the related NCP. For all the tests, we extracted the p-value, and
we calculated the 99% confidence interval of the p-values for each variable.

2.  Heatmaps

To evaluate the distribution of NbS along the gradient of relative change of climatic hazards
they addressed and the gradient of the NCP demand-supply and flow-supply ratio they target-
ed, we created subsets of data including NbS that targeted a specific combination of hazards
and NCP known to address the impact: drought hazard with drinking water; drought with
grassland fodder; drought with fuel wood; heatwaves with fuel wood.

We then computed one contingency table of the number of NbS included in each decile of the
variable distributions for each of the two gradients, and one contingency table of the number
of pixels outside NbS included in each decile of the variable distributions for each of the two
gradients. To get comparable values in each pair of contingency tables, the values of each table
were transformed to proportion by dividing values by the sum of the respective table. We then
computed the khi2 test to evaluate whether the anomalies are distributed equally along the two
gradients.

References:

Jacob D, Petersen J, Eggert B, et al (2014) EURO-CORDEX: new high-resolution climate
change projections for European impact research. Reg Environ Change 14:563-578.
https://doi.org/10.1007/s10113-013-0499-2

Samaniego L, Thober S, Wanders N, et al (2019) Hydrological Forecasts and Projections for
Improved Decision-Making in the Water Sector in Europe. Bulletin of the American
Meteorological Society 100:2451-2472. https://doi.org/10.1175/BAMS-D-17-0274.1
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S3. Table. List of climatic hazard data used in the analysis.
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Climate Variable Historical Future period Unit Spatial resolution Model
aspect period
Temperature Annual mean air temperature 1971-2000 2050 (RCP8.5) °C 0.11° x 0.11° IPSL-CDFT22
Heatwaves Number of heatwaves days 1971-2000 2050 (RCP8.5) days 0.11° x 0.11° IPSL-CDFT22
Precipitation | Annual mean precipitation per unit area 1970-2000 2050 (RCP8.5) mm/day 1.875° x 3.75° IPSL-CM5A LR (climate), NOAH-
MP (hydrological)
Precipitation | Winter mean precipitation per unit area 1970-2001 2050 (RCP8.5) mm/day 1.875° x 3.75° IPSL-CM5A LR (climate), NOAH-
MP (hydrological)
Precipitation | Spring mean precipitation per unit area 1970-2004 2050 (RCP8.5) mm/day 1.875° x 3.75° IPSL-CM5A LR (climate), NOAH-
MP (hydrological)
Precipitation | Summer mean precipitation per unit area 1970-2007 2050 (RCP8.5) mm/day 1.875° x 3.75° IPSL-CM5A LR (climate), NOAH-
MP (hydrological)
Precipitation | Autumn mean precipitation per unit area 1970-2010 2050 (RCP8.5) mm/day 1.875° x 3.75° IPSL-CM5A LR (climate), NOAH-
MP (hydrological)
Drought index | Soil moisture-based drought period dura- 1970-2010 2050 (RCP8.5) months 1.875° x 3.75° IPSL-CM5A LR (climate), NOAH-
tion index per year MP (hydrological)
Floods index River discharge-based floods index 1970-2010 2050 (RCP8.5) m3/s 1.875° x 3.75° IPSL-CM5A LR (climate), NOAH-
MP (hydrological)
Snow cover Daily average snow water equivalent 1970-2010 2050 (RCP8.5) mm/day 1.875° x 3.75° IPSL-CM5A LR (climate), NOAH-
during winter MP (hydrological)
Snow cover Daily average snow water equivalent 1970-2010 2050 (RCP8.5) mm/day 1.875° x 3.75° IPSL-CM5A LR (climate), NOAH-
during spring MP (hydrological)
Snow cover Daily average snow water equivalent 1970-2010 2050 (RCP8.5) mm/day 1.875° x 3.75° IPSL-CM5A LR (climate), NOAH-
during summer MP (hydrological)
Snow cover Daily average snow water equivalent 1970-2010 2050 (RCP8.5) mm/day 1.875° x 3.75° IPSL-CM5A LR (climate), NOAH-
during autumn MP (hydrological)
Wildfires Daily average Fire weather index 1980-2005 2046-2055 non-di- 0.11°x 0.11° IPSL-IPSL-CM5A-MR/RCA4
(RCP4.5) mensional




S4. Table. List of NCP indicators mapped and assessed by the AlpES project (Schirpke et al., 2019)
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Schirpke, U., Candiago, S., Egarter Vigl, L., Jdger, H., Labadini, A., Marsoner, T., Meisch,
C., Tasser, E., Tappeiner, U., 2019. Integrating supply, flow and demand to enhance
the understanding of interactions among multiple ecosystem services. Science of The
Total Environment 651, 928-941. https://doi.org/10.1016/j.scitotenv.2018.09.235
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S5. Table. List of all the Nature-based Solutions identified in the Alps, the country where they are implemented, the climatic hazard addressed and the
targeted Nature’s Contributions to People (NCP)

Code Initiative Country Adressed hazards Targeted NCP
AFPar Restoration of the natural growing processes of France Loss of Biodiversity; Wood supply; Habitat; Supporting
trees within the Partias Natural Reserve to increase Increasing temperatures; Soil identities; Climate regulation; Soil
forest resilience erosion erosion regulation
AILOS Reduction of heat islands by developing green France Heatwaves; Increasing tem- Heatwave regulation; Habitat
space adapted to climate change peratures
ANHoh Development of new practices for protecting biodi- Austria Loss of Biodiversity Habitat
versity in the Hohe Tauern National Park
ANJoh Johnsbach river restoration to reduce the impact Austria Floods; Loss of Biodiversity Flood regulation; Habitat
of floods
ANNeo Development of measures to control the invasion of Austria Invasive species Pest control
neophytes potentially increased by climate change
ATEco Implementation of an agroforestry field for and by France Food security; Loss of Food; Habitat; Pest control; Soil
student Biodiversity quality
AuADA Adaptation of cities to reduce the impact of heat- Austria Heatwaves Heatwave regulation
waves thanks to green infrastructure
BFTEA Sustainable land-use management plan to prevent Austria Floods Flood regulation
floods, heavy rain and drought impacts
BIDyn Conservation of the natural dynamics of the Lech Austria Loss of Biodiversity; Floods Habitat; Flood regulation
river system and surrounding riparian landscapes
CBGEB Alpine meadows restoration with local seeds to France Loss of Biodiversity; Soil Habitat; Soil erosion regulation
prevent soil erosion erosion
CERes Chautagne swamp restoration while maintaining France Invasive species; Loss of Habitat
appropriate uses such as agriculture and tourism Biodiversity; Water scarcity
ChAgr Implementation an agroforestry field in Chautagne France Loss of Biodiversity; Climate- | Water quality; Food; Wood supply;
swamp area driven ecosystem degradation Habitat
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CiRes

Restoration of two wetlands around Chambéry

France

Water scarcity; Floods

Habitat; Flood regulation;
Freshwater supply

ClAll

Conservation of moor landscapes in the Allgéu re-
gion to reduce climate change impact and conserve
NCP

Germany

Loss of Biodiversity

Habitat; Climate regulation

ClIRoc

Preservation and management of protection forests
against rockfalls

Switzerland

Avalanches; Rockfalls;
Landslides; Erratic rainfall;
Wildfires

Soil quality; Wood supply;
Protective function against land-
slides; Avalanche regulation

ClSec

Management of forests to secure future water
supply

Austria

Water scarcity; Storms;
Landslides; Rockfalls; Vector
and water borne diseases

Freshwater supply; Wood supply;
Protective function against land-
slides; Pest control; Genetic resourc-
es; Flood regulation

EcObe

Sustainably management of forests to maintain the
CO2 sequestration

Switzerland

Climate-driven ecosystem
degradation

Wood supply; Climate regulation

EuGre

Development of ecosystem-based risk governance
concepts with respect to natural hazards and cli-
mate impacts

Austria; Italy; France;
Slovenia; Germany

Avalanches; Rockfalls;
Landslides; Wildfires; Floods

Protective function against land-
slides; Avalanche regulation; Wood

supply

EUIMP

Innovative management of grasslands with farmers
for sustainable water use

Austria; Switzerland;
Slovenia

Soil erosion; Climate-driven
ecosystem degradation; Water
scarcity

Habitat; Soil quality

HAMOU

Adaptation of grassland management towards eco-
logical intensification practices to conserve NCP

France

Drought; Shift of seasons

Fodder; Food

InRel

Wetland restoration to control invasive species in
the face of climate change

France

Invasive species

Habitat; Fodder; Climate regula-
tion; Freshwater supply; Outdoor
recreation

InRe2

Cover crop sowing in a vineyard

France

Loss of Biodiversity; Vector
and water borne diseases

Habitat; Pest control

InRe4

Wetland restoration to reduce flood and drought
risks

France

Floods; Water scarcity

Habitat; Flood regulation
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IRAlp Communication and knowledge co-production to France Shift of seasons; Drought Fodder
adapt Alpine pasture management to the climate
change
IRRef Experimental set up to adapt to global change in France Glacial retreat; Loss of Habitat; Outdoor recreation
Alpine mountains Biodiversity
ITHel Adaptation of agricultural practices to sustainable Italy Food security; Loss of Food; Habitat; Soil quality;
conservation practices in the context of climate Biodiversity; Drought Climate regulation
change
ITRet Creation an ecological belt for better agriculture Italy Climate-driven ecosystem Habitat; Food; Climate regulation
and to adapt to climate change degradation; Food security
TUGen River restoration in mountains to fight against soil France Soil erosion; Loss of Habitat; Protective function
erosion and landslides Biodiversity; Floods against landslides
IUIse Isére river restoration to reduce the impact of France Floods; Loss of Biodiversity Flood regulation; Habitat; Outdoor
floods recreation
IURom Romanche river restoration to reduce the impact of France Floods Flood regulation; Habitat; Outdoor
floods recreation
IUUpp Restoration of the Saint-Ruph-Gliére-Eau Morte France Floods; Loss of Biodiversity Flood regulation; Habitat
upper catchment to reduce the impact of floods
KIALP Innovative re-use water method in the network of France; Italy; Austria; Water scarcity; Loss of Heatwave regulation; Freshwater
agricultural ditches to improve the ecosystem health Slovenia; Switzerland Biodiversity supply
of the Rotaliana river-floodplain system
KLHar Development of a strategic plan to adapt agricul- Austria Heatwaves; Drought Soil quality; Wood supply;
ture and forestry to climate change Heatwave regulation; Outdoor
recreation
KLIn1 Raising people awareness in the Walgau about Austria Heatwaves Heatwave regulation
adaptation measures to climate change in relation
to heatwaves
KLIn2 Development of a pilot site in the Walgau on sus- Austria Soil erosion Soil erosion regulation

tainable management of forest to control soil erosion
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KIKli Development of management practices for mixed Austria Climate-driven ecosystem deg- Maintenance of options; Wood
forests adapted to climate change and sharing with radation; Drought; Increasing supply; Pest control
forest owners temperatures
KLRos1 Reforestation to reduce impacts of heatwaves in Austria Heatwaves; Increasing tem- Heatwave regulation
Rosental cities peratures
KLRos2 Development of climate change adaptation mea- Austria Erratic rainfall; Soil erosion Wood supply; Soil erosion regula-
sures in Rosental for agriculture and forestry tion
KLTer Adaptation to climate change in forestry and agri- Austria Drought; Vector and water Food; Wood supply; Pest control;
culture to face pests impacts through Terra Future borne diseases Soil quality
programme
KLTie Raising people awareness about adaptation mea- Austria Storms; Food security; Storms regulation; Fires regulation;
sures for agriculture, such as permaculture, and Drought; Wildfires Food; Wood supply
forestry, such as climate-smart forests, in Tiebeltal
and Wimitzerberge
KLVor Development of a new strategic plan to adapt Austria Climate-driven ecosystem Protective function against land-
forests to climate change in the Vorderwald-Egg degradation; Vector and water slides; Climate regulation; Wood
region, with measures such as forest rejuvenation borne diseases; Drought supply; Genetic resources
LINat Development of a methodology to assess the vul- France Loss of Biodiversity; Snow Habitat
nerability to climate change of protected areas; pro- cover decrease; Glacial retreat
duction of an adaptation strategy for management
practices to better conserve biodiversity - LIFE
Natur’Adapt project
MiGes Development of an alternative rainwater man- France Heatwaves; Floods Flood regulation; Heatwave regula-
agement system in the Ouagadougou urban park, tion; Outdoor recreation; Habitat
Grenoble, to limit the water use for the park, create
recreation opportunities and restore a wetland to
reduce the impact of floods and heatwaves
N4Gru Development of methods to study benefits of Austria Heatwaves Heatwave regulation
green spaces for the urban climate and ecology -
GrunOase project
NCAME Restoration of the diversity in an Alpine pond Switzerland Loss of Biodiversity Habitat

threatened by climate change - Acclamé project
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NCFre Adaptation of the hydraulic flow to preserve biodi- Switzerland Glacial retreat; Drought Habitat; Freshwater supply
versity through water scarcity maps
NChea Raising people awareness by implementing green Switzerland Heatwaves Heatwave regulation
spaces to reduce the intensity of heatwaves in
schools
NCION Promotion of water and vegetation in cities Switzerland Heatwaves Heatwave regulation
to reduce the impact of heatwaves within the
Acclimatasion project
NCMai Development of a method to identify the water Switzerland Drought; Loss of Biodiversity Habitat; Freshwater supply
need of the basin and the area where interventions
are need to limit the drying-out of the wetland
NCMRP Development of measures for reducing the expan- Switzerland Vector and water borne dis- Pest control
sion of the proliferative renal disease accelerated by eases
climate change and threatening fish populations
NCPeo Raising awareness of public institutions to disaster Switzerland Landslides; Mudslides; Floods | Maintenance of options; Protective
risk reduction to adapt their practices to climate function against landslides;
change Mudslides regulation
NCPre Assessment of the presence of Alianthus altissima Switzerland Invasive species Pest control
and development of environmental-friendly and
efficient strategies to limit its expansion
NCPro Identification of the best tree species to prevent Switzerland Avalanches; Rockfalls; Protective function against land-
railways from landslides Landslides; Drought slides; Avalanche regulation; Wood
supply; Genetic resources
NCSoi Adaptation of agricultural practices through soil Switzerland Drought; Food security Food; Soil quality; Genetic resourc-
moisture mapping es
NCStr Development of a multi-actor strategy to reduce Switzerland Landslides; Mudslides Mudslides regulation; Protective
landslides risk in the context of climate change function against landslides; Soil
while maintaining livestock production in forests erosion regulation; Maintenance of
options
NCTig Assessment and mapping of the risk of expansion Switzerland Vector and water borne dis- Pest control

of the tiger mosquito (Aedes albopictus) for control

eases
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NCUrb Management of urban trees to reduce the impact of Switzerland Heatwaves Climate regulation; Heatwave
heatwaves regulation
NCWat Development of adaptation measures to limit the Switzerland Drought; Food security Habitat; Freshwater supply
impact of drought in agriculture
NCWin Production of knowledge of the windmill palm Switzerland Invasive species Pest control
(Trachycarpus fortunei) ecology and produce sup-
port to limit its expansion
ONFRE Development of free-evolution forests to preserve France Loss of Biodiversity Habitat; Wood supply
biodiversity in the context of climate change
ONMET Development of tree species better adapted to France Drought; Vector and water Wood supply; Pest control
climate change - METIS project borne diseases; Storms
ONRes Adaptation of forest management by planting France Drought; Increasing tempera- Habitat; Wood supply; Climate
new varieties of fir adapted to drought and shifting tures; Shift of seasons regulation; Genetic resources
seasons
ONRTM Restoration of mountain areas to support the pro- France Avalanches; Rockfalls; Protective function against land-
tection services by forests against natural disasters Landslides slides; Avalanche regulation
OpAgr Development of field and market values for Slovenia Food security Fodder from grasslands
agro-forestry - PEGASUS project
OpOAL NbS implementation to prevent the impact of land- Austria Landslides Protective function against land-
slides - Operandum project slides
PCPCE Adaptation of agriculture to climate change in the France Increasing temperatures; Food
Gresivaudan valley Drought; Food security
PeAT3 Preservation of the benefits of mountain forests in Austria Avalanches; Landslides; Habitat; Outdoor recreation;
the Pinzgau region Erratic rainfall; Soil erosion Protective function against land-
slides; Avalanche regulation; Soil
erosion regulation
PhKau Development of an altitude-adapted seed mix- Austria Glacial retreat; Soil erosion Habitat; Soil quality

ture to stabilize slopes in the Kaunertal Valley -
PHUSICOS project
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PNARI1 Assessment of the vulnerability of the Haut France Snow cover decrease; Drought; Freshwater supply; Outdoor rec-
Chablais region to climate change and suggestions Avalanches; Rockfalls; reation; Pest control; Flood regu-
of adaptation measures to add to local development Landslides; Floods; Vector and | lation; Protective function against
- ARTACLIM project water borne diseases landslides
PNAR2 Assessment of the vulnerability of the Bauges France Snow cover decrease; Drought; Food; Fodder; Wood supply;
regional park to climate change and suggestions Vector and water borne dis- Freshwater supply; Climate reg-
of adaptation measures for the park’s strategy - eases ulation; Maintenance of options;
ARTACLIM project Energy
PNLi1 Development of agricultural practices to reduce Italy Soil erosion; Storms Soil quality; Supporting identities;
soil erosion in vineyards on steep slopes, within the Food
Links4Soils project
PNLi3 Development of guidelines for better forest manage- Austria Drought; Loss of Biodiversity; Wood supply; Soil quality;
ment practices, within the Links4Soils project Vector and water borne diseas- | Protective function against land-
es; Avalanches; Rockfalls slides; Climate regulation; Water
quality
PNLub Adaptation of grassland management practices to France Loss of Biodiversity; Food Habitat; Fodder
adapt the Lubéron regional park to climate change security
PNTr1 Understanding of collective adaptation pathways France Drought; Food security Maintenance of options; Fodder;
to implement NbS for facing drought - Trajectories Supporting identities
project
PNTr2 Understanding collective adaptation pathways to France Snow cover decrease; Glacier Maintenance of options; Fodder;
implement NbS for facing snow cover reduction - retreat Supporting identities
Trajectories project
PNWet Wetland protection in Vanoise national park France Climate-driven ecosystem Habitat; Freshwater supply;
degradation; Water scarcity Outdoor recreation
ReBur Forest restoration and sustainable management in France Drought; Loss of Biodiversity Wood supply; Habitat; Climate
Burdignin regulation
ReCan Forest restoration in Verdon with tree species to France Storms Wood supply; Habitat; Climate
adapted extreme weather events regulation
ReCha Forest restoration and sustainable management in France Drought; Loss of Biodiversity Wood supply; Habitat; Climate

Chautagne

regulation
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ReChi Forest restoration and sustainable management in France Drought; Loss of Biodiversity Wood supply; Habitat; Climate
Chirens regulation
Relnn Restoration of the Inn river basin to reduce the Austria Floods; Landslides Flood regulation; Protective func-
impact of floods and landslides tion against landslides
Relss Forest restoration and sustainable management in France Drought; Loss of Biodiversity Wood supply; Habitat; Climate
Issole regulation
ReLa Implementation of an agroforestry field in La- France Loss of Biodiversity; Food Habitat; Food
Bégude-de-Mazenc security
ReLuc Forest restoration and sustainable management in France Drought; Loss of Biodiversity Wood supply; Habitat; Climate
Lucéram regulation
ReMen Forest restoration and sustainable management in France Drought; Loss of Biodiversity Wood supply; Habitat; Climate
Menthon-Saint-Bernard regulation
ReSal Forest restoration and sustainable management in France Drought; Loss of Biodiversity Wood supply; Habitat; Climate
Saint-Christol regulation
ReSa2 Forest restoration and sustainable management in France Loss of Biodiversity Wood supply; Habitat; Climate
Saint-Christol regulation
ReSem Alpine grasslands restoration with local plant spe- France Soil erosion; Climate-driven Soil quality; Soil erosion regulation
cies to reduce soil erosion - Sem’Les Alpes project ecosystem degradation; Loss of
Biodiversity
ReVal Forest restoration and sustainable management in France Drought; Loss of Biodiversity Wood supply; Habitat; Climate
Valernes regulation
ReVar Restoration of the Var river basin to reduce the France Floods Flood regulation; Habitat
impact of floods, conserve ecological dynamics
and stimulate socio-economic development -
RECONNECT project
ReVel Forest restoration and sustainable management in France Drought; Loss of Biodiversity Wood supply; Habitat; Climate
Verthemex regulation
ReVe2 Forest restoration and sustainable management in France Vector and water borne dis- Wood supply; Habitat; Climate

Verthemex

eases

regulation
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RNFor Foréts Sentinelles network to observe and monitor France Loss of Biodiversity; Habitat; Wood supply; Climate
the impact of climate change for adapting forest Increasing temperatures regulation
management practices
StNec Restore Necuidet wetlands to reduce water scarcity France Drought; Land and Forest Habitat; Freshwater supply
in summer period degradation
UICl Identification of management options that increase Austria Drought; Heatwaves Soil quality; Fodder; Heatwave
the resilience of the socio-ecological system to ex- regulation
treme heat - ClimLUC project
UrGre Management of urban storm water for facilitating Austria Floods Flood regulation
robust, synergistic and multi-functional green infra-
structures - Green Blue Cities project
WaHyM Restoration of rivers to be adapted to climate Austria Drought; Floods Flood regulation; Outdoor recre-
change - HyMoCARES project ation
WOWOW Restoration of protection forests with tree species Italy Storms Storms regulation; Habitat

well-adapted to storms - WOWalps project




S6. Figure. Boxplots of values of climatic hazards for each Nature-based Solutions (NbS) addressing
this hazard (in orange, with each code identifying a NbS), and for the values of the entire Alps at the
same elevation range than the subset of NbS (in grey, coded AC), for the historical period, the future
projections and the relative change between these two periods. p-value IC99% indicate the confident
interval at 99% of the p-values collected from the Wilcoxon tests of the 1000 permutations

]
EE Historical Future Relative change
B p-value IC59%: 0.16-0.20 p-value IC9%%: 013-0.15 p-value IC9%%: 057-0.62
2
E n—— — ¥
- B
! :
£
=
o | p-value 1C99%: 0.25-0.34 p-value |C5%%: 037-0.40 p-value |C9%%: 036-0.40
5 | | |
B
= =] = T
E EE | - — B
E = — = S — e
=
p-value |C5%%: 043-0.48 p-value [C99%: 0.004-0.006 p-value [C99%: 0.005-0.007
E il L e
= _ela g“'f'5 'E_r s }
? I |
p-value 1C59%: 0.0098-0.015 p-value [C99%: 0.0004-0.0006 p-value [C99%: 0.0005-0.0007
=
g~ e e
= = . |_'_ &= " I—|
u-| L= -
= |
| prvalue IC55%: 0.37-0.42 p-value [C9%3%:032-0.37 p-value [C9%3%: 032-0.37
a ' i
g :
B |
§ —— —
= | p-value 1C99% - 0.16-0.1% p-value [C993%: 0.00%5-0.013 p-value [C99% : 0.00%-0.01
g
z . _,_ g e
: E :
2
=
g
2 . [ _
p-value [C99%: 0.18-0.23 p-value 1C99%; 020-0.25 p-value |C99%: 0.20-0.25
g I I T — |
E g ‘ . | _ N s
5 B = BE= |
—am =i 1
I | . —r g |
pevalue [C99%: 0.002-0.003 p-value [C99%:0.08-0.10 p-value [C96%:0.09-0.11
i
§ H '
2z i
b — o
5 — —

119



S7. Figure. Boxplots of values of Nature’s Contributions to People (NCP) demand, supply, flow, de-
mand-supply ratio and flow-supply ratio for each Nature-based Solutions (NbS) targeting this NCP (in
orange, with each code identifying a NbS), and for the values of the entire Alps at the same elevation
range than the subset of NbS (in grey, coded AC). NA: no data. p-value 1C99% indicate the confident
interval at 99% of the p-values collected from the Wilcoxon tests of the 1000 permutations
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S8. Figure. Heatmaps displaying the associations between one climate-related hazard (horizontal
axis) and one Nature’s Contributions to People (NCP) indicator (vertical axis). The values correspond
to the difference between the number of values within NbS addressing hazard as well as NCP and the
values within the entire Alps distributed along the gradient of the hazard and the NCP. The number (n)
associated to each NCP corresponds to the number of NbS addressing both hazard and NCP for each
heatmaps.
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Chapter I1I

Levers for transformative

nature-based adaptation initiatives in
the Alps

In addition to housing endemic species, wetlands are recognized for providing opportunities
for outdoor recreation and for their role in mitigating water-related extreme events such
as floods and droughts. The Rothenthurm peatland in Switzerland played a pivotal role
in the creation of the Swiss wetland protection law, through the engagement of the local
communities. Source: the author.
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Abstract

Transformative adaptation is essential to face the unprecedented biodiversity and climate change
crises and the resulting loss in Nature’s Contribution to People (NCP). Nature-based Solutions
(NDbS) can accelerate this transformation of social-ecological systems. Understanding the drivers of
the decision-making context that support NbS implementation is crucial to address potential bot-
tlenecks and barriers for such a transformative adaptation. Here, semi-structured interviews were
conducted with managers of twenty NbS implemented in the Alps. Their decision-making contexts
were investigated using the values-rules-knowledge framework and their transformative character-
istics. A clustering analysis revealed three types of NbS characterized by specific groups of levers
and barriers. Firstly, Local transformation NbS are self-sufficient initiatives motivated by relational
values to nature. They are supported by informal governance and share experiential knowledge to
support the adaptive capacity of nature. Secondly, Green deal NbS employ a gradual change in prac-
tices and are supported by funding opportunities or regulations to experiment with new approaches
fostering instrumental values of nature. Thirdly, Multi-scale co-production NbS benefit larger areas
and communities. Their social acceptance rest on extensive participatory processes involving local
practitioners and diverse values of nature. This last group is designed to persist even when chal-
lenged by the instability of funding opportunities. These findings suggest that in order to accelerate
the implementation of transformative NbS, future policies need to: i) foster NbS implementation by
local communities facing economic constraints when implementing new NbS-related practices; ii)
support transdisciplinary programmes to create an inclusive network around NbS practices; and iii)
adapt incentives to enable transformative adaptation through NbS. A macro-regional strategy may
have the potential to address these challenges.

Key-words

Nature-based Solutions; Transformative adaptation; Climate change adaptation drivers;
Social-ecological systems; European Alps
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1. Introduction

The interlinked climate and biodiversity crises urge societies to adapt to whatever the emis-
sions scenarios [1-3]. However, incremental adaptation actions are likely to maintain the system’s
current trajectory and prove insufficient in addressing new climate conditions [4]. Sustainable responses of
social-ecological systems need transformative adaptation, i.e. fundamentally altering the entire
system’s properties and function to reduce the root cause of vulnerabilities [4-6]. Transformative
adaptation encompasses a holistic approach that entails new governance systems, knowledge
production, power relations, and a shift in values, assumptions, and policies [7-9]. Despite the
growing interest in transformative adaptation within sustainability science and policy [1,3,10],
empirical evidences of transformative responses to climate change remains limited [11,12]. This
implementation gap is mainly due to the inherent complexity involved in that transformation
process that entails various elements such as governance, stakeholders’ diversity, value systems,
and habits [8]. Previous studies have proposed a set of characteristics for transformative adap-
tation such as, but not limited to, innovation, restructuration, shift to an alternative direction,
and long-term impacts at large scale and across scales to measure transformative adaptation
[8]. While some empirical studies have identified promising examples of transformative adapta-
tion, many report incremental responses [12,14]. Therefore, further research needs to evaluate
different adaptation strategies and their relationships to transformative adaptation processes.

There is a growing interest in Nature-based Solutions (NbS) as adaptation options with the
potential for transformative adaptation to address the intertwined climate change and biodi-
versity loss [13,15-17]. NbS are “actions to protect, sustainably manage and restore natural or
modified ecosystems that address societal challenges effectively and adaptively, simultaneously
providing human well-being and biodiversity benefits” [18]. On-the-ground NbS for climate
change adaptations are, for example, small-scale greening projects in urban areas co-created with
local communities to reduce heatwaves impact [19]; wetland restoration with the introduction
of silvopastoral systems in the mountains to adapt to reduced water provision [20]; agroecolo-
gy practices to reduce drought impacts, increase soil biodiversity, and secure food production
[21,22]. NDbS are also understood as incentive measures to enhance farmers to safeguard Nature’s
Contribution to People (NCP) [23], co-producing knowledge networks to adapt management
practices [24], and creating a biosphere reserve to reduce deforestation trends [13]. While some
NbS may be maladaptive, e.g. protecting ecosystems without considering the negative effects
on displaced local communities, other NbS may demonstrate some other transformative adapta-
tion characteristics, e.g. by implementing innovative practices for restoration; by co-producing
solutions across several sectors. Only NbS demonstrating a high level of transformative features,
hereafter referred to as transformative NbS, contribute to transformative adaptation [13].

To achieve transformative adaptation, amplification is needed. We refer to amplification rather than
scaling to avoid confusion with the scale of initiatives. Amplification includes: disseminating the initia-
tives in similar contexts, mainstreaming them into public action, and changing values and relation to
nature [25]. To foster the NbS amplification, it is necessary to increase the understanding of the main
levers and barriers associated with existing NbS in relation to their transformative characteristics.
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Despite the growing evidence of the abilities of NbS in addressing a wide range of issues and
simultaneously providing diverse NCP co-benefits [26-28], they are not widely implemented
[8,22,29], particularly in the areas where NbS are most needed [27,30]. Technical or biophysical
elements are often not the main barriers; instead, the NbS implementation is influenced by di-
verse social-ecological elements and the decision-making context [31-33]. Commonly identified
barriers to NbS implementation are i) the lack of funds and financial instruments for imple-
menting NbS [34]; ii) the path dependency in practices, leading to resistance to change among
stakeholders and institutions [31,35]; iii) the limited participation of local stakeholders [36]; iv)
the limited coordination between stakeholders from different sectors [37]; and v) the knowledge
gap regarding the multiple co-benefits of NbS [37,38]. Several levers have been highlighted to
overcome the barriers, including the promotion and assessment of NbS co-benefits [39,40], the
collaboration and the co-construction of solutions between stakeholders [40,41], the polycentric
governance [37], the incentives and environmental law [7], the social innovation [31,42] and over-
coming path dependency [31,43]. Most of these levers are identified and listed in the literature
as general recommendations, with limited considerations of local contexts and the synergies or
trade-offs between them [7,19]. However, multiple levers and barriers to adaptation co-occur
within decision-making contexts, such as place attachment and resistance to innovation [43];
subsidies for conservation action and the willingness (or unwillingness) of local actors to act
[44]; the conservation of traditional practices and the need to adapt them to new conditions
[44]; and the valuation of landscape aesthetics associated with the lack of instrumental benefits
it provides [45]. While these findings improve the understanding of the decision-making process,
it remains unclear how levers are activated jointly to achieve NbS implementation successfully
and to what extent co-occurring levers contribute to transformative adaptation. This knowledge
gap prompts the following research questions: What levers are activated jointly within the deci-
sion-making context of NbS? Which barriers have been overcome through levers co-occurrence?
Do NbS from different decision-making contexts contribute equally to transformative adapta-
tion? What factors enable or constrain the future implementation of transformative NbS?

To answer these questions, the decision-making context and the transformative characteristics
of twenty NDbS initiatives implemented in the European Alps were analyzed to i) understand
which levers and barriers co-occur in the implementation of NbS; ii) identify which NbS are
implemented under different decision-making contexts; iii) determine which factors should be
fostered to amplify transformative NbS.
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2. Materials and Methods

2.1. Geographical context

Previous studies identified mountain areas as sentinels of climate change due to their high
vulnerability regarding the rapid temperature increase in elevated areas [46,47]. The European
Alps, where fourteen million inhabitants live in eight countries [48], are submitted to this rapid
warming [49]. The worst emissions scenarios project a 4°C increase in annual mean temperature
for the end of the century compared to the preindustrial period in high-altitude areas [49]. The
annual precipitation distribution is expected to change whatever the emissions scenarios in the
Alps. However, this change is uneven across latitudes, with a greater decrease in summer pre-
cipitation in the southern than in the north-eastern Alps [49]. Increased climatic hazards such
as drought, floods, and landslides are also expected [49,50]. The resulting impacts threaten the
unique habitats the Alps provide for biodiversity and the substantial NCP that benefit local
communities and those living in lowlands [51-55]. To address these challenges, various adap-
tation initiatives have been implemented [56-58], among which NbS have emerged as a viable
option [27,31,59].

2.2. Theoretical background

In order to identify the levers and barriers to NbS implementation and to relate these to their
potential for transformative adaptation, we combined two frameworks (Fig 1).

2.2.1. The values-rules-knowledge framework

The vrk (values-rules-knowledge) framework analyses the decision-making context [60] with
proven relevance to situations of uncertain environmental change [44,45,61]. This framework
analyses decision-making for NbS design, funding, and realization, a step-by-step process which
we hereafter refer to as ‘implementation,” as interconnected systems of values, rules, and knowl-
edge. Values refer to “a set of ethical precepts that determine the way people select actions,
evaluate events” [62]. In the context of human-nature relationships, values commonly refer to
the intrinsic value of species and ecosystems, the instrumental values, and the relational values
[63]. Rules include informal norms, practices, taboos, habits, heuristics, and formal regulations,
legislation, treaties, and ordinances [64,65]. Knowledge combines evidence-based (scientific and
technical) knowledge, experiential, meanings-based knowledge [66,67], or indigenous knowledge
[33,68]. Identifying values, rules, and knowledge, and their interactions involved within the de-
cision-making context of NbS implementation enables to discern a set of levers and barriers re-
quired for transformative adaptation [5,43,60]. The vrk framework has previously been employed
to identify constraints and opportunities [43,44], conflicting values and economic trade-offs [69]
in adaptation within various social-ecological systems, as well as the types of decision-making
contexts involved in ecosystem management [45] and their temporal changes [61].
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Nature-based Solutions (NbS)
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Fig. 1. The two conceptual frameworks used for the analysis of Nature-based Solutions (NbS):

(1) The values-rules-knowledge framework that defines the decision-context, and (2) the transformative
characteristics of the implemented NbS. The variables used to code the interviews are also displayed.
Adapted from [8,60].

2.2.2. The transformative adaptation characteristics

Transformative adaptation extends beyond coping and incremental adaptation and encom-
passes various forms that have not been sufficiently assessed [4,70]. To address this gap, Fedele
et al. [8] developed a framework comprising six characteristics to qualify transformative adapta-
tion based on a literature review of transformative adaptation [8]. These characteristics exam-
ine whether an initiative is restructuring, i.e. involves major shifts in fundamental properties,
functions, or interactions; path-shifting, i.e. alters the systems’ current trajectory towards an
alternative direction; innovative, i.e. changes in the system to new states that have not previous-
ly existed; multi-scale, i.e. impacts the system across multiple scales (e.g., trophic, spatial, ju-
risdictional, or sectoral scales); system-wide, i.e. occurs at large scale (e.g., regions, ecosystems,
landscapes, or communities); persistent, i.e. with long-term impacts although not necessarily
irreversible [8].
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2.2.3. Semi-structured interviews with Nature-based Solutions managers

The NbS implemented in the Alps were identified using the PORTAL database of initiatives
(https://portal.osug.fr/-EXPLORE-THE-INITIATIVES-). This database collects around one
hundred initiatives that aim to adapt to climate change or to mitigate increasing natural haz-
ards by safeguarding or enhancing benefits related to NCP and biodiversity [27]. To create a
comparable subset of NbS, the three climatic hazards most addressed through the PORTAL
database were identified: droughts, floods, and soil erosion [27]. The NbS targeting these haz-
ards were selected. They encompass a range of interventions, including reforestation of plots by
planting trees to reduce droughts’ impact, to safeguard the protective function of forests against
natural hazards, or to protect crops from heatwaves. Others involve the natural regeneration of
degraded forests to increase their resilience to natural disturbances, the restoration of rivers to
reduce the impacts of floods as well as the restoration of grasslands to reduce landslides. Some
identified NbS established a transdisciplinary network to co-produce and share knowledge on
adaptation to climate change in forestry, agricultural, or natural disaster management sectors.
Each of the selected NbS explicitly mentions their potential benefits for biodiversity.

Then, twenty semi-structured interviews were performed during spring 2022 with the manag-
ers of the selected NbS who possessed in-depth knowledge of the implementation process (see S1
Table). Semi-structured interviews are a suitable method for qualitative research as they allow
for open-ended questions within a flexible network [71,72]. The interview protocol was designed
to characterise the decision-making context of each NbS implementation, based on previously
identified components of decision-making and NbS planning [31,39,45,60,73] (see S2 Table). The
questions addressed eight topics: i) the reasons and the context behind the implementation of
the NbS; ii) whether the NbS primarily targeted climate change adaptation, biodiversity loss,
or socio-economic issues; iii) whether alternative solutions were considered and how the chosen
solution was determined, especially whether an initial diagnosis was made; iv) how the NbS was
implemented; v) how it was funded; vi) whether there were collaborations or conflicts with other
entities or individuals and how the relationships were framed; vii) how the future of the NbS was
perceived in case the NbS was long-lasting; and viii) what have been the outcomes of the NbS in
case they were monitored. Subsequently, questions focused on the barriers encountered during
the implementation and the levers activated to overcome them. The interviews concluded by
questioning the managers’ expectations regarding factors that could foster or constrain the am-
plification of similar NbS. Interviews lasted from 55 to 120 minutes, with a median duration of
around 90 minutes. We obtained the written consent of participants to record and transcribe
the interviews for coding and analyses. The sites where the studied NbS were implemented were
mapped using QGIS software (version 3.16.5) (Fig 2).
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Fig. 2. Map of the twenty studied Nature-based Solutions (NbS), coloured according to the clus-

tering analysis based on the levers and barriers mentioned by the NbS managers during semi-structured
interviews and the transformative characteristics of the NbS. Elevation data is publicly available for
academic use by Worldclim (hittps://worldclim.org/). Country borders and the perimeter of the Alpine
Convention Space are publicly available for academic use by the Permanent Secretariat of the Alpine
Convention (hitps://www.atlas.alpconv.org).

2.3. Data processing

The interviews were coded using Qualcoder software (version 3.1) enabling systematic textual
analysis. First, the contextual information of each case study was extracted: the role of the in-
terviewee in the NbS implementation, the organisation(s) leading the implementation, funding
sources, the ecosystem or land-use in which the NbS was implemented, the type(s) of interven-
tions, and the climatic hazards targeted by the NbS.

Next, a combination of inductive and deductive approaches was used to code the levers and
barriers mentioned by the interviewees about the implemented NbS based on the levers and
barriers identified by a preliminary literature review (Table 1, Fig 1). For example, the intrinsic,
instrumental and relational values involved in the implementation of NbS were identified, based
on criteria found in the literature [63,74]. This classification was adapted regarding the context
of the NbS, e.g., whether the involved values refer to the landscape’s aesthetics, the willingness
not to harm the surrounding environment or the biodiversity for itself. New variables not iden-
tified in the literature were also assessed if mentioned by multiple interviewees. For example,
the labour value that two interviewees considered as a lever to the NbS implementation was
coded, although the identified literature does not cover it. Each resulting variable was coded as
a value (hereafter v), a rule (hereafter r), a knowledge (hereafter k), or an interaction of two or
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three components of the vrk framework (hereafter, rk for rules-knowledge interactions, vr for
values-rules interactions, vk for values-knowledge interactions and vrk for values-rules-knowl-
edge interactions).

A matrix (S3 Table) was created to describe each NbS, indicating whether each variable men-
tioned by interviewees as a lever (coded ‘17), a barrier (coded ‘-17) or whether it was not men-
tioned (coded as ‘0’). Some variables were coded as a semi-quantitative factor, such as funding
(e.g., no funding, partial funding, full funding). The levers and barriers to NbS amplification
were coded according to the same process for each interview (S5 Table). The matrix (S1 Table)
also included the contextual information of each NbS.

Finally, the transformative characteristics were coded using both an inductive approach based
on the responses provided by the interviewees and a deductive approach based on indicators
reviewed from published studies. For each transformative characteristic, the modalities of the
indicators identified in the literature were adapted according to the response from the inter-
views (Table 2, Fig 1). For example, the innovative characteristic was assessed in the existing
literature by considering the introduction of new elements (species, practices, technologies, pol-
icies, behaviours, awareness or financial instruments) or from various perspectives (new to the
region, sector, or world) [20]. Since the interview responses received did not cover all identified
indicators, only those mentioned were selected. For example, the innovative characteristic was
described by the type of practices, including conventional practices (not innovative), non-usual
practices in the region but known elsewhere, non-conventional practices but known alternative
way of doing (partially innovative), practices from known experiments but never applied, and
practices never seen elsewhere (highly innovative). Some modalities of transformative character-
istics cannot be ranked, e.g., to characterise the persistence of NbS; if one initiative developed
new methods for successful NbS and another initiative has built a strong partnership between
local actors, these two initiatives would be coded differently using non-ordered modalities. Each
transformative characteristic was coded with a single variable, except the multi-scale and re-
structuring characteristics, which were coded using two types of indicators to capture the mul-
tiple elements they encompassed. For the multi-scale characteristic, the type of collaboration
(e.g., peer-to-peer or within a collaboration between public and private institutions) and the
type of network (e.g., single-sector or cross-sectoral network) were used. For the restructuring
characteristic, the type of nature-people relationships (e.g., with instrumental values only or
combined with relational or intrinsic values) and the type of ecological changes (in species, spe-
cies richness, landscape connectivity, land-cover, or NCP) were used. The coded information is
summarized in Fig 1 and detailed in S6 Table.
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Definition of each element of the decision-making context from the

Table 1.
values-rules-knowledge framework, their related indicators based on the literature, and the elements

used to code the interviews.

Coded variables

Element Definition

Indicators

“Values refer to a set
of ethical precepts that
determine the way people
select actions and evaluate
events® [60]

Personal worldviews,

beliefs [75,76]

Cultural heritage; inclusiveness; valuing
work; willingness to invest time and en-
ergy; worthiness of collective intelligence;
quest for self-sufficiency; wish to deliver

products of high quality

Human-nature relation-
ships include the multi-
ple ways of considering
ecosystems and biodiver-
sity, from intrinsic value
considering conservation of
nature for itself; instru-
mental value considering
utilitarian vision of nature
for people; relational value
considering conservation
of nature for the specific
relationship established
with it [63,74]

Values (v)

Intrinsic values; instru-
mental values; relational

values [63,74]

Landscape aesthetics; motivation to pro-
tect nature; intrinsic value of biodiversity;

utilitarian value of nature

“The favouring of particu-
lar sets of values that may
be built into the way that
rules are interpreted by
decision-makers or can be
imposed upon the decision
process” [60]

Values-Rules

(vr)

Example from the
literature: cost-benefit
framing; legal liability
excluding amenity and
ecological values; public
deliberation about poli-
cy options [60]

Co-production processes (consultation,
concertation); local hero involvement;
involvement of external actors; political
interest in the initiative; cultural values of
external actors; institutions with hori-
zontal decision-making; shift in societal
norms; previous collaboration; busi-
ness-as-usual practices

“Rules-in-use”

Norms, practices, ta-
boos, habits, heuristics
[60]

Multi-use landscape; conventional way of
doing in the region; institutional expertise;
informal sharing or trading

Rules (1)

“Rules-in-form”

Regulations, legislation,
treaties and ordinances
[60]

Legislation; funding opportunities;
incentives; bureaucracy; owner’s approval
requirement
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Rules-
Knowledge
(rk)

The favouring of partic-
ular knowledge that may
be built into the way that
rules play in the source of

knowledge involved [60]

Example from the
literature: standardized
assessment; mandat-
ed hazard assessment;
public consultation on
knowledge base of adap-
tation options [60]

External knowledge involvement; Lack of
discipline-specific expertise; Sharing expe-
riential knowledge with peers; matching
practices with institutional strategy or
current policies; social inertia of adapta-
tion; favourable conditions in the local
social-ecological context; data accessibili-
ty; lack of policy support

Knowledge
(k)

“The mix of evi-
dence-based (scientific
and technical) knowledge
and experiential, mean-
ings-based knowledge that
forms part of constructed
knowledge systems in the
decision-making process”
[60]

Scientific, technical and
experiential evidence
regarding: i) ecological
functions and ecosystem
state; ii) material, regu-
lating and non-material
NCP; iii) current and
future climate change
impacts, adaptation
options; local knowledge
regarding social-ecolog-
ical system; knowledge
gaps [45,77,78]

Local social-ecological knowledge; Time
lag before getting benefits; previously
acquired technical knowledge; feasibility of
measurements; technical knowledge gap;
NPC co-benefits; material NCP; regulat-
ing NCP; scientific ecological knowledge
(food web, ecosystem resilience, biological
regulation); adapted species; cumulative
climate change impacts; uncertainties of
future climate conditions

Values-
Knowledge
(vk)

The favouring of particu-
lar knowledge that may be
built without considering
multiple values [60]

Example from the lit-
erature: Focus on direct
property scale impacts;

decisions made on
spatial planning without
values; assessment of
private property damage
excluding primarily val-
ued public assets [60]

Personal experience of climate change;
interest in external perception of climate
change; personal interest in scientific
knowledge; willingness to apply eco-friend-
ly practices; willingness to support the
adaptive capacity of nature; willingness to
learn by doing including failing; identifica-
tion of required grey solutions; identifica-
tion of grey solutions to be abandoned

vrk

“The vrk interactions described above determine
which values, knowledge and rules influence decisions
and which are excluded” [60]

Willingness to take economic risk;
inspiration from traditional practices;
Transdisciplinary approach; emergence of
the initiative from external actor; social
acceptance; Networking activities; path
dependency of habits; personal mindset
change; other priorities considered before
climate adaptation; practices based on
existing initiatives; applied outcomes;
dialogue between peers; lack of structured

sector
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Table 2. Definition of each transformative characteristic and their relative indicators identified in
the literature, the variable, and its modalities. Some modalities are ranked by a less-than sign “<” ac-
cording to increasing levels of transformative adaptation. The ones that cannot be ranked are separated
by semicolons. The plus sign “+” indicates that the higher level of transformative adaptation cumulates
the modalities of the lower level and the one mentioned after the plus sign.

Transformative Definition from Indicators from Variable Modalities
characteristics Fedele et al. [8] the literature
[13,20,79-85]
Restructuring “It is ‘restructuring’ Indicators of re- Type of no mentioned value < +
(R) in that it involves structured elements | people-na- | instrumental < + relational <
major shifts in (flow of information, | ture values + intrinsic
fundamental prop- materials; manage- promoted
erties, functions, or | ment of ecosystem; (RPN)
f interactions within system organisa-
the social, ecological, | tion and functions;
or social-ecological system governance, Level of Change in species < change
system” power relations, val- | change in in species richness < change
ues, land cover) ecosystem | in landscape connectivity <
(RES) change in land-cover < change
in NCP
Path-shifting “It is ‘path-shifting’ Change in so- Level of Business-as-usual < gradual
(PS) in that it alters the cial-ecological change in | change in practices < radical
systems’ current tra- | systems, from silos manage- change in practices < change
f jectory by pushing it | or monoculture to ment in social relationships < inte-
towards an alterna- | governance reforms, grated /holistic vision of the
tive direction” new financial mech- system
anisms or resilient
mix of species
Innovative “It is ‘innovative’ Existing or new Level of | conventional < unusual in the
(I) because it often species, knowledge, | newness in | region but known elsewhere <
changes systems practices, tech- practices | new species < non-convention-
to new states that nologies, policies, al practices but known alter-
have not previous- | behaviours, partner- native way of doing < known
ly existed in that ships experiments < novel
area thanks to new
knowledge, policies,
or technologies”
System-wide “It is ‘system-wide’ Spatial scale; num- Spatial Pilot site; small, i.e. at local
(SW) in that it occurs at ber of beneficiaries scale scale < municipality scale <
large-scale and leads region; interregional
to systemic changes
across whole regions,
B ecosystems, land-
scapes, or communi-
ties”
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Multi-scale “It is ‘multi-scale’ in | Number of trophic Scale of No collaboration < fostering
(MS) that it has impacts levels, sectors and co-produc- | collaboration < peer-to-peer
across multiple scales governance level tion (MSC) | < partnership within private
(e.g., trophic, spatial, sector < partnership between
jurisdictional, or public and private sector <
sectoral scales)” co-design
Scale of No network < single disci-
network plinary network < Fostering
(MSN) | interdisciplinarity < interdisci-
plinary network or transdisci-
plinary network (ITD)
Persistent “It is a ‘persistent’ | Time of impact and Type of Aborted < Methods <
(P) shift with long-term | institutional anchor- | future-ori- | funding-dependent longevity;
impacts, although ing ented policy-dependent longevity;
4 not necessarily irre- approach planned to persist < adapt-
| versible” able initiative < anchored
rules in-form or in-use

2.4. Data analysis

The data analysis was performed using the FactoMineR package (version 2.4) in the R soft-
ware (version 4.1.0). A Multiple Correspondence Analysis (MCA) was first performed with
the involved levers and barriers in the NbS implementation as well as with the transformative
characteristics of NbS to identify their simultaneous occurrences in each NbS initiative, named
hereafter co-occurrence. The levers and barriers with the highest representation along the first
three dimensions of the MCA were identified. As a second step, hierarchical clustering of the
performed MCA was performed to identify decision-making context clusters, named hereafter
NbS clusters. The main elements defining each cluster were extracted and plotted in the MCA
based on the elements of the vrk framework and according to the level of the transformative
characteristics highlighted by the clustering analysis. Then, the amplification levers and barriers
were projected as supplementary variables within the MCA space to identify their correlation
with the decision-making context clusters. Finally, the most commonly mentioned levers and
barriers to NbS implementation and their amplification were identified. Chi-squared tests were
performed to examine the associations between the most frequently mentioned levers and bar-
riers to implementation and amplification and the NbS clusters.
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3. Results

3.1. Shared levers and barriers in decision-making contexts

The analysis of twenty interviews (case studies mapped in Fig 2) identified a total of 47 levers
and twelve barriers. Depending on the interviewee, ten additional elements were mentioned as
barriers or as levers. On average, each interviewee mentioned twenty elements to characterise
the decision-making context of the NbS implementation.

The levers most frequently mentioned were associated with formal rules, with funding op-
portunities mentioned by sixteen of the twenty interviewees, legislation mentioned by nine in-
terviewees, and incentives mentioned eight times (Fig 3). Rules were also mentioned to explain
the success of the NbS in interaction with other elements. Firstly, rules interacted with values,
such as the network strength, especially for the eleven interviewees who indicated the relevance
of previous collaboration and for the eleven interviewees engaging in networking activities.
Secondly, rules interacted with knowledge, with eleven cases emphasizing experiential knowledge
sharing and implementing practices aligned with current policy or planning documents (seven
cases). Lastly, rules interacted with knowledge and values, e.g. regarding social acceptance of
the initiatives (ten cases). Regarding knowledge, understanding ecological dynamics and the
regulating NCP have positively influenced decision-making processes for eleven and thirteen
interviewees, respectively. More than seven interviewees recognized knowledge related to adapt-
ed species, NCP co-benefits and the cumulative impacts of climate change to help implement
NbS. Moreover, knowledge was also perceived as a lever in interaction with values, with ten
interviewees expressing their motivation to benefit from academic knowledge in designing NbS.

Uncertainty about the cost-efficiency of the measures was the most frequently mentioned barrier.
This uncertainty was identified by five interviewees as a risk to be undertaken to embrace ad-
aptation. The next most mentioned barriers were associated with knowledge: the technical
knowledge gap (mentioned in seven cases) and the time lag of NbS to deliver benefits (men-
tioned in six cases).
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Fig. 3.

Path-dependency of habits (vrk)
Time-consuming bureaucracy (r)

Lack of policy-makers support  (r)

Time lag before getting benefits (k)
Uncertainties of future climate conditions (k)
Personal mindset change (vrk)

Sharing experiential knowledge with peers (rk)
Practice in line with current policy or planning document (rk)
Societal mindset (vr)

Concertation process (vr)

Technical knowledge gap (k)
Transdisciplinary approach (vrk)

Up-to-date abandoned traditional habits (vrk)
Material NCP (k)

External actors involvement (vr)

Cumulative climate impacts (k)

Incentives (r)

Local socio-ecological context (k)

NCP co-benefits (k)

Personal experience of climate change (vk)
Motivation to protect nature (v)

Legislations  (r)

Social acceptability (vrk)

Adapted species (k)

Institutions with decision-making horizontality (vr)
Networking activities (vrk)

Experiential knowledge sharing between peers (rk)
Scientific ecological knowledge (k)

Personal interest in scientific knowledge (vr)
Previous collaboration (vr)

Regulating NCP (k)

Willingness to take economic risk (vrk)
Funding opportunities  (r)
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Barplot of the number of interviewees during which the levers and barriers to imple-

menting their Nature-based Solutions were mentioned, plotted according to the decision-making con-
text cluster, and for the subset of the levers and barriers mentioned by more than five interviewees.
Significance level of the difference of occurrence between clusters for each lever or barrier: * p-value <

0.1; ** p-value < 0.05; ***p-value < 0.01

3.2.

Transformative adaptation characteristics

The twenty NbS varied in their levels for transformative adaptation characteristics (Fig 4).
The multi-scale network characteristic was the most commonly met transformation characteris-
tic across NbS initiatives. Still, many NbS did not involve any collaboration, and two NbS had
only a single disciplinary network. The system-wide characteristic showed a similar pattern, with
six NbS as pilots and six NbS with interregional implementation. All NbS addressed the multi-
scale co-construction and the innovation characteristics, with most NbS presenting a high level
for both. Conversely, people-nature restructuring was rare, as only two NbS integrated multiple
values of nature, and two NbS involved instrumental and relational values. The path-shifting,
persistence, and ecosystem restructuring characteristics did not differentiate across NbS.
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Fig. 4. Violin boxplot of the level of the transformative characteristics of each Nature-based

Solutions (NbS). Within each transformative characteristic, the dots represent individual NbS, coloured
according to the decision-making context cluster they belong to.

3.3. Co-occurrence of levers and barriers to Nature-based Solutions
implementation

The correlation patterns across decision-making context indicators and transformative char-
acteristics of the analyzed NbS formed three clusters of decision-making contexts (Fig 5). These
three clusters were labeled Local transformation, Green deal, and Multi-scale co-production, based
on their main associated elements represented along the first two axes of the MCA (Fig 6).
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Fig. 6. The decision-making context clusters of the implemented Nature-based Solutions shown
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3.3.1. Local transformation

The Local transformation cluster (four cases) was mainly discriminated by the first axis of the
MCA. One representative case of this cluster is the implementation of agroforestry practices in
an organic vineyard to reduce the impact of drought on wine production. The cluster is associ-
ated with a large role in sharing experiential knowledge with external stakeholders and peers to
guide NbS implementation (rk). Stakeholders assessed from their experiences the adaptability
of these NbS to evolving environmental conditions and expressed a willingness to protect nature
for itself (v) (quote n°l, translated from French, original quote in the supplementary file, S4
Table).

Quote n°1: “As a result, we have biodiversity support since we have fungi, birds
and entomofauna that is compatible with this type of fir. That is also why we
chose fir: better social acceptance; it fits better with French biodiversity.”

This cluster leverages nature to adapt to climatic hazards (vk). The analysis revealed the
significant role of personal values in the decision-making process, including a shift in personal
mindset and the mention of relational values to nature. Interviewees mentioned a strong willing-
ness to adapt their activity towards self-sufficiency (v). They were determined to learn through
self-directed learning, compensating for their lack of technical knowledge. Three of the four cases
mentioned open-access platforms such as YouTube as sources for acquiring new technical knowl-
edge. Furthermore, a shift in personal mindset (v), driven by relational values to biodiversity
and by personal experience of climate change (vk), appeared to overcome the profound cultural
barriers within the social context (vr) (quote n°2, translated from French, original quote in the
supplementary file, S4 Table).

Quote n°2: “[the bramble] comes, it comes at a gallop, so afterward it questions
what is going to be the management of the bramble, how are we going to manage
it, how can we live with it, how can we live with the look of the people who are
going to say [...] there are brambles everywhere in these vineyards.”

NbS within this cluster have a high level for the restructuring transformative adaptation
characteristic reflecting informal rules based on friendships, strong relationships built with
neighbours and peers rather than formal rules, and the lack of institutional support (r). This dy-
namic underpins the limited levels for multi-scale and system-wide characteristics. Nevertheless,
this cluster supports innovative practices and new relationships to nature, e.g., by promoting
NCP co-benefits or alternative socio-economic systems, such as introducing non-monetary trade
(quote n°3, original).
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Quote n°3: “We have neighbours and friends who come to help us when we have
a lot of work. Then we make something to eat and drink, and we give them prod-
ucts from the farm.”

3.3.2. Green deal

The Green deal cluster (eight cases) is positioned at the opposite end of the Local transfor-
mation cluster along the first axis of the MCA. One representative case of this type is the res-
toration of Alpine grasslands using local seeds to reduce soil erosion and promote biodiversity
in degraded ski slopes. This cluster involves technical knowledge on how to adapt to climatic
hazards from requested experts (rk). However, one of the most mentioned barriers is the un-
certainty of the cost-efficiency of the measures (vr). While climate change adaptation was not
perceived as a primary issue, and despite managers’ awareness of the lack of a one-fits-all solu-
tion due to evolving environmental conditions, implementation decisions were urged by recent
experiences or previous exposure to local climate impacts (vk). Constraints associated with the
multifunctional use of the same resource, such as land for two cases, also drove NbS implementa-
tion (vk) (quote n°4, translated from French, original quote in the supplementary file, S4 Table).

Quote n°4: “Afterwards, an action was needed [on this mountain pasture|, and
we were very keen that there should be a wider action that could serve the whole
agricultural sector [of the areal.”

Funding programmes and incentives were opportunities for five cases of this cluster to exper-
iment with new practices in collaboration with experts from the specific sector (e.g., forestry
technicians or academics for reforestation projects). This collaboration helped to overcome
economic barriers (vr). Consequently, this cluster has low to medium level of multi-scale char-
acteristics. While this cluster encompasses, on average, larger areas or a higher number of ben-
eficiaries when compared to the Local transformation cluster, the NbS remained limited to one
institution or to a small number of beneficiaries in municipalities, resulting in a low score for the
system-wide characteristic. In three cases, the decision to adopt NbS instead of grey solutions
was strongly driven by the relational values to nature of one or a few people occupying influen-
tial positions or highly connected to local networks (quote n°5, translated from French, original
quote in the supplementary file, S4 Table).

Quote n°5: “Me, I do this for passion. I do this for passion, I was five years old, I
was going in the woods with my father.”
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Still, interviewees of this cluster mentioned mainly instrumental values rather than intrinsic
or relational values to nature. The resulting NbS were primarily based on their ability to provide
material or regulating NCP (knowledge) (Quote n°6, translated from French, original quote in
the supplementary file, S4 Table). In line with this, path-shifting or restructuring characteristics
of these decision-making contexts are limited. Instead, they tended to support gradual changes
of practices rather than radical shifts to alternative approaches.

Quote n°6: “And we can demonstrate that when I plant, I planted six hectares,
I do not know how much it corresponds to, but I will capture carbon for 60 years,
more maybe, for 100 years, if I build a house.”

3.3.3. Multi-scale co-production

The Multi-scale co-production cluster (eight cases) is discriminated along the second axis of
the MCA. One representative initiative is a river restoration to reduce floods, increase ecologi-
cal connectivity and create space for outdoor recreation. This NbS was implemented by unions
of municipalities using a participatory process involving local stakeholders and civil society for
decision-making (vrk). NbS in this cluster co-produced knowledge with local stakeholders and
academics (vrk). Interviewees perceived the inclusiveness of values and knowledge as a key lever
for successful implementation, fostering social acceptance and sharing experiences from research
and local initiatives (vrk). They involved experts and academics from various disciplines, from
natural to social sciences, as well as from public and private sectors. This, therefore, explains
this cluster’s medium to high multi-scale characteristics. Additionally, this multi-stakeholder
engagement contributed to the large area or the high number of beneficiaries associated with
the resulting NbS, i.e. a high system-wide characteristic. Nevertheless, according to four of eight
interviewees, existing local initiatives and pilot sites were essential for developing novel practices
at this scale (k), particularly for three of eight cases operating in an emergent or non-existent
sector, explaining the lack of qualified experts (rk) (quote n°7, translated from French, original
quote in the supplementary file, S4 Table). In line with this, the cluster promotes a favourable
social context for implementing existing practices through networking activities (vr) and par-
ticipatory processes (vrk).

Quote n°7: “So the big idea was on the cards, but there were not so many, at
least in France, projects of this scale which allowed us to go and find an example.”

The implementation of these NbS was contingent upon funding (r), and for four of eight
cases the interviewees perceived intense bureaucracy as a barrier (r) (quote n°8, original).
Consequently, the cluster presents a low to medium restructuring level, associated with the
uncertainty of the persistence of these NbS due to their funding-dependency. The funding in-
security and the changes in institutional support were explained by the frequent turnover of
policymakers (r). Two of eight cases have overcome these barriers by leveraging the long-lasting
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reputation of the organisation from the effectiveness of their NbS (vr), and five of eight cases
established strong collaboration between participants to ensure the viability of the NbS (vr).

Quote n°8: “And for me as the lead partner, but also I think many other part-
ners had to fight with it, was the administration, the high level of administration.”

3.4. Levers for Nature-based Solutions amplification

Among the suggestions provided by the interviewees to amplify NbS, a total of 25 levers and
23 barriers were identified. Additionally, three elements were identified either as a lever or a
barrier, depending on the interviewees. Nine elements, including four levers and five barriers,
were mentioned by more than five interviewees (Fig 7). Most of these levers and barriers were
not specifically associated with any particular decision-making context cluster. For instance, in
each cluster, at least one case mentioned “policymakers’ awareness-raising” as a lever to amplify
NbS (rk) (six cases). However, interviewees from Multi-scale co-production initiatives were the
only ones who argued for “writing guidelines for stakeholders” to amplify NbS (r) (five cases).
Similarly, initiatives within Local transformation cluster scarcely mentioned levers that involve
rules, either in interaction with knowledge through “raising local stakeholders’ awareness” (rk)
(nine cases) or in interaction with values through “co-designing NbS” (vrk) (eight cases) and
“enhancing the institution’s reputation” (vr) (six cases).

Formal rules were the most frequently mentioned amplification barrier (seven cases). Indeed,
interviewees from all three clusters referred to the lack of “existing or adapted incentives” to
amplify NbS (r). Other mentioned barriers primarily related to knowledge, such as the “time
lag for NbS to deliver benefits” (six cases), and in interaction with rules, such as the “limited
capacity of NbS to reduce climate impacts” (rk) (six cases) and the inadequacy of “one-fits-all
solution” due to dependency of effectiveness on the social-ecological context (rk) (5 cases). Some
interviewees (four cases) from the Multi-scale co-production and Green deal clusters wished for
more pilot sites and experiments to bridge the technical knowledge gap regarding the implemen-
tation of effective NbS (rk).
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Fig. 7. Barplot of the number of interviews during which the levers and barriers to future am-
plification of similar Nature-based Solutions were mentioned, plotted according to the decision-making
context clusters, and for the subset of levers and barriers mentioned by more than four interviewees.
Significance level of the difference of occurrence between clusters for each lever or barrier: * p-value <
0.1; ** p-value < 0.05; ***p-value < 0.01

Two interviewees identified “civil society expectations” (vr) as a potential barrier, referring
to the risk of low social acceptability of the NbS. In contrast, three others perceived the shift
in “societal values” (vr) as an opportunity to promote NbS, e.g., through additional and more
accessible funding. Similarly, while a few interviewees wished for more restrictive “access to
incentives” to ensure biodiversity conservation and prevent greenwashing (r), one interviewee
cautioned against current overly incentive requirements that might discourage stakeholders
from embracing NbS implementation (r).

4. Discussion

4.1. Levers and barriers identified with values-rules-knowledge and
transformative adaptation characteristics

This analysis integrated the vrk framework and the assessment of transformative adaptation
characteristics to identify levers and barriers to NbS implementation in the Alps. The findings
confirm the suitability of the vrk framework in identifying the key elements influencing adapta-
tion initiatives [43,86,87]. The study reveals that formal rules, robust project coordination, pos-
itive cultural values within local communities, knowledge sharing through informal exchanges,
collaborative planning, and academic support are currently the primary levers for NbS imple-
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mentation. These insights align with the levers for NbS implementation identified in the litera-
ture’s [31,45,83,88,89]. However, the findings show that not all levers mentioned in the literature
co-occur within the same initiatives. For example, the levers involving values such as a “mindset
change” and “willingness to self-sufficiency” appeared simultaneously with “experiential knowledge
sharing”, but they did not coincide with institutional levers such as governance processes and
funding opportunities, which have been identified in the literature as priorities to amplify NbS
[31,90-92]. Additionally, the findings highlight the inherent uncertainty in the ability of NbS to
deliver benefits as a prominent barrier to preferring NbS as an option over grey infrastructures
[93,94]. While grey solutions benefit from widespread societal acceptance [95,96] due to their
one-size-fits-all designs and short-term outcomes, NbS, in contrast, are site-specific, and their
effectiveness is relatively less understood [26,97].

Here, the clustering analysis of the co-occurrence of levers and barriers across the selected
case studies identified three types of NbS decision-making contexts and their transformative ad-
aptation characteristics. The Local transformation type corresponds with previously recognized
alternative practices observed in various regions (e.g., Vermeulen et al. [83] for adaptation ini-
tiatives of agriculture worldwide). These initiatives are considered bottom-up approaches imple-
mented by local stakeholders, independently from institutional support [83,98]. They involve ex-
periential knowledge, relational values, and informal rules [45]. The Green deal type aligns with
the current European Green Deal policy strategy [99]. These initiatives are fostered by evolving
environmental regulations and available incentives, resulting in a gradual change of practices
toward sustainability through awareness-raising activities [99]. This type shares similarities
with previous typologies involving technical knowledge and instrumental values [45]. Lastly, the
Multi-scale co-production type encompasses changes in interactions across sectors and within
the research-policy-action sphere, as illustrated in inclusive social-ecological decision-making
and transdisciplinary demonstrators [36,45]. While the findings align with previously identified
typologies [36,45,100], the three types do not discriminate decision-making contexts based on
whether they are led by bottom-up or top-down approaches. Indeed, most of the analyzed ini-
tiatives involve a combination of personal decisions to involve institutions or are driven by exist-
ing collaborations between the public and private sectors, consistent with previous stakeholder
mapping studies for NbS [101]. Therefore, this typology provides a more detailed understand-
ing than the binary differentiation between bottom-up and top-down approaches and offers a
solution-oriented typology to assist projects in overcoming barriers. Indeed, given that NbS are
site-specific, an approach focusing on the decision-making context rather than on specific inter-
ventions may facilitate NbS amplification.

The vrk framework highlights that transformative adaptation is supported by specific inter-
actions between values, rules, and knowledge [60]. In this study, the vrk framework was com-
bined with transformative adaptation characteristics rather than focusing on the coping-incre-
mental-transformative trichotomy since real-life cases often combine these facets of adaptation
[4,102,103]. The approach covers the multiple aspects of transformative adaptation and provides
a more detailed overview of the elements in place in transformative adaptation processes as
well as their outcomes. According to the selected indicators, the findings confirm that greater
interactions of values, rules, and knowledge in a decision-making context are expected to im-
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plement initiatives with more significant transformative adaptation potential. The results also
reveal that transformative adaptation characteristics vary within individual decision-making
contexts. For example, in the Local transformation type, NbS that were co-designed had more
multi-scale co-construction than NbS that benefitted from peer-to-peer exchanges. Moreover,
within the Green deal type, NbS that were initially designed for long-term persistence, what-
ever the evolving social-ecological conditions, have a higher level of persistence than NbS that
depends on future funding opportunities. The analysis highlights the transformative adaptation
characteristics each decision-making context can support and those for which high levels are less
likely. Considering that each type of decision-making context falls short of achieving high levels
of at least two transformative adaptation characteristics, the results emphasise the limited use
of transformative adaptation in current initiatives [12,14]. While assessing the contribution of
individual initiatives to transformative adaptation remains challenging, the findings validate the
potential of NbS to support transformative adaptation, aligning with other studies that have
synthesized datasets of NbS elsewhere [13,15,104]. Moreover, there is a need for transformative
NbS, namely in governance and policies supporting the adaptive capacity of nature, financial
compensation for transition, co-creation of knowledge and solutions, monitoring systems, and
disseminating knowledge [7,31,56,83,105].

These three types of NbS are new insights that complement previous classifications of NbS.
While some scholars have categorized NbS based on factors such as climatic hazards, NCP
co-benefits [26,27] or types of interventions [18,97], our results demonstrate that similar deci-
sion-making contexts can underpin the implementation of different interventions (e.g. ecological
restoration and sustainable management), or address various climatic hazards (e.g. floods and
drought). This suggests, in line with NbS global standards [106], that NbS interventions should
focus on enabling the decision-making context expected to implement the most appropriate
NbS for transformative adaptation rather than only focusing on what type of NbS should
address a given climatic hazard. These findings align with the latest interdisciplinary studies
reporting the plurality of stakeholders and governance models involved in NbS implementation
[37,101,107,108]. The NbS types identified from the study cases do not discriminate governance
models because the interview guide did not target this aspect. However, the NbS with high
levels for the system-wide and multi-scale co-construction characteristics were co-designed with
a large range of stakeholders and were coordinated by one of them without necessarily holding
more power [109,110].

Furthermore, the assessment of transformative adaptation characteristics reveals the specific
aspects of transformation that each NbS type is likely to support. This provides valuable in-
sights for policymakers into levers that can foster transformative NbS [73]. The following two
sub-sections develop how interactions, first with values and second with rules, can enhance
transformative NbS. The interactions of knowledge for transformative NbS are not addressed in
a separate sub-section, as knowledge is involved in its interactions with values and rules.
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4.2. Interactions with values to enhance transformative Nature-based
Solutions

The analysis highlights the valuable role of values within NbS decision-making contexts.
Values have been identified as crucial determinants of transformation [111-113]. However, the
transformative adaptation characteristics of the NbS depended on the type of values involved in
their implementation. For example, relational values to nature were involved in innovative prac-
tices that restructured relationships between nature and people, aligning with local ecological
knowledge studies [33,45]. The willingness to include the diverse range of values into NbS de-
sign, e.g. through participatory approaches, resulted in initiatives with a high level of multi-scale
co-production and networking and the potential to benefit large communities and regions [37].

The direct experience of climate impacts was not a primary driver of the identified NbS [114].
However, the effects of climate change played a role in most of the analyzed decision-making
contexts. The majority of the NbS reacted to impacts rather than being designed to prevent
future impacts. This confirms that adaptation usually arises when the social-ecological system
is forced to adapt to new conditions [83,115,116]. Within the Green deal type, NbS emerged in
response to the experience of climate impacts or natural disasters. Similarly, within the Local
transformation type, some NbS emerged due to economic viability being threatened by climate
change, requiring adaptation measures. These drivers of change led to initiatives with differ-
ent transformative adaptation characteristics, but without being anticipated by stakeholders,
except in the NbS of the Multi-scale co-production type where future conditions were expected
through methods such as climate models analysis. The uncertainty of future conditions and
consequently of the efficiency of implemented solutions, predicted or not, is one of the most
mentioned barriers elsewhere in the literature [83,94]. However, the results indicate that each
decision-making type of context delivers one option to face this uncertainty in implementing
NbS. Local transformations NbS aim to support ecosystem resilience and adaptability to face un-
predicted conditions through a learning-by-doing process [5,83,117], including failure. Green deal
NbS gradually change their practices to maintain the ability to shift from one method to anoth-
er one, despite the limited evidence regarding the effectiveness of this option [4,118,119]. Multi-
scale co-production NbS aim to build a robust social network through new governance models
to foster collective support, thereby increasing resilience to future conditions [37,83,120,121].

The Multi-scale co-production type encompasses existing innovative initiatives and highly aware
local stakeholders. These initiatives identified raising awareness of local stakeholders as a primary
lever to amplify NbS. However, one of the most difficult barriers to overcome for adaptation is
associated with the need of a shift in values [87,111]. Particularly, overcoming path dependency
by including intrinsic and relational values that are not commonly shared or of non-material NCP
remains challenging [45,122]. Social acceptance of the NbS within the Multi-scale co-production
type overcomes this barrier [95].
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Cultural values of the local social-ecological system, and the path dependency of practices,
were perceived as barriers to Local transformation and Green deal initiatives. These barriers have
been overcome through different approaches. Green deal NbS employ participatory processes,
while Local transformation NbS align with different cultural values than the constraining one,
such as the values of labour or landscape aesthetics. This highlights the trade-offs that occur
within decision-making contexts [123,124].

4.3. Interactions with rules to foster transformative Nature-based
Solutions

The findings revealed that institutional support plays a crucial role in NbS implementation,
although the intensity and the nature of its contribution varies across decision-making contexts.
Funding opportunities provided by governmental institutions are essential for the Multi-scale
co-production of NbS for which the implementation might not have been possible without such
financial support, aligning with previous insights [83]. These highly transformative NbS ben-
efited mostly from transdisciplinary research projects, with public funding from national or
European programmes or incentives, and involved public administrations related to biodiversi-
ty conservation, protected areas, agriculture, forest, and water management [16,83]. However,
these initiatives encountered significant bureaucratic burdens imposed by funders, challenging
their implementation.

Interviewees from Local transformation and Green deal NbS argued for context-specific in-
centives to support implementers in overcoming economic uncertainties associated with the
implementation of new practices. Participants from Local transformation NbS expressed the
need for incentives, particularly in addressing the time lag before obtaining the benefits of the
implementation and the initial required expenses, e.g., acquiring specialized equipment for in-
novative practices. In the case of Green deal NbS, interviewees recognized incentives as effective
instruments for mainstreaming biodiversity conservation [83]. Additionally, a large proportion
of the interviewees emphasized the crucial role of departmental or regional administrations in
facilitating the interactions between policy-makers and practitioners [83]. For example, the
involvement of public institutions and research organisations has been identified as crucial for
co-designing adaptation initiatives through transdisciplinary research programmes [125,126], or
regional adaptation plans [98,127]. Still, local stakeholders emphasized the significant impact
of sharing experiences with peers to enhance their willingness to adopt and implement new
practices [128,129]. Future research should further investigate the pivotal role of peer-to-peer
governance in promoting NbS [45,100].

The absence of a well-structured sector was also identified as a barrier to NbS implementa-
tion, such as the absence of local seeds markets for Alpine grasslands restoration [130] or the
absence of a value chain for new agricultural products [131]. While Local transformation NbS
manage to diversify their marketing strategies [132], e.g., by developing direct marketing to
local communities, the institutions involved in Multi-scale co-production NbS aim to develop
emerging value chains for their products in collaboration with stakeholders [130]. However, this
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institutional involvement in enabling-NbS activities is limited due to cultural barriers [32,132]
and the time that stakeholders involvement consumes [133]. Only intense involvement related to
personal values enables the implementation of Multi-scale co-production NbS [134].

Many interviewees stressed the need for NbS implementation guidelines and standards to
support NbS amplification in the future, as previously identified [19,39,73,135]. However, they
also highlighted the uniqueness of each NbS to indicate the challenges associated with repli-
cating similar initiatives, confirming that NbS are not one-size-fits-all solutions [108,123,136].
Moreover, operationalizing NbS guidelines may prove ineffective or even counterproductive if
actors’ interpretations of the NbS concept remain unclear [104,137,138]. Finally, institutional
support is needed to facilitate monitoring NbS outcomes using standardized methods [139].

4.4. Study limitations

The study focused on a limited number of existing NbS in the Alps. However, this sample
encompassed the diversity of activities identified to address drought, floods, and soil erosion in
this region [27,59]. The insights can support NbS amplification in other regions, as identified
levers and barriers align with studies from other social-ecological systems worldwide [83,140].

The interviews were conducted with only one manager involved in the implementation process
for each NbS. Although the perception of the NbS can depend on the interviewee [134,141], the
perception bias was reduced by employing structured questions specifically related to the imple-
mentation process. Moreover, in four cases, two interviewees were involved in the same network
despite not being involved in the same NbS, and their responses were consistent.

This study did not assess the adaptation pathways of the NbS, i.e. the long-term adaptation
process, shifting from one decision-making context to one favourable to NbS implementation
[87]. However, the NbS were implemented to address an emerging issue within specific contexts,
and the interviewees’ perceptions regarding the future of the NbS were captured. This combi-
nation of knowledge enables the identification of the elements from the vrk that influence the
system trajectory towards adaptation and that might contribute to building pathways [43,86].
Furthermore, potential levers and barriers towards NbS amplification were identified, consid-
ering stakeholders’ vision and experiences in determining actions toward desired adaptation
pathways [31].

This study did not directly assess the effectiveness of NbS. However, the interviewee’s per-
ception of the initiative’s outcomes was captured through specific questions, indicating to what
extent the addressed issues have been or are being resolved [142]. Moreover, although the inves-
tigated NbS were at different stages of implementation, the analysis did not segregate initiatives
according to implementation stages. This aligns with the NbS implementation process, known
to follow diverse pathways [83,108,143].
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The analysis did not consider power relationships that are known to be crucial for sustainable
development considering equity and justice [112,144,145]. However, they were considered when
interviewees mentioned these aspects in the decision-making process. For example, the partici-
patory methods such as consultation, concertation, and co-design approaches that aim to ben-
efit equally within local communities were captured in the data processing. Given the regional
context, the identified NbS did not integrate indigenous local knowledge that is known to be
crucial for sustainable development [104,146]. However, the interviewees highlighted the role of
experiential knowledge and the relational value to nature in NbS implementation.

4.5. Perspectives and recommendations for policymakers: There is no
one-fits-all lever

NbS have the potential to foster transformative adaptation to climate change, and their am-
plification is crucial to mitigate future impacts on ecosystems and human well-being. However,
transformative practices remain limited in NbS implementation [12,14], and most of the local
stakeholders we interviewed preferred incremental actions [98,147]. This reluctance can be at-
tributed to the complexity of aspects to consider in transformative NbS, such as climate change
impacts, ecosystem functioning, NCP co-benefits, long-term economic and social benefits, along
with associated trade-offs [112,121,148].

The analysis conducted in this study identified the levers and barriers suggested by NbS
managers to amplify similar initiatives. Aligning with previous research that identified dif-
ferent enabling contexts leading to NbS implementation [149], the study reveals that certain
combinations of levers allow to overcome certain barriers and facilitate the implementation of
a specific type of NbS. Based on the findings, three recommendations for policymakers to am-
plify NbS can be proposed. Firstly, creating opportunities for non-governmental stakeholders
(private sector, NGO, and civil society) who are already aiming to implement transformative
NbS but who are facing economic or technical issues. Opportunities include, among others,
funding programmes, networking events, and support in monitoring activities. Secondly, shifting
public administration strategies towards prioritizing transformative NbS for public action, e.g.,
natural disaster risk reduction, managing public land, and common goods. Lastly, encouraging
non-governmental stakeholders unwilling to implement transformative NbS, e.g., through strong
incentives and establishing binding measures through legislation when required.

According to the findings of this study, the levers to be activated must be tailored to the local
decision-making context and the transformative potential of the NbS they might support. For
example, in the context of disaster risk reduction, supporting a transdisciplinary approach can
enhance NbS co-design involving local communities and developing a network of stakeholders
willing to collaborate. However, this approach could fail if local stakeholders focus only on
adapting their own practices and do not want to be involved in new projects. A preliminary
analysis of the decision-making context is, therefore, critical. Moreover, multiplying Local trans-
formations NbS initiatives by non-governmental stakeholders is a powerful strategy to foster
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initiatives at a broader scale when complemented by the promotion of sharing networks and
monitoring activities [36,150]. Introducing new financial incentives or environmental regulations
can support NbS amplification to stakeholders who are already willing to implement NbS,
particularly those with economic or technical constraints. However, these instruments must be
framed considering principles for effective NbS, namely economic viability, inclusive governance,
equity, sustainability, and mainstreaming [106]. This approach may not support stakeholders
unwilling to implement NbS, e.g. due to cultural barriers. Additional facilitating levers are re-
quired in such cases. For example, introducing new policies can be accompanied by activities
aiming to raise stakeholders’ awareness about the potential of NbS to mitigate climate impacts
and to provide NCP co-benefits [35].

In order to enhance knowledge co-production, further sustainability research needs to bridge
the gap between the Local transformations NbS that design their implementation based on ex-
periential knowledge and the Multi-scale co-production NbS that involve academic knowledge
[109,151]. Therefore, transdisciplinary approaches are crucial to bridge institutions and commu-
nities to produce relevant and applicable knowledge to local contexts [152]. This would foster
the dissemination by public institutions of academic knowledge in an actionable way for stake-
holders, e.g., through knowledge hubs or living labs [153]. Knowledge hubs are also essential
for multiplying local initiatives and sharing experiences without being considered non-standard
cases, pilot projects, or on the margins [36].

Societal mindsets and worldviews were found to be strong motivations for NbS implemen-
tation. Therefore, raising awareness among local communities about the crucial role of ecosys-
tems in adaptation can significantly increase social acceptance. Similarly, raising policymakers’
awareness about NbS benefits can accelerate their amplification [154]. Lastly, as demonstrated
within Green deal NbS, greater institutional support can contribute to amplifying NbS with
high levels of innovation, persistence, and cross-scaling, e.g., when an agriculture chamber or
a research program fosters the inclusion of stakeholders into already existing dynamics such
as legislations and available incentives, or knowledge, by creating spaces for dialogue to share
experiential lessons [83].
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These points highlight the importance of strengthening international cooperation for NbS
implementation in large interconnected regions, such as the Alps. The Alpine spatial continuum
with cross-regional similarities is an opportunity to benefit from experiential lessons and mul-
tiple levels of governance [56,155]. Cross-regional institutions such as the Alpine Convention or
EUSALP (European Union Strategy for the ALPine region) have demonstrated their potential
to engage macro-regional governance in biodiversity conservation or energy transition [156,157].
However, the heterogeneity of formal rules, such as different legislative frameworks or available
incentives, and informal rules, such as habits, are barriers cross-regional interactions should
overcome. Enabling activities, including networking and transdisciplinary projects, can help
overcome this barrier and promote cooperation for NbS amplification [158,159].

Conclusion

To effectively address the concurrent crises of biodiversity loss and climate change and ensure
a transformative adaptation towards a sustainable future, the implementation of NbS must be
urgently accelerated. Accordingly, the levers to transformative NbS implementation are being
increasingly studied. However, prevalent levers and barriers are often assessed in relation to dif-
ferent NbS types, and scarce attention has been given to the local decision-making context, which
ultimately influences levers and barriers. Based on the analysis of twenty NbS implemented in the
Alps, this study illustrates the influence of values, rules, and knowledge in the transformative ad-
aptation potential of NbS and reveals three decision-making contexts that can foster transforma-
tive NbS in different ways. These three NbS types of co-occurring levers and barriers are: Firstly,
Local transformation NbS are self-sufficient initiatives motivated by relational values to nature.
They are supported by informal governance, and they share experiential knowledge to support
the adaptive capacity of nature. They incorporate the deep cultural value of their environment
by creating an alternative system of practices. Secondly, Green deal NbS employ gradual changes
in practices and are supported by funding opportunities or regulations to experiment with new
approaches. They prioritise instrumental values to foster NbS benefits and to overcome path de-
pendency in current practices but poorly contribute to transformative adaptation. Thirdly, Multi-
scale co-production NbS benefit large areas and communities. Their social acceptance results from
extensive participatory processes involving local practitioners and diverse values of nature. These
initiatives are designed to persist even when challenged by the instability of funding opportunities.

In order to amplify transformative NbS, future implementation will require better integration
of values, rules, knowledge, and their interactions. This can be achieved through i) the creation of
multiple levels of governance; ii) the creation of new incentives and regulations to foster transfor-
mative NbS; iii) the greater support from public institutions to local initiatives; iv) the increasing
awareness of NbS benefits among policymakers; v) the creation of long-lasting spaces for dialogue.
Given its social-ecological consistency and its climate impact similarities, the Alpine scale has the
potential to address these issues, thanks to its pivotal position for strategic macro-regional gover-
nance. Future research on transformative NbS for climate change adaptation is needed to explore
how to engage local communities with active peer-to-peer dialogues and the stakeholders who ben-
efit from scientific knowledge on NbS effectiveness to address their shared challenges effectively.
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Appendices
S1. Table. Information of each Nature-based Solution analyzed to define the decision-making context and their transformative characteristics
Code Initiative Description Activities Addressed Ecosystem Interviewee Interview Cluster
issues or land-use of deci-
sion-mak-
ing
context
ReSem2 | Restoration of ski Shift in the mindset of the company to grassland Snow cover Alpine Ski resort Remotely | Green deal
slopes with seeds | reduce environmental degradation of the ski | restoration; reduction; grasslands; ski manager
of local species resort activities, led by the latest change of knowledge soil erosion slopes
the company direction. Applied restoration | co-production
practices with a small proportion of endem-
ics species in the mixture usually based on
allochthone species. Economic trade-offs
limit the use of high proportion of endemic
species in a large surface. Concertation with
local stakeholders, and expert-based knowl-
edge involvement
IUIse River restoration | Paradigm shift from grey to green solutions | River resto- Floods Rivers; Public wa- Face-to-face | Mutli-scale
to reduce flood to reduce flood risk, as a pioneer project for | ration; com- floodplain with | ter-related man- co-produc-
risk such a large scale (large valley of nineteen | pensation rules croplands agement officer tion

municipalities). Concertation process to
increase social acceptance, and creation of
a coordination council involving scientists,
decision-makers and local communities.
New compensatory measures in case of crop
loss due to floods.




180

ReMot Agroforestry Change from organic monoculture to Sustainable Drought; Vineyard Vineyard Face-to-face Local
practice in a vine- agroforestry, and let nature evolve by management; | soil erosion; owner transfor-
yard submitted to | itself to support biological pest regulation | Food produc- | pest attack mation

drought through trophic network understanding. tion
The farming area will decrease because new
practices involved higher workforce on a
same surface. Developed alternative trade
systems to reach aware costumers on their
practices, and value co-product of the trees
through non-monetary exchanges.
ReBu2 Reforestation Change of management practice in one for- | Reforestation; Drought; Forest Forest owner Remotely | Green deal
of a private est, from one species to three drought-tol- sustainable pest attack
mixed forest with erant species planted in mixed forests, management
drought-tolerant thanks to incentives from carbon market.
species Networking with local foresters through
cooperative structure to gather material
and knowledge.
ONRes Assisted migra- Choice of alternative pathway to adapta- Reforestation; Drought Forest Public forest Face-to-face Local
tion of exotic tion by planting exotic species seedlings, sustainable officer transfor-
drought-tolerant that looks like to local ones to support management mation
species in Alpine | biodiversity and increase social acceptance.
forests Concertation between motivated deci-
sion-makers. Belong to overall adaptation
strategy involving different options.

ReSeml | Trandisciplinary | Developed experiments and network to use grassland Increasing Alpine pas- Public biodi- Face-to-face | Mutli-scale
network to restore local species for Alpine grassland resto- restoration; temperature; | tures; grass- versity conser- co-produc-
Alpine grasslands | ration instead of allochthone ones usually knowledge soil erosion lands vation officer tion
with seeds of local | used. Transdiscplinary project developing | co-production; control

species new network to develop local economic sec- networking
tor, by increasing technical knowledge and
involving companies. New project is going
to improve the evidence of the practices
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tives opportunity. Networking with other
practitioners through association of local
stakeholders.

ChAgr | Agroforestry prac- Paradigm shift from one land for one Sustainable Increasing Wetland with | Public agricul- | Face-to-face | Mutli-scale
tices in a wetland use thought to multi-use of the land with management; | temperature; crops and tural officer co-produc-
agroforestry practices, still conflictual with | Food produc- | land pressure forest tion
current biodiversity conservation practices tion
that claim for avoiding economic activities.
Funding opportunity to experiment with
local stakeholders, the project failed in
benefiting positively to practitioners. New
project is going to use abandoned land to
deliver positive outcomes
IRAlp Trandisciplinary | Gradual changes led by sharing experiences | Networking; Drought; Alpine pas- Researcher; Face-to-face | Mutli-scale
network to develop | and practices of Alpine grassland manage- Knowledge increasing tures project coordi- co-produc-
a shared knowl- ment between peers and with scientists, co-production | temperature; nator tion
edge and vision of through transdisciplinary research pro- tradition
Alpine grassland grammes, but constraint by the need of heritage
understanding future impacts. Deep shift in
the way of connecting science-policy-actions
from local to transregional scale
ReVel Reforestation of a Exploration of reforestation options, un- Reforestation; Species Forest Forest owner Face-to-face | Green deal
private forest usual in the region, with expert’s knowledge [ sustainable shift;
and foresters networking through associa- management Drought;
tion of local foresters to gather material and storms; pest
knowledge. attack; deer
invasion
ReChi Natural regener- | Shift from current planted forest to natural Sustainable Pest attack; Forest Public forest Remotely | Green deal
ation of a private regeneration, targeting long-term benefits | management; disease; advisor
forest instead of maximising short-term profit. Timber pro- drought;
Implemented in one owned forest thanks to duction long-term
regional administration support and incen- impacts
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native exchange
network

unusual in the region. Developed a direct

market to local costumers, thanks to ped-
agogic activities and social medias, valuing
balder instead of money, and network with

local farmers and municipality.

market system

ITHell Trandisciplinary Raising awareness and spread expert Networking; Drought; Cropland Two public Remotely | Mutli-scale
network to en- knowledge on conservative agriculture Knowledge soil erosion; agricultural co-produc-
hance conservative | practices to tackle soil erosion, inputs and | co-production | soil fertility; officers tion
agriculture drought in cropland, with positive economic pollution
outcomes. Transdisciplinary project co-de- from fertiliser
signed with existing demonstrative farms to
convince local farmers. Network is main-
tained after the project ended
ITHel2 Conservative Paradigm shift from traditional practices Sustainable Drought; Cropland Farmer Face-to-face Local
agriculture prac- to competitive conservative agriculture management; floods; transfor-
tices and high-tech thanks to high-tech equipment, pioneer Food produc- | precipitation mation
equipment farm that share with other pioneers, tion change; soil
networking with regional administration fertility; ani-
and schools of agronomy to show positive mal welfare
outcomes
NCPro Adapting protec- Opportunity from national funding pro- Sustainable Drought; Forest over Risk reduction | Face-to-face | Green deal
tive forest man- grammes to collaborate to experiment and | management; glacier railway manager of rail-
aged by a railway | increasing awareness on the need to adapt | knowledge pro- retreat; way company
company forest management of a valley to drought duction landslides;
but waiting for strong recommendations rockfalls
before changing practices, without connec-
tions with local communities, and no future
plans for now
WaHyM | Transdisciplinary Raising awareness and spreading local Raising River Rivers Civil protec- Remotely | Mutli-scale
project to increase initiatives to river managers to enhance awareness; connectiv- tion officer; co-produc-
NCP through river NCP through NbS thanks to already knowledge ity; energy NGO employee tion
management known processes poorly applied on ground. | co-production | production
Concertation process to solve conflicts but
still difficult. No more connections after
the project ended.
KLTie2 Agroecology Shift from traditional agricultural practices Sustainable Drought; Cropland; Farmer Face-to-face Local
practice and alter- | to agroecology practices in a farm, promot- | management; | pest attack; grasslands transfor-
ing biodiversity and biological regulation, alternative food quality mation
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cover management
in vineyard

thanks to cover grasses and organic market.

Involved in transdiscplinary research project,

but difficulties to involve local stakeholders

and supported mainly by the one person at
local scale.

Food produc-
tion; pilot site
for experi-
ments

erosion; soil
fertility

KLIn Municipalities Municipalities’ actions to support NbS Raising Drought; er- | Landscape of Municipality Face-to-face | Green deal
involvement in through raising awareness activities and awareness; ratic rainfall; [ municipalities | officer, project
supporting local experiments of existing adaptative prac- pilot site for pest; floods; coordinator
NbS with stake- tices with local stakeholders from different experiments heatwaves

holders sectors but some difficulties to involve
them despite bottom-up approach and
consultation. Project coordination role led
by one person hired by municipalities. The
project was born from new national funding
programmes, and is likely continue with
additional funding.

EUGre | Transdisciplinary Transdisciplinary research project follow- Networking; Global Forest and Researcher; Face-to-face | Mutli-scale
research project ing a previous project, to develop mod- Knowledge disturbances | sites to protect | project coordi- co-produc-
to enhance for- els and decision-making tools with local co-production to forest; nator tion
est-based protec- foresters and decision-makers for ecosys- landslides;

tion management | tem-based natural risk reduction of forests. rockfalls
Transborder project with small pilot areas.
Project coordination role took from one
practitioner. Used research impact frame-
work. Network of actors should be main-
tained.

PNLil Reducing soil Experiments and spreading practices Sustainable Erratic Pilot vineyard Researcher Face-to-face | Green deal

erosion with grass to reduce soil erosion in Alpine vineyard management; | rainfall; soil
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KLTiel Municipalities Municipalities’ actions to support NbS Raising FErratic rain- | Landscape of Municipality Face-to-face | Green deal
involvement in through raising awareness activities and awareness; fall; floods; | municipalities | officer, project
supporting local experiments of existing adaptative prac- pilot site for drought; coordinator
NbS from stake- tices with local stakeholders from different experiments | water quality
holders sectors but some difficulties to involve
them despite bottom-up approach and
consultation. Project coordination role led
by one person hired by municipalities. The
project was born from new national funding
programmes, and is likely continue with
additional funding.

SlFor Adapting close- Transdisciplinary approaches to evaluate, Raising Drought; Forest Forester, proj-
to-nature forest test and recommend the best management awareness; storms ect coordinator
management for practices of forests and the most adapted guidelines for
climate change tree species to address climate change ad- stakeholders;
adaptation and aptation and mitigation. The activities are knowledge

mitigation funded by national and European funding | co-production
programimes
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S2.

Table. Guidelines used to conduct semi-structured interviews with managers of implemented Nature-based Solutions to climate change adaptation

Main topic

Question

Follow-up questions

Reasons of the project

Could you tell us how came the idea of implementing
the project?

Could you please describe in few words the area where
the project is implemented?

What are the reasons that led to the decision to imple-
ment the project?

How have you become aware of this/these issue(s) /
problem(s)?

Have you also the objective to address: i) a problem led
or enhanced by climate change; ii) biodiversity loss; iii)
a local economic or social issue?

Diagnostic

Is the project based on a diagnostic or a state of the
art, done before or by yourself?

If yes, what was this diagnostic?

What have you learned from it?

Choice of the solution

Was there other possibility in alternative to address
this problem?

If yes, which ones?

How have you chosen this method?
(based on which criteria)

Relationships and collaboration

How are the relationships with your partners?

Is it easy to cooperate?

How the decisions are made and by who?

Is there any conflict: i) with your partners; ii) with the
population? If yes, how have you deal with them?

Funding

How the project was fund?

How have you obtained these funds?

Have you encountered difficulties to obtain them?

Main barriers and levers

Is there something that has been particularly easy to
do in this project?

Is there a specific element that enable to move forward
the project?

What have been the most difficult for you in the
implementation of the project?

How have you deal with this difficulty?
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Sustainability

What statement of the project could you make today?

Have you monitored effectiveness indicators?

How do you see the project in a mid-term future
(2030)?

Scaling potential

Do you think that this project can be replicate in other
sites?

If yes, what would be the conditions?

What could facilitate the replication of your project?

In which circumstances have you talk about your
project?

Do you have feedback on what your project inspired
elsewhere?
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S3. Table. Matriz of levers and barriers expressed by the interviewees as involved within the decision-making contexts of the Nature-based Solutions
(NbS) implementation identified in the Alps. The code “1” indicates that the element is mentioned by the interviewee as a lever to the NbS implementation.
The cells code “-1” indicates that the element is mentioned by the interviewee as a barrier to the NbS implementation. The blank cell indicates that the
element is not mentioned by the interviewee. Some elements are categorized according to ranked values. Each column corresponds to one NbS as follows: a:
ReMot; b: ONRes; c: ITHel2; d: KLTie 2, e: ChAgr; f: ReVel; g: PNLi1; h: ReChi; i: ReBu2; j: ReSem_ 2; k: NCPro; I: KLTie_1; m: KLIn; n: ITHell; o:
IRAlp; p: WaHyM; q: IUlse; r: ReSem__1; s: EUGre; t: SlFor

Nature-based Solutions

Levers and barriers a b c d e f g h i j k 1 m n o p q r S t
Consultation process 1 1 1 1
Concertation process 1 1 1 1 1 1

Local hero involvement 1 1 1 1 1

Political interest in the 1 1 1 1

initiative
Institutions with deci- 1 1 1 1 1 1 1 1 1 1

sion-making horizontality

Shift in societal norm 1 1 1 1 1 1
External actors involvement 1 1 1 1 1 1 1
Previous collaboration 1 1 1 1 1 1 1 1 1 1 1
Business-as-usual approach -1 -1 -1 -1 -1
Cultural heritage 1 1 1 1 1

Valuing work -1 -1 1 1 1
Landscape aesthetic 1 1 1 1 1
Motivation to protect 1 1 1 1 1 1 1 1
nature
Wish to deliver products of 1 1 1

high quality
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Quest for self-sufficency

Willingness to invest time
and energy

Identification of required
grey solutions

Identification of grey solu-
tions to be abandoned

Willingness to learn by
doing including failing

Willingness to support the
adaptive capacity of nature

Personal interest in scientif-
ic knowledge

Interest in external percep-
tion of climate change

Personal experience of
climate change

Uncertainties of future
climate conditions

Cumulative climate impacts

Increasing non-climatic
disturbances

Adapted species

Autodidact process of
learning

Scientific ecological knowl-
edge
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Regulating NCP

Material NCP

NCP co-benefits

Technical knowledge gap

Previously acquired techni-
cal knowledge

Time lag before getting
benefits

Local socio-ecological
knowledge

Knowledge from extern
experts

Lack of discipline-specific
expertise

Sharing experiential knowl-
edge with peers

Matching practices with
institutional strategy or
current policies

Social inertia of adaptation

Data accessibility

Lack of policy support

Legislation

Multi-use landscape

Funding opportunities
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Incentives Few | No| Few | No| Few | Few | Few | Fully | Few| No [ Fully [ No | No| No No No | No No No No
Owners’ approval require- -1 -1 -1 -1 -1
ment
Bureaucracy Few Few Hard | Hard Hard | Hard
Willingness to take eco- 1 1 1 1 1 -1 -1 -1 -1 -1 1 1 1 1 1
nomic risk
Inspiration from traditional 1 1 1 1 1 1 1
practices
Transdisciplinary approach 1 1 1 1 1 1 1
Emergence of the initiative 1 1 1 0,5
from external actor
Social acceptability 1 1 1 1 1 1 1 1 1 1
Lack of external awareness -1 -1 -1 -1
Path-dependency of habits -1 -1 -1 -1 -1 -1
Personal mindset change 1 1 1 1 1 1
Designing from existing 1 1 1 1
initiatives
Dialogue between peers 1 1 1
Lack of built sector -1 -1 -1
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S4. Table. Original quotes from semi-structured interviews conducted with
tion in the European Alps, cited in the main text.

managers of implemented Nature-based Solutions to climate change adapta-

Quote n°1

« Du coup on a un support de biodiversité puisqu’on a une fonge, une avifaune, une

entomofaune qui est compatible avec ce type-la de sapin. C’est pour ¢a aussi qu’on

a choisi du sapin : meilleure acceptabilité sociale, ¢a collait mieux a la biodiversité
francaise. »

Quote n°2

« [la ronce] arrive, elle arrive & grand galop, donc aprés c’est : quelle va étre la ges-
tion de la ronce, comment on va la gérer, comment on peut vivre avec, comment on
peut vivre avec le regard des gens qui vont dire [...] y a des ronces partout dans ces

vignes »

Quote n°3

“We have neighbours and friends who come to help us when we have a lot of work.
Then we make something to eat and drink, and we give them products from the
farm.”

Quote n°4

« Apres il fallait une action [sur cet alpage], et on tenait beaucoup a ce qu’il y ait
une action plus large qui puisse servir & tout le secteur agricole [du secteur] »

Quote n°5

« Moi je fais ¢a par passion hein. Je fais ¢a par passion, j’avais cinq ans, j’allais dans
les bois avec mon pere »

Quote n°6

« Et nous on peut quand-méme démontrer que, moi quand je plante, j’ai planté
six hectares, je ne sais pas a combien ¢a correspond, mais je vais capter du carbone
pendant 60 ans, plus peut-étre, pendant 100 ans, si je fais un batiment »

Quote n°7

« Donc [...] la grande idée était dans les cartons, mais il n’y avait pas tellement, en
tout cas en France, de projet de cette ampleur qui nous permettait d’aller chercher
un exemple quoi »

Quote n°8

“And for me as the lead partner, but also I think many other partners had to fight
with it, was the administration, the high level of administration”
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S5.  Table. Matriz of the elements suggested by the interviewees involved in Nature-based Solutions implementation to amplify similar initiatives. The
code “1” indicates that the element is expected to enhance the amplification of NbS. The code “-17 indicates that the element is expected to constrain the
amplification of NbS. The blank cell indicates that the element is not mentioned by the interviewee. Each column corresponds to one NbS as follows: a:
ReMot; b: ONRes; c: ITHel2; d: KLTie_2; e: ChAgr; f: ReVel; g: PNLil; h: ReChi; i: ReBu2; j: ReSem__2; k: NCPro; I: KLTie_1; m: KLIn; n: ITHell; o:
IRAlp; p: WaHyM; q: IUlse; r: ReSem__1; s: EUGre; t: SlFor

Nature-based Solutions
Levers and barriers a b c d e f g h i j k 1 m n o p q r S t
Giving more power to local administration 1 1
Having a shared vision between actors 1 1 1 1
Required long-term investments -1
Demand from civil society -1 -1 1 1 1
Great institution’s reputation 1 1 1 1 1 1
Being in a bubble with only aware people -1 1] -1
Vision gap between locals -1 -1
Required intense personal investment -1
Expliciting personal vision 1
Fear of changes -1
Sharing initiatives 1 1 1
Raising awareness on regulating NCP 1 1 1 1
Getting inspired by traditional practices 1
High adaptation occurs when no choice -1 1 1
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Improving models

Multiplying real-case evidence

Enabling monitoring activities

Limited effectiveness of NbS

Cultural value from external actors

Interdisciplinary approach

No one-fits-all solutions

Lack of feedback

Feeling meaningless as a drop in the ocean

Guidelines for practitioners

Facing time lag before getting benefits

Research on NbS

Funding dependency

Future funding opportunities

Non-concrete planning document

Conflicts between locals

Expensive required equipment

Intense bureaucracy

Legislative land subdivision
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Available private lands 1
More restrictive legislation 1 1
Interest in labour 1
More restrictive certification -1 1 1 1 1
Networking institution 1 1 1
Concern for social acceptance
Snowball effect 1
Other non-climatic issues -1 -1
Inclusive approach 1 1
Co-designing with locals and researchers 1 1 1 1 1 1 1
Raising local stakeholders’ awareness 1 1 1 1 1 1 1 1 1
Raising civil society awareness 1 1 1
Raising policy-makers’ awareness 1 1 1 1
Time spent on awareness-raising activities -1 -1 -1
Inconsistent and /or ever-changing policy -1 -1 -1 -1 -1
Policy-maker support 1 1 1 1
Inadequate incentives for NbS -1 -1 -1 -1 -1 -1 -1
Society’s inertia to adapt -1
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S6. Table. Matriz of the transformative adaptation characteristics of the Nature-based Solutions identified in the Alps.

Transformative adaptation characteristics

Nature-based | Restructuring | Restructuring | Path-shifting System-wide Innovative (I) Multi-scale Multi-scale Persistency
Solutions People-Nature ecosystem (PS) (SW) network co-production (P)
(RPN) (RES) (MSN) (MSC)
ReMot Intrinsic values | Change in NCP | Change in social Small Known experi- Single disci- Peer-to-peer Adaptable
relationships ments plinary
ONRes Relational Change in spe- | Change in social Pilot site Never seen Single disci- Co-design Adaptable
values cies richness relationships before plinary
ITHel2 Relational Change in NCP | Change in social Small Unusual in the Single disci- Peer-to-peer Adaptable
values relationships region but known plinary
elsewhere
KLTie_ 2 Intrinsic values | Change in NCP | Change in social Small Known alterna- Single disci- Fostering collab- Adaptable
relationships tive plinary oration
ChAgr Instrumental Change in Gradual change Small Known alterna- ITD Co-design Aborted
values land-cover in practices tive
ReVel No mentioned Change of Gradual change Small New species Single disci- Peer-to-peer Policy-
value species in practices plinary dependent
PNLil No mentioned Change in spe- | Gradual change Pilot site Unusual in the Single disci- Fostering collab- Methods
value cies richness in practices region but known plinary oration
elsewhere
ReChi Instrumental Change in land- | Radical change Pilot site Known alterna- Single disci- Fostering collab- Policy-
values scape connec- in practices tive plinary oration dependent
tivity
ReBu2 Instrumental Change of Gradual change Small New species Single disci- Public-private Planned to
values species in practices plinary partnership persist
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ReSem_ 2 No mentioned Change of Business-as- Pilot site New species ITD Public-private Planned to
value species usual partnership persist
NCPro No mentioned Change of Business-as- Small New species Single disci- Private-private Methods
value species usual plinary partnership
KLTie_1 No mentioned No change Gradual change Municipalities Unusual in the Fostering inter- Public-private Funding-
value in practices region but known disciplinarity partnership dependent
elsewhere
KLIn No mentioned No change Gradual change Municipalities Unusual in the Fostering inter- Public-private Funding-
value in practices region but known disciplinarity partnership dependent
elsewhere
ITHell Instrumental Change in NCP | Change in social Interregional Known alterna- Single disci- Public-private Methods
values relationships tive plinary partnership
IRAlp No mentioned No change Change in social Interregional Known experi- ITD Public-private Methods
value relationships ments partnership
WaHyM Instrumental Change in NCP | Integrated vision Interregional Known experi- ITD Co-design Methods
values of the system ments
IUIse Relational Change in land- | Integrated vision | Municipalities Known experi- ITD Co-design Planned to
values scape connec- of the system ments persist
tivity
ReSem_ 1 Relational Change in spe- | Change in social Interregional Known experi- ITD Public-private Funding-
values cies richness relationships ments partnership dependent
EUGre No mentioned Change in NCP | Integrated vision Interregional Known experi- ITD Co-design Methods
value of the system ments
SlFor No mentioned Change in Integrated vision Interregional Known experi- ITD Public-private Policy-
value species of the system ments partnership dependent







Chapter IV

Priority areas for nature-based
adaptation to climate change in the Alps

Conservative Agriculture aims to enhance soil fertility, biodiversity and climate change
adaptation through no-tillage practices, cover crops, and crop rotation. This Italian farm
is engaged in the Life-HelpSoil project, which focuses on the experimentation and the
dissemination of conservative agriculture practices in Udine region. The vehicle injects
manure into the soil, without compacting it, fostering species diversity of grasslands.
Source: the author.
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Abstract

Nature-based Solutions (NbS) are promising initiatives for climate change adaptation, aiming
to protect, restore or sustainably manage ecosystems for mitigating climate hazards. In con-
junction with their role as Nature’s Contribution to Adaptation (NCA), NbS can deliver mul-
tiple co-benefits, including carbon sequestration and the provision of habitats for biodiversity.
However, the implementation of NbS remains limited, exacerbating the adaptation gap along-
side the accumulation of global carbon emissions in the atmosphere. Given the finite human
and financial resources for NbS implementation, prioritising areas is urgent. Existing literature
on climate risk assessment in social-ecological systems faces challenges in accounting for the
NCA supplied by ecosystems in the face of future climate conditions. Moreover, the overlaps of
priority areas for NCA with areas providing co-benefits for climate change mitigation and biodi-
versity conservation are still unclear. Here, we considered future soil moisture and groundwater
as indicators of NCA. They allowed the identification of priority areas for the implementation
of NbS for adaptation to drought in the European Alps. Our analyses reveal that co-benefits
for carbon sequestration and biodiversity conservation do not overlap with these priorities for
drought adaptation. Moreover, our results illustrate the high potential of NbS in croplands and
wetlands located within protected areas to enhance NCA. In contrast, participatory approaches
involving local communities are required to implement NbS within priority forests and grass-
lands that face significant pressures from outdoor recreation activities. Future NbS initiatives
must consider specific landscape contexts within priority areas to identify beneficiaries from
their outcomes.

Key-words

Nature-based Solutions; Climate change adaptation; Biodiversity conservation; Carbon se-
questration; Spatial prioritisation
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1. Introduction

The transition towards a sustainable future is urgent to tackle climate and biodiversity crises.
(Brondizio et al., 2019; Portner et al., 2023, 2022). Nature-based Solutions are increasingly rec-
ognised as suitable options for climate change mitigation and adaptation from and for biodiver-
sity (Chausson et al., 2020; Cohen-Shacham et al., 2016; Girardin et al., 2021; Torralba et al.,
2016). NbS also maintain or enhance multiple Nature Contributions to People (NCP) (Manes
et al., 2022; Torralba et al., 2016).

Research on NbS is still in its infancy (Seddon, 2022), but these promising actions that protect,
restore or sustainably manage ecosystems are already integrated into adaptation policies aimed
at addressing the impacts of climate and biodiversity crises. Notably, the Nature Restoration
Law recently passed by the EU (European Union) incorporates objectives for NbS implementa-
tion, consistently with the Kunming-Montréal Convention for Biodiversity Framework (CBD,
2022; European Commission, 2022, 2021). Following these commitments, the policy aims to
restore “at least 20% of the EU’s land and sea areas by 2030 and all ecosystems in need of
restoration by 20507, and to ensure “that there is no deterioration in conservation trends or
in the status of protected habitats and species” (European Commission, 2022). The Alpine
Convention developed a Climate Action Plan in 2021 that based most of its actions on NbS
(Alpine Convention, 2021).

Despite these promising policies, a substantial NbS implementation gap persists in Europe,
particularly in the Alps (Liickge and Simon, 2022; McDowell et al., 2021). Therefore, given
the finite human and financial resources for NbS implementation, identifying priority areas is
required (European Commission, 2022), especially as current NbS are not always implemented
where they are the most needed (Dubo et al., 2022; Houghton and Castillo-Salgado, 2020).
Although the European Alps are under multiple legislation from eight countries, they constitute
a coherent biophysical continuum with a common cultural heritage (Alpine Convention", 2016;
Gazzelloni et al., 2015). Consequently, the prioritisation of adaptation efforts must be reasoned
at the entire Alpine scale, and not only at the country level.

Most of the previously identified NbS in the Alps primarily targeted adaptation to drought
(Dubo et al., 2022). Drought events are expected to become more intense and more frequent in
the future whatever the climate change scenario (Gobiet and Kotlarski, 2020; Kotlarski et al.,
2022), exacerbating impacts on crop yields, forest health, wetlands functioning, and fodder pro-
duction in Alpine meadows, among others (Elkin et al., 2015; Seidl et al., 2017; Stephan et al.,
2023). Moreover, droughts also threaten Alpine biodiversity and the valuable NCP it provides
(Egarter Vigl et al., 2021; Elkin et al., 2013; Stritih et al., 2021). NbS have proven their effec-
tiveness in drought adaptation of forestry and water bodies management in the Alps (Elkin et
al., 2015; Pugliese et al., 2020; Seidl et al., 2011) and agriculture elsewhere (Altieri et al., 2015;
Torralba et al., 2016). In the Alps, NbS encompass a range of interventions, such as agroforestry
to mitigate drought impact on agriculture; silvopastoral practices to safeguard fodder produc-
tion during extreme drought and reduce heat stress of livestock; natural forest regeneration to
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enhance their resilience to drier conditions; and wetland restoration to improve water connec-
tivity within landscapes and, therefore, reduce the water scarcity duration and protect biodi-
versity (Dubo et al., 2022). In these examples, NbS aim to enhance or maintain the retention
of water in ecosystems, an example of the crucial NCP for adaptation that we refer hereafter to
as Nature’s Contributions to Adaptation (NCA, Colloff et al., 2020). With expected increasing
demand in future conditions, the existing NCA, such as groundwater already abstracted for
irrigation, may become increasingly used and valued (Elliott et al., 2014; Iglesias et al., 2011).
At the same time, NCA can be enhanced, e.g. with practices that enhance soil water retention
to face periods of drought when access to irrigation is restricted.

Given the goal of a just and sustainable future, priority areas to implement NbS for adap-
tation to climate change should be where communities are the most at risk (Allen et al., 2018;
Birkmann et al., 2022). The IPCC defined the risk as “the potential for adverse consequences
for human or ecological systems”, resulting from a combination of (i) hazards, i.e “the potential
occurrence of a natural or human-induced physical event or trend” that may cause damages,
such as droughts; (ii) exposure, i.e. “people, livelihoods, environmental services and resources,
infrastructure, or economic, social, or cultural assets in places that could be adversely affected
by physical event” including ecosystem services; and (iii) vulnerability, i.e. “the propensity or
predisposition” of the exposed element to be adversely affected by a physical event (IPCC,
2014; Lavell et al., 2012). Despite the interdisciplinary nature of the risk assessment literature,
only a few studies adapted this framework to social-ecological systems, including the Delta-SES
framework (Depietri, 2020), the Global Delta Risk Index (Hagenlocher et al., 2018) and the
Vulnerability and Risk Assessment of Social-ecological Systems in NbS (Shah et al., 2020).

In addition, the NCP supply is rarely included in risk assessment (Lecina-Diaz et al., 2021;
Stritih et al., 2021; Xu et al., 2016). The commonly used approaches generally separate ecolog-
ical and social assessments (Hagenlocher et al., 2018; Lazzari et al., 2021; Thiault et al., 2018).
This distinction excludes in most cases NCP evaluation, even in NbS studies for climate change
adaptation. Rather, the social part of the vulnerability index is assessed from broad indicators,
such as health expenditure of the local government and net inflow, that may not reflect the local
well-being (Hagenlocher et al., 2019; Shah et al., 2020). The ecological part of vulnerability is
assessed with indicators, such as protected areas cover or the presence of arsenic (Hagenlocher
et al., 2018; Shah et al., 2020), that may bias the actual impacts of a specific hazard on NCP.
Moreover, some indicators that may be relevant for a region or a country, e.g. the corruption
index, may be inappropriate elsewhere. Therefore, practitioner-friendly approaches that facili-
tate the identification of priority areas for adaptation and that include current and future NCA
supply are needed (Hagenlocher et al., 2019).

Many spatial prioritisation approaches focus on hotspots of a target variable. For instance,
biodiversity richness or the presence of threatened species and habitats are considered in priori-
tisation approaches for conservation areas (Eitelberg et al., 2016; Huang et al., 2020; O’Connor
et al., 2021). Hotspots of sequestered carbon were highlighted to support mitigation efforts
(Eitelberg et al., 2016) and were also combined with biodiversity to address synergies in conser-
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vation (Jung et al., 2021). Some spatial NbS prioritisation studies consider the multiple NCP to
be safeguarded, such as freshwater supply, biomass production, air quality and flood regulation
(Cimatti et al., 2022; Li et al., 2021; Mori et al., 2021). Others have also integrated the mone-
tary values of NCP (Partl et al., 2017).

In contrast, other spatial approaches identified as priority areas the coldspots (i.e. areas with
lowest values) of a target variable, assuming those would be the places with the largest poten-
tial to increase this value. For instance, priority areas for NbS were identified according to their
potential for carbon sequestration (Lugato et al., 2014a; Pan et al., 2023; Zomer et al., 2017),
creation of habitat for biodiversity (Bourne et al., 2016) or NCP provision (Comin et al., 2018;
Odgaard et al., 2017).

In either hot- or coldspot approaches, some studies combined multiple target variables to
identify trade-offs and synergies, for instance between biodiversity and carbon (Strassburg et
al., 2020), climate change adaptation and mitigation (Jones et al., 2020; Villarreal-Rosas et al.,
2023), or NCP and biodiversity (Felix et al., 2022; Ou et al., 2022; Srivathsa et al., 2023; Thiault
et al., 2018). However, these previous assessments do not consider joint areas to maintain and
enhance NCP for biodiversity conservation, climate change adaptation and mitigation.

In summary, the identification of priority areas for NbS requires considering on the one hand
the need for maintaining NCA and on the other hand the need for enhancing them, along-
side their potential co-benefits for climate change mitigation and biodiversity conservation.
Furthermore, the characterization of the social-ecological contexts surrounding priority areas
informs on conditions for their future implementation (Crouzat et al., 2016, 2015). In this study,
we detected where to prioritize NbS in the Alps for adaptation to drought, and whether identi-
fied areas overlap with the highest potential to safeguard or enhance carbon sequestration and
biodiversity.

Our objectives were: i) to identify and characterize priority areas to implement NbS for adap-
tation to drought aiming to maintain or enhance water retention; ii) to evaluate the potential
co-benefits of these priority areas for carbon sequestration and biodiversity conservation; and
iii) to describe the potential of social-ecological contexts that comprise priority areas to imple-
ment future NbS.

To address these objectives, we identified priority areas to implement NbS for adaptation to
drought across the Alpine Space, ranging from high mountains to surrounding lowlands with
common policy cooperation programs, for which we refer hereafter to as the Alps. We identified
priority areas in the land-use and land-cover types (LULC) within which NbS are commonly
implemented to adapt to drought, namely croplands, grasslands, forests and wetlands. We
characterized the location of priority areas in regard to geography and elevation. We assessed
the overlaps of priority areas for adaptation with co-benefits for carbon sequestration and bio-
diversity conservation. We evaluated the distribution of priority areas with respect to protected
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areas, in order to assess feasibility. Lastly, we used the supply, flow and demand for eight NCP
to describe the potential of social-ecological contexts surrounding priority areas to implement
future NbS.

2. Material & Methods

2.1. Conceptual background

We reviewed the indicators used in drought risk assessment literature (Table S1). Drought
hazard is often related to soil moisture, i.e. the volume of water within the unsaturated zone
of the topsoil. Drought is commonly declared when soil moisture decreases under a threshold
(Dilawar et al., 2022; Sekhri et al., 2020). The adaptation options to address drought include
watering, e.g. with irrigation systems, and increasing soil water retention, e.g. through agroeco-
logical practices (Altieri et al., 2015; Iglesias et al., 2011; Pulido-Velazquez et al., 2011). Here,
we defined NCA for drought as the available volume of water contained in both topsoil and
aquifers. Watercourses were not considered as they are mainly connected to aquifers (Haas and
Birk, 2017).

The volume of water contained in topsoil (hereafter “soil moisture”) and in aquifers (i.e.
the percolating water through the unsaturated zone, hereafter “groundwater”) are positive-
ly correlated due to their dependence on precipitation, canopy interception, snow accumula-
tion and melting, infiltration, evapotranspiration, and runoff generation (Haas and Birk, 2017;
Samaniego et al., 2018). However, groundwater may respond differently to drought compared
to soil moisture. Therefore, within areas experiencing the most severe drought, we applied the
“bright spots” approach (Cinner et al., 2016) to identify places where the amount of groundwa-
ter is substantially higher (bright spots) or lower (dark spots) than expected, i.e. areas present-
ing a surplus and a deficit of NCA, respectively.

Our approach followed six methodological steps presented in Fig 1. The three first steps de-
scribe the process for calculating the priority index, and the next steps describe the location of
priority areas (fourth step), the potential co-benefits of implementing NbS in priority areas for
climate change mitigation and biodiversity conservation (fifth step), and the social-ecological
systems that comprise priority areas (sixth step).

2.2. Data processing

Given a drought event, with a decrease in soil moisture and groundwater, the impacts are dif-
ferent across regions, reflecting site-specific adapted ecosystems across the range of climates in
the Alps (Hari et al., 2020; Stephan et al., 2021). To compare values across climates, we applied
the bright spots analysis which has proven its ability to identify valuable places for NCP man-
agement across regions (Frei et al., 2018). We first downloaded groundwater and soil moisture
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data computed by the EDgE project (End-to-end Demonstrator for improved decision-making
in the water sector in Europe) for the reference (1970-2000, hereafter referred to as 2000) and
future period (2085 and 2115, hereafter referred to as 2100), at the pan-European scale (tab. 1).
Previous hydrological research related to NCP or NbS has identified that the subwatershed level
is adequate for large scale analysis (Comin et al., 2018; Meisch et al., 2019; Villarreal-Rosas et
al., 2023). Therefore, we computed the median values for soil moisture and groundwater at the
finest available watershed division provided by the HydroBASIN v1 dataset (Lehner et al., 2008;
Lehner and Grill, 2013) (Table 1).

We computed statistical linear models to analyse the relationship between future groundwater
and future soil moisture, considering all combinations that include annual and seasonal data, as
well as raw and log-transformed data. Because the absolute soil moisture values were not avail-
able from the EDgE dataset, we used the derived drought duration indicator as a proxy of it.
For each subwatershed, we calculated the distance between the future groundwater values from
the EDgE project, and the fitted groundwater values from the model with the highest accuracy,
hereafter referred to as groundwater anomalies (Fig 1, step 1). A positive deviation indicates a
bright spot of groundwater, i.e. where values are higher than expected from future soil moisture.
In contrast, a negative groundwater deviation indicates a dark spot of groundwater, i.e. where
values are lower than expected (Fig 1, step 1).

For each subwatershed we computed a priority index by multiplying min-max normalised
values for groundwater anomalies and the relative change in drought, which we used as a proxy
of the future drought intensity (Langemeyer et al., 2015) (Fig 1, step 2). The priority areas se-
lected based on the priority index are hereafter referred to as “water surplus” for bright spots,
and as “water deficit” for dark spots.

2.3. NbS options for drought adaptation in Alpine lands

To determine which NbS options can be implemented for adaptation to drought and where,
we reviewed previously implemented NbS that aim to adapt to drought using the PORTAL
database (Table 1; Dubo et al., 2022). We selected the most implemented NbS interventions
for each of the four main LULC of the database, namely croplands, grasslands, wetlands and
forests. These NbS are agroecological practices in croplands, such as agroforestry practices and
soil conservation approaches; silvopastoral practices in grasslands; wetland protection or resto-
ration; and sustainable forest management, previously referred to as “close-to-nature-forestry”
(Brang et al., 2014), which encompasses the natural regeneration and the promotion of mixed
forest featuring coniferous and broadleaf tree species where their assembly is viable (Dubo et al.,
2022). Because none of the urban NbS in PORTAL’s database addressed drought, we excluded
urban areas from our prioritisation approach. We extracted the areas corresponding to the four
selected LULC from the Corine Land-Cover dataset (Table 1).
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2.4. Identification of priority areas

We further defined exclusion criteria reflecting the biophysical feasibility of NbS implemen-
tation, based on grey and academic literature (Fig 1, step 3). For silvopastoral practices and
sustainable forest management, we excluded grasslands and forests that exceed the elevation of
the future tree line distribution (Table 1., Mauri et al., 2022). Due to the complexity of planting
trees in steep areas, croplands and grasslands that are located where slopes exceed 35° were ex-
cluded for implementation of agroecological and silvopastoral practices, respectively (Table 1.,
De Mendonga et al., 2023). We did not identify exclusion criteria for wetlands, as we considered
they can all be either protected or restored depending on their conditions (Odgaard et al., 2017;
Zedler and Kercher, 2005).

We applied respective exclusion criteria for every studied LULC and selected, for each, the
10% of the resulting areas with the highest positive priority indices, indicating water surplus,
and the 10% of those with the lowest negative priority indices, indicating water deficit (Fig 1,
step 4).
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Methodological steps to identify the priority areas to implement NbS to adapt to drought in the Alps. Steps 1 and 2 describe the computation
of the prioritisation level based on soil moisture, groundwater and relative change in drought intensity from 2000 to 2100 (RCP8.5). Step 3 describes the

filtering step applied for each LULC considering biophysical constraints for NbS implementation. Step 4 describes the selection of priority areas considering
the 10% of the highest level of prioritisation for both bright and dark spots. Step 5 describes the analysis of potential co-benefits within priority areas. Step 6
describes the characterisation of the landscapes surrounding priority areas.



2.5. Potential co-benefits for climate mitigation and biodiversity

To quantify climate mitigation potential, we identified the distribution of the amount of soil
organic carbon and soil carbon saturation across priority areas, within each LULC category
(Fig 1, step 5). These variables were assessed and mapped at the EU level by the EDSAC
(European Soil Data Centre) from samples collected between 2006 and 2010 at the EU level
(European Commission et al., 2013; Lugato et al., 2014a, 2014b) (Table 1). Soil carbon satura-
tion was assessed and mapped considering possible alternative management practices, including
agroecological practices such as straw incorporation and reduced tillage. Although aboveground
biomass in forests contains two to three times the carbon sequestrated in their soil, they are
highly correlated (Cheng and Niklas, 2007; Liski et al., 2002; Meier and Leuschner, 2010). We
therefore used soil carbon content to compare carbon stocks between forests. We conducted an
analysis of variance (ANOVA) to detect whether soil organic carbon and soil carbon saturation
differ between areas with water deficit and those with water surplus.

Regarding biodiversity potential, the EEA (European Environment Agency) assessed at the
EU level the status of ecosystems for biodiversity conservation according to habitat range, struc-
ture, functions and population dynamics of its typical species. The EEA categorised ecosystems
into three statuses: favourable, unfavourable and bad status for biodiversity conservation (EEA,
2020). We evaluated the proportion of each status within priority areas, and we performed X2
tests, for each LULC category, to detect whether the distribution of ecosystems’ status differs
between areas with water deficit and those with water surplus (Fig 1, step 5).

Finally, to detect whether the protection status of ecosystems influences the potential for
climate change mitigation within each of the two types of priorities, we computed ANOVA for
each LULC. The explanatory variables were the protection status of ecosystems and the types of
priority (i.e. water deficit or surplus), and the response variable was first the soil organic carbon,
and secondly the carbon saturation.

Because the available datasets at the European scale do not cover Switzerland, the co-benefits
analyses were conducted without considering priority areas in Switzerland.
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Table 1.

co-benefits and to characterize the enabling conditions to implement NbS.

Description of data used to identify priority areas for NbS, to analyse the potential

Data Description Unit Spatial cover- Source and
age references
Identification of NbS options
NbS interven- | The different NbS identified in the NA NA PORTAL data-
tions Alps that aim to adapt to drought base (https://por-
tal.osug.fr/)
Identification of priority areas
Drought index | The duration during which the soil Months Europe (Samaniego et al.,
moisture remains under a threshold 2019)
in a year
Groundwater The volume of percolating water mm/day Europe (Samaniego et al.,
recharge through the unsaturated zone to the 2019)
aquifers
Watersheds Delimitations of the areas where all Spatial coordi- Europe (Linke et al.,
areas the water falling within gathers in nates 2019)
one point
LULC Land-use and land-cover Categories Europe European
Commission, 2018
Future poten- | Future potential distributions of 67 | Potential of pres- Europe EU-Trees4F proj-
tial distribution tree species in Europe for 2050 ence (yes/no) for ect (Mauri et al.,
of trees each species 2022)
Potential co-benefits
Soil organic Amount of organic carbon in the tC.ha-1 Europe (Lugato et al.,
carbon topsoil (0-30 cm depth) 2014b)
Carbon seques- Amount of atmospheric carbon Mt CO2 eq. EU (Lugato et al.,
tration poten- that can be sequestrated with 2014a)
tial optimized management towards this
objective
Status of Status of a habitat based on Aggregated index EU (EEA, 2020)
ecosystem for natural range, area, structure and of status of con-
biodiversity functions, and prospects servation
conservation
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https://portal.osug.fr/
https://portal.osug.fr/
http://tC.ha

Characterisation of priority areas

(S); Visitation rate (F); Beneficiaries

(D)

Habitats of symbolic species (S);
occurrences in hotel names

Index (S); num-

ber of hotels (F)

Elevation The altitude of the surface above Meters Europe Worldclim
the sea level v2.0 (Fick and
Hijmans, 2017)
Countries / Spatial coordi- Europe Eurogeographics,
borders nates 2020
Forest types Categories of forests based on the Forest category: Europe Copernicus (2018)
tree cover density for broadleaves broadleaf domi-
and conifers. nance; coniferous
dominance; mixed
forests
Protected Delimitations of the protected Spatial coor- FEurope WDPA (2023)
areas areas; category of protected areas’ dinates; IUCN
management defined by the IUCN categories
NCP supply Freshwater provision from the m3.y-1; Alpine Space AlpES project
(S), flow (F) | ecosystems (S), used by society (F), m3.ha-1.y-1; (Schirpke et al.,
and demand and abstractions (D) m3.ha-1.y-1 2019)
(D) assessed
and mapped at Fodder production in grasslands tDM.ha-1; MJ
the municipali- | (S), harvested and grassed biomass NEL ha-1; MJ
ty scale in grasslands (F); fodder needs for NEL ha-1
livestock
Net annual increment of biomass in m3.ha-1.yr-1
Alpine forests (S), timber remov-
als for fuel wood production (F),
required amount of fuelwood (D)
Nitrogen removal (S-F); Nitrogen Kg.ha-1.y-1
loads (D)
Protective forests against landslides Index
(S); Protected sites (F); Sites requir-
ing protection (D)
Annual rate of CO2 sequestration tCO2.ha-1.y-;
by forests (S-F); CO2 emissions tC0O2.ha-1
Outdoor recreational activities offer Index
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http://m3.ha
http://m3.ha
http://tDM.ha
http://ha-1.yr
http://Kg.ha
http://tCO2.ha
http://tCO2.ha

2.6. Characterization of priority areas

We characterised priority areas by analysing, for each LULC, their distribution across eleva-
tion and across countries, based on the Worldclim database (Table 1., Fick and Hijmans, 2017).
Moreover, we assessed the proportion of priority areas within and outside protected areas, con-
sidering the IUCN categories of protected (Table 1., Vimal et al., 2021).

To characterize the social-ecological systems surrounding priority areas, hereafter “land-
scapes”, we first extracted the amount of NCP supply, flow and demand assessed and mapped
at the municipality scale by the AIpES project for eight NCP: drinkable freshwater, fodder from
grasslands, timber from forests, water filtration, protective function of forests against landslides,
carbon sequestration, outdoor recreation, habitat for symbolic biodiversity (Schirpke et al.,
2019). We selected these material, non-material and regulating NCP because they inform on the
social-ecological conditions in landscapes surrounding priority areas. We note that, given the
mosaic of LULC within each municipality, they can differ from potential co-benefits of priority
areas assessed at the patch level. To characterize the variety of landscapes surrounding prior-
ity areas across the Alps, we performed, for each LULC, a clustering analysis based on NCP
values of municipalities containing the priority areas, and we extracted the NCP variables that
discriminated each cluster. We grouped the clusters from different LULC that share more than
half of their discriminating NCP variables, and we validated the group with the observation of
the areas from satellite images. We finally assessed the proportion of these clusters within the
priority areas to compare the distribution of the clusters in those with a water surplus with
those with a water deficit (fig. 2, step 6).

All data analyses were performed with R (version 4.1.0) and QGIS (version 3.16.5).

3. Results

3.1. Linear model and deviation distribution

The linear model using the log-transformed value of groundwater during the summer season
as a response variable, and the soil moisture as an explanatory variable, had the highest accu-
racy among all the models of the relationship between groundwater and soil moisture (Fig 2a,
Fig. S2). More watersheds are located in bright spots, i.e. with water surplus (295,141 km?
76% of the Alpine Space extent), than within dark spots, i.e. with water deficit (95,088 km?,
24% of the Alpine Space extent). Both positive and negative groundwater anomalies are, on
average, greater within watersheds with the highest increase in drought intensity (Fig. 2b) than
watersheds with the lowest increase. The distribution of the anomalies is similar between the
four LULC (Fig S3).
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Fig. 2. Scatter plot of the values in each watershed for: a) log-transformed values of future
groundwater in the summer season (mm/day) depending on future soil moisture (number of dry
months per year); b) groundwater anomalies, i.e. the distance between future groundwater and the
fitted groundwater from the linear model plotted in red (in panel a), depending on the relative change
in drought duration based on current and future soil moisture (number of dry months per year) between
2000 and 2100. Each dot is coloured by the average elevation of the corresponding watershed.

3.2. Distribution of priority areas across the Alps

Priority areas to implement NbS for adaptation to drought are unevenly distributed across
Alpine countries (Fig S4), and along elevation (Fig 3). Regions with water deficit are mainly
located in lowlands, close to mountainous areas, in the southwestern Alps (in France and Italy)
and in the northeastern Alps (in Austria). Regions with water surplus are in two main locations:
the western Alps (in France and Switzerland) and southern hillsides (in Italy) (Fig S4).

Priority areas in croplands and forests are located consistently with the elevation distribution
that corresponds to their respective LULC, i.e. croplands are located in lowland valleys, and
forests are found at mid-elevation (Fig 3). Priority areas within grasslands and wetlands are
evenly distributed along elevation, with areas of water deficit at lower elevations than those
of water surplus. The number of priority wetlands in the Alps is limited compared to priority
areas in other LULC (1% of all priority areas) and concentrated in two main zones. Firstly,
priority wetlands with water surplus are mostly located in the western Alps, corresponding to
the Dombes region (France). Secondly, priority wetlands with water deficit are mostly located
in the eastern Alps, corresponding to the Neusiedl Lake region (Austria).
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Fig. 3. Distribution of elevation of the priority areas to implement NbS for adaptation to

drought in the Alps, considering bright (in blue) and dark (in brown) spots of groundwater for four
LULC: croplands (A), grasslands (B), forests (C), and wetlands (D). AS indicates all the values within
the Alpine Space (E). The letters indicate whether the distribution of bright and dark spots is signifi-
cantly different (p-value < 0.05), for each LULC. The distribution with the letter “a” indicates that it
has a stmilar distribution than across the Alpine Space. The distribution between LULC is not com-
pared here.

3.3. Co-benefits of priority areas

3.3.1. Carbon sequestration
e Soil organic carbon in priority areas

Priority wetlands with water deficit currently store higher soil organic carbon than those
located in watersheds with water surplus, suggesting that priority wetlands for maintaining
groundwater do not overlap with hotspots of soil organic carbon. No differences were found in
current soil organic carbon between priority areas of the other LULC (Fig 4).
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Fig. 4. Distribution of soil carbon content (tC/ha, log-transformed) (top row) and soil carbon

saturation (from 0 to 1) (bottom row) in priority areas to implement NbS for adaptation to drought,
considering bright and dark spots of groundwater for four LULC: croplands (A), grasslands (B), forests
(C), and wetlands (D). AS indicates all the values within the Alpine Space (E). The letters indicate
whether the distribution of bright and dark spots is significantly different (p-value < 0.05), for each
LULC. The distribution with the letter “a” indicates that it has a similar distribution as across the
Alpine Space. The distribution between LULC is not compared here.

213



e Soil carbon saturation in priority areas

Soils in priority forests are highly saturated in carbon (significantly more than across the
Alpine Space), in both priority areas with water deficit and surplus, indicating that their soils
have already reached maximum carbon sequestration capacity (Fig 4). The level of soil carbon
saturation in priority croplands varies from low to medium, both in areas with water deficit
and surplus. Most of their soil has carbon saturation below 50%, offering the capacity of these
areas to sequester at least twice the amount of current carbon with appropriate management
like straw incorporation and reduced tillage. For priority wetlands and grasslands, soil carbon
saturation is higher in areas with water surplus than with water deficit. Soil carbon satura-
tion of these priority areas with water surplus is around 80%, suggesting that NbS in these
wetlands and grasslands would be optimal for maintaining abundant groundwater and carbon.
Complementary to these, priority wetlands and grasslands with water deficit appear as opti-
mal locations for NbS like wetlands surroundings of the Neusiedl Lake (Austria) or grasslands
surrounding the Cian gorges (southern French Alps) that would simultaneously foster water
retention to address drought and sequestering carbon (Fig 4).

3.3.2. Habitat conservation status for biodiversity

Overall, most of the priority areas fall within ecosystems without a favourable status for
biodiversity conservation (96%), representing a higher proportion than across the entire Alps
(83%) whatever the LULC (Fig 5). We found that the majority of priority croplands, forests,
and wetlands with water deficit are located within ecosystems that do not have a favourable
status for biodiversity conservation, in contrast to the areas with water surplus. Grasslands with
water surplus have a worse status for biodiversity conservation than those with water deficit,
likely reflecting more intensive use and the degraded status of many wet grasslands, e.g. in the
Dombes region.
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Fig. 5. Barplots of the number of priority areas to implement NbS for adaptation to drought

depending on the status of the ecosystems for biodiversity conservation, considering bright (Surplus)
and dark (Deficit) spots of groundwater for four LULC: croplands (A), grasslands (B), forests (C), and
wetlands (D). AS indicates all the values within the Alpine Space. The bar at the right side displays the
distribution of the status of the ecosystems for biodiversity conservation across the Alpine Space (AS).
The stars indicate the IUCN category for which the distribution significantly differs between bright and
dark spots of the same LULC.

3.3.3. Co-occurrence of benefits for climate mitigation and biodiversity
conservation

e Associations between current soil organic carbon and biodiversity

Soils of priority croplands with a favourable status for biodiversity conservation currently
store more organic carbon than priority croplands with inadequate or bad status (Fig S5). This
suggests that NbS aimed at maintaining groundwater in these croplands overlap with high pri-
orities to simultaneously prevent biodiversity and soil carbon from future deterioration.

Soils of priority grasslands with a bad status for biodiversity currently store more organic car-
bon than soils of grasslands with a favourable or inadequate status for biodiversity, highlighting
trade-offs between these areas.

The results are more contrasting for forests. Among priority forests with water deficit, those
with a bad status for biodiversity conservation store more soil organic carbon than those with
a favourable or inadequate status. Among priority forests with water surplus, those with an
inadequate status for biodiversity conservation store more soil organic carbon than forests with
a bad status. A closer examination of their distribution does not reveal an association of these
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combinations for biodiversity and soil organic carbon with specific forest types. Similarly, soils
store more organic carbon in priority wetlands with inadequate status than in others (with fa-
vourable or bad status).

e Associations between potential carbon sequestration and biodiversity

In priority grasslands, the soils the more saturated in carbon are associated with favourable
status of the habitat for biodiversity conservation (Fig S5). In contrast, we found that the soils
of priority croplands with inadequate status are more saturated in carbon than those in other
croplands. Implementing NbS in these croplands is therefore expected to benefit biodiversity
conservation but not to increase carbon sequestration. The soils of forests with a bad status
are less saturated in carbon than those in other forests, indicating that implementing NbS in
these areas is expected to jointly increase carbon sequestration and the provision of habitat for
biodiversity.

The results are more contrasting for priority wetlands. Although the soils of wetlands with
inadequate status for biodiversity conservation are, on average, less saturated with carbon than
other wetlands, we found that the saturation rate varies with the status of biodiversity conser-
vation and type of priority areas. Indeed, the soils of wetlands with inadequate status are less
saturated in areas with water deficit than those with water surplus, offering an opportunity for
NbS to simultaneously address water scarcity, provide habitat for biodiversity and sequester
carbon. Moreover, the soil carbon saturation of priority wetlands with a bad status and water
deficit areas is equivalent to the saturation in wetlands in areas with water surplus and an inad-
equate status for biodiversity conservation. The wetlands with water surplus and a favourable
or bad status are the ones with the highest soil carbon saturation, indicating expected synergies
of NbS implementation in these areas.

To summarize, our analyses revealed many mismatches and few synergies of NbS implemen-
tation between adaptation and the potential co-benefits regarding biodiversity conservation
and carbon sequestration. Bright spots for adaptation do not consistently coincide with a large
amount of carbon (coupled with a low potential for increasing sequestration) or favourable
status for biodiversity. Similarly, the dark spots coincide partially with ecosystems with a bad
status and a substantial potential for increasing carbon sequestration, offering optimal locations
to benefit from the multiple promises of NbS implementation.
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Landscapes comprising priority areas
3.4.1. Bundles of Nature’s Contribution to People

The clustering analysis identified three clusters for priority areas in each LULC. We then
grouped the clusters that were characterized by the same variables across LULC, resulting in
a total of six landscapes, each corresponding to one social-ecological system surrounding the
priority areas (Fig. 6).
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Fig. 6. Radar chart of the mean values of NCP supply (green), flow (yellow) and demand (red)
for each cluster identified by aggregating the NCP wvalues of the municipalities within which priority
areas to implement NbS for adaptation to drought were identified, for the four studied LULC. The clus-
tering analysis identified three groups in each LULC, resulting in a total of siz categories when clusters
of different LULC are grouped by similarities in main characteristics.

Some priority forests, croplands and grasslands are located within hillsides and elevated nat-
ural areas. This landscape provides a large amount of non-market NCP, including freshwater
from ecosystems, forest protection against landslides, and areas for outdoor recreation and bio-
diversity. These areas correspond, among others, to French and Italian National parks. When
comparing the distribution of this landscape across priority areas, we found that this landscape
is more frequent in regions with water surplus than those with water deficit, for each LULC (Fig
S6). This landscape comprises a high proportion of priority grasslands (63%) and forests (25%),
but only 2% of priority croplands.
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The productive lowlands landscape corresponds to areas with significant marketable produc-
tion, such as fodder and wood production, and outdoor recreation. This landscape comprises a
quarter of priority croplands (25%), similarly for areas with water deficit or surplus. In contrast,
this landscape comprises a quarter of priority wetlands with water surplus (25%), but a limited
part of priority wetlands with water deficit (2%).

The populated lowlands landscape corresponds to areas with higher flow and demand for
freshwater and timber. This landscape also supplies significant outdoor recreation opportuni-
ties. This landscape comprises priority croplands, similar for areas with water deficit (69%) and
those with water surplus (68%). In contrast, almost all the priority wetlands with water deficit
are located within the populated lowlands, although this landscape comprises a significant but
lower proportion of priority wetlands with water surplus (64%) (Fig S6).

The rural silvopastoral regions are characterised by substantial water filtration capacity and
timber production, as well as high fodder production, flow and demand. This landscape com-
prises most of the priority forests (80% and 70% for forests with water deficit and surplus, re-
spectively) located among others in the eastern Alps close to Neusiedler Lake Austria, and in a
large western Alps region around Lyon (France). In contrast, a limited proportion of grasslands
(27% and 14% for grasslands with water deficit and surplus, respectively) belongs to rural silvo-
pastoral regions, including within regions such as Augsburg’s surroundings (Germany), and the
same region around Lyon (France).

The recreative low mountains are characterised by the large provision, flow and demand for
freshwater and outdoor recreation, as well as the wood flow (and its demand) and symbolic
biodiversity. This landscape mostly comprises priority areas within grasslands, with similar
proportions for areas with water deficit (19%) and those with water surplus (14%). These ar-
eas include, among others, grasslands within the Jura massif (France), and Ardeche mountains
(France). A limited number of priority forests (2%) belong to this landscape, and only within
areas with water surplus.

The last landscape comprises the few large wetlands that are located in landscapes with water
surplus and discriminated by their significant forest protection against landslides and high pro-
vision, flow and demand for water filtration, in line with the flow and the demand for this NCP.

3.4.2. Distribution within or without protected areas

Overall, 40% of priority areas to implement NbS for adaptation to drought are located within
protected areas, which is a higher proportion than for protected areas located across the Alps
(29%, Fig 7). However, the distribution differs across LULC. Almost all priority croplands and
wetlands with water deficit are located in protected areas (84% and 94%, respectively), similar
to most croplands and wetlands with water surplus (60% and 74%, respectively) (Fig 7). In
contrast, a majority of priority grasslands and forests are located outside protected areas, for
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both areas with water deficit (52% and 62%, respectively) and those with water surplus (66%
and 69%, respectively, Fig 7).

Only a few priority areas are located in protected areas with a high protection level (1% are
in protected areas of categories I-11I, similar to the corresponding proportion found across the
Alps) when considering all the LULC, although it accounts for 56% of the priority wetlands
with water deficit (Fig 7).

A. Croplands B. Grasslands C. Forests D. Wetlands AS
p-value < 0.001 p-value < 0.001 p-value < 0.001 p-value < 0.001
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Fig. 7. Barplots of the number of priority areas to implement NbS for adaptation to drought

located outside protected areas, within specific IUCN category, or within protected areas without a spe-
cific category (Not categorised), considering both bright (Surplus) and dark (Deficit) spots for ground-
water, for four LULC: croplands (A), grasslands (B), forests (C), and wetlands (D). AS indicates all
the values within the Alpine Space. The bar on the right side displays the same distribution across the
Alpine Space (AS). The stars indicate the IUCN category for which the distribution significantly differs
between bright and dark spots of the same LULC.

4. Discussion

4.1. Priority areas for adaptation to drought (biophysical conditions)

This study identified priority areas for adaptation to future drought based on groundwater
and relative change in drought intensity between 2000 and 2100. The model with the highest
accuracy involves the amount of groundwater during the summer season, corresponding to the
most sensitive period for agriculture production to the absence of precipitation (Haslinger and
Bloschl, 2017a; Stephan et al., 2021).

The groundwater dark spots are found in similar locations to areas previously identified as
being sensitive to drought in the Alps, mostly located in south-western Europe and at lower
elevations (Gobiet et al., 2014; Gobiet and Kotlarski, 2020; Kotlarski et al., 2022). These loca-
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tions are already experiencing increased annual mean temperature and a change in precipitation
distribution, with an increase in rainfall during the winter season and a decrease during the
summer season. The low groundwater values are not surprising in the Mediterranean region
which has a low infiltration rate (Martinsen et al., 2022). In contrast, groundwater bright spots,
such as the western part of the Alps (in France) and the southern hillsides (in Italy), do not cor-
respond to regions highlighted by previous drought assessments (Haslinger and Bloschl, 2017b;
Tramblay et al., 2020). Indeed, despite the greater drought intensity, these downstream areas
benefit from the large groundwater accumulated downstream of mountain catchments (Meisch
et al., 2019).

Due to the location of most priority areas at low elevations, Alpine meadows were not selected
as priority grasslands for adaptation to drought. However, this crucial fodder production provid-
ed in these areas is recognized as being increasingly vulnerable to climate change (Deléglise et
al., 2022, 2019). Few priority grasslands are located in the Southern Alps, including the Luberon
Regional Park as one of the most impacted areas, and in Lissinia (Italy) corresponding to areas
with high-temperature increase but which benefit from plentiful groundwater provided down-
stream of mountain catchments (Gobiet and Kotlarski, 2020; Kotlarski et al., 2022).

4.2. Multiple co-benefits potential of priority areas for NbS

Although NbS are considered as adaptation options to address simultaneously several chal-
lenges (Chausson et al., 2020), there is a limited number of studies addressing spatial overlap
between priority areas to maintain or enhance NCA, carbon sequestration and biodiversity. We
found that for wetlands, forests and croplands, priority areas with water surplus overlap with
ecosystems with a good status for biodiversity conservation. In contrast, priority areas with
water deficit overlap with ecosystems without a favourable status. Consistent with previous
spatial assessments, the implementation of NbS should be prioritised in these areas to maximise
their potential to maintain or enhance simultaneously NCA and habitat biodiversity with a
limited number of interventions (Ou et al., 2022). Nevertheless, when considering NCP without
integrating climate change, trade-offs can arise between priority areas for maintaining NCP
and those focused on biodiversity conservation (Ramel et al., 2020). Further spatial planning
research should, therefore, consider other anthropogenic pressures, especially to prevent areas
less sensitive to climate change from future degradation (Egarter Vigl et al., 2021; Gonzalez-
Redin et al., 2016).

We found that priority areas to implement NbS for adaptation to drought do not consistently
overlap with priority areas for carbon sequestration, whatever the LULC. These findings con-
trast with previous studies that identified the substantial potential of NbS to address simulta-
neously mitigation and adaptation targets (Villarreal-Rosas et al., 2023), or to conserve both
carbon, water and threatened species (Jung et al., 2021) in a given place.
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Although it was not the main aim of this study, we found that substantial soil organic car-
bon overlaps with ecosystems with a favourable status for biodiversity conservation. Moreover,
areas with a high potential for carbon sequestration (low saturation) overlap with ecosystems
with a bad status. Previous global studies demonstrated that restoration prioritisation can
nearly achieve the maximum benefits for both biodiversity conservation and climate mitigation
(Strassburg et al., 2020). Future research may explore whether in the Alps the implementation
of NbS in these areas may effectively address both challenges.

4.3. Levers and barriers to implement NbS

The levers and barriers to the implementation of NbS depend on social-ecological systems
(Topp et al., 2021, Dubo et al, 2023) and stakeholders’ visions (Lavorel et al., 2019; Locatelli
et al., 2022). On the one hand, the easiest interventions can be prioritised to rapidly get the
benefits from NbS (Girardin et al., 2021). NbS that aim at enhancing NCA by changing prac-
tices, e.g. from monoculture to agroforestry, or enhancing tree species richness in forests, are
easier to implement within protected areas with enough resources (Dudley, 2010; Palomo et al.,
2014; Watson et al., 2014). As previously highlighted, protected areas offer legal and governance
clarity and capacity, that would help to define NbS initiatives through participatory approaches
with local stakeholders (Bruley et al., 2021; Palomo et al., 2011). Moreover, protected areas
are already engaged in concrete measures for biodiversity conservation (Watson et al., 2014).
Integrating an additional measure such as NbS in their current or future biodiversity conser-
vation plan would be more feasible. We found that priority wetlands and croplands with water
deficit are mostly located in protected areas. This can be explained by the strong representation
of wetlands as conservation targets for provisioning biodiversity habitat and regulating NCP
(Kingsford et al., 2021; Tomscha et al., 2021). Future decision-makers should consider the cate-
gory of protected areas in prioritizing NbS because the pressure of human activities on ecosys-
tems can differ across IUCN categories (Egarter Vigl et al., 2021).

On the other hand, addressing strong barriers, such as societal values, should also be pri-
oritised to get the benefits sooner than if they are addressed last, or in reaction to natural
disasters such as dramatic droughts (Ossola and Lin, 2021). Moreover, activating these deep
levers needs to be prioritised because they are also the most impactful on the decision-making
process (Abson et al., 2017). In the identified productive lowlands, stakeholders from working
landscapes (Kremen and Merenlender, 2018) may express strong resistance due to the inherent
uncertainties in changing practices (Nicholls and Altieri, 2018). In contrast, priority croplands
in populated lowlands offer opportunities to implement new practices (e.g. to shift to a recre-
ation-based economy) than the ones in productive lowlands, due to the demand for environmen-
tally friendly products and recreation from the urban population (Stubelj Ars and Bohanec,
2010).

Grasslands and forests are often considered in management plans of protected areas, due to
their habitat value for a large number of endemic species (Kingsford et al., 2021; Selvi et al.,
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2023). However, we found less than half of the priority grasslands and forests within protect-
ed areas. Substantial effort in communication and awareness raising will therefore be needed
to implement NbS outside protected areas where their acceptance remains limited (Comin et
al., 2018; Dai et al., 2021). This effort can be achieved within recreative low mountain areas
due to the already existing communication network built for tourism activities (Stubelj Ars
and Bohanec, 2010). However, co-production with local stakeholders is required to implement
NbS in grasslands and forests within rural silvopastoral regions, especially within groundwater
bright spots. Indeed, most of the identified adaptation initiatives are reactive and not proactive
(Harmanny and Malek, 2019; van Loon-Steensma and Goldsworthy, 2022, Dubo et al., 2023).
Protecting the crucial resources for the future such as freshwater needs participatory approaches
to consider and balance local needs. This can be achieved when enhancing stewardship of local

communities for the environment, or by financial instruments such as Payments for Ecosystem
Services (Jax et al., 2018; Zandersen et al., 2021).

4.4. Current political trends for NbS and recommendations

NbS are increasingly integrated into spatial planning policies, but their implementation re-
mains limited (Faivre et al., 2017; Nordbeck et al., 2019; Reckien et al., 2014). Three pathways
to scale NbS were identified: helping stakeholders who are strongly committed to implement
NbS from personal value or technical needs; shifting public policy to select NbS as primary
options; convincing reluctant stakeholders to implement NbS, through awareness raising or new
financial instruments (Martin et al., 2021; Nicholls and Altieri, 2018; Vermeulen et al., 2018).
These three ways are unequally fostered in the adaptation policies. For example, local produc-
ers with a strong willingness are not supported and are instead marginalized by public policies
(Vermeulen et al., 2018; Dubo et al., 2023)

The allocation rules to implement NbS need to be discussed with local stakeholders. The
priorities would not be the same in productive lowlands and recreative low mountains, and
stakeholders’ engagement helps define local needs (Ruangpan et al., 2021). Nevertheless, from a
landscape ecology perspective, the diversification of landscapes and subsequent NCP increases
simultaneously local adaptive capacity (Simelton et al., 2021; Wamsler et al., 2014) and biodi-
versity when ecological corridors are connected to climate refugia (Heller and Zavaleta, 2009;
Vos et al., 2008).

4.5. Limitations and perspectives

We applied the bright spot approach to determine the priority areas to implement NbS with
two biophysical variables. In contrast with previous risk assessments, we did not include social
data in our assessment, such as income, age and gender. However, this top-down perspective
to spatially assess the social component of vulnerability may distort results due to the limited
representativeness of local context in these indicators (Preston et al., 2011). In addition, we did
not integrate into the spatial prioritisation quantitative assets that are expected to be impacted,
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such as crop or timber production. Instead, we identified areas where the impact of drought is
expected to be higher whatever the number of affected assets. Due to the inherent people-de-
pendent nature of what vulnerability encompasses (Farbotko et al., 2023; Stephan et al., 2023),
participatory approaches are best suited to define prioritisation rules considering local contexts
and visions (Bruley et al., 2021; Langemeyer et al., 2018; Ruangpan et al., 2021).

The analyses of co-benefits were conducted without considering priority areas located in
Switzerland due to the absence of homogenous data regarding carbon saturation and biodiversi-
ty status at the Alpine Space level. However, our findings indicate that less than 5% of priority
areas are situated in Switzerland, which suggests a limited bias in our results.

Lastly, this study focuses on the drought hazard, whereas the Alps experience other impacts
from heatwaves, floods and landslides. Therefore, we suggest that future multi-hazard adapta-
tion studies apply our methodology to each hazard independently. For example, had we con-
sidered flood intensity in addition to drought intensity, some areas that are likely to experience
intense drought in the future might not have been identified, because these two hazards are not
spatially overlapping. Similarly, NbS options that can simultaneously mitigate heatwaves and
drought hazards can be prioritised in areas with either a surplus or a deficit of the NCA to these
hazards (Yin et al., 2023).

Conclusion

The combined crises of climate change and biodiversity loss urge the need to prioritize adap-
tation. NbS are promising options to foster the adaptation of Alpine social-ecological systems
to drought by enhancing soil water retention and increasing rainwater infiltration into ground-
water. Our proposed methodology for identifying priority areas to implement NbS for adapta-
tion to drought relies on two NCA indicators: soil moisture and groundwater. This approach
highlights areas of water deficit that should be prioritized for NCA enhancement and areas of
water surplus where safeguarding this resource is crucial to address increasing drought intensity.
Our analyses revealed the consistent spatial distribution of priority areas across the different
LULC. The southeastern and northeastern lowlands were identified as priority areas with water
deficit. In contrast, the southern hillsides and the western Alps emerged as priority areas with
water surplus. We identified potential synergies to address priorities for adaptation to drought
and biodiversity conservation. In contrast, there are limited synergies with priority areas for
carbon sequestration, suggesting that the location for future NbS to mitigate and adapt to
climate change should be carefully evaluated. Implementing NbS in most priority croplands
and wetlands can be supported by protected areas institutions. However, for other priority ar-
eas located in productive, densely populated or tourist regions where multiple pressures may
deepen the adaptation gap, concertation processes between local stakeholders are required to
develop a regional adaptation strategy. Future research needs to explore strategies to foster NbS
implementation in these regions, understand the potential outcomes of NbS implementation
in priority areas, while accounting for other existing hazards, and evaluate the distribution of
benefits among beneficiaries.
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