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Abstract

In recent decades, Brazil's relationship with hazards and disasters has become
increasingly fraught. For instance, the devastating 2011 Rio de Janeiro floods and
mudslides, which killed over 900 people, changed how researchers and policy makers
considered disaster risk. Consequently, this thesis analyzes environmental issues not
through the traditional more engineering lens but by investigating whether nature itself

might offer better solutions.

Therefore, this research analyzes Nature-Based Solutions (NBS), which are actions
to protect, restore, and sustainably manage ecosystems to address societal
challenges such as climate change and disaster risk while providing certain co-
benefits. This thesis examines this idea through three interconnected studies across
different Brazilian contexts, from Rio de Janeiro’s mountainous regions to Salvador da

Bahia’s informal settlements.

Brazil's vulnerability to disasters extends beyond the impacts of extreme weather
events, although the exacerbating role of climate change cannot be overlooked. A
significant contributing factor to this problem is the longstanding deforestation and
environmental degradation, particularly within the Atlantic Forest (Mata Atlantica),
coupled with less controlled urban development. These combined factors have
undermined the natural systems that once provided protection to the region. The loss
of forest cover, for example on steep slopes, and its replacement with informal

settlements, significantly increases the likelihood of disasters.

The first major component of this thesis explores policy analysis in Rio de Janeiro
State. Generally, Brazil has passed progressive environmental legislation, including
the National Forest Code, which mandates Permanent Preservation Areas (APPs)
along waterways and on steep slopes, among other landscape features. On paper,
these laws should significantly protect against landslides and floods. In practice,
however, enforcement has been uneven, particularly in areas where vulnerable

populations have few housing alternatives.

This policy analysis reveals that the country is not lacking less in intentions or laws to
protect the environment and adapt to climate change. For instance, the country has

established the National Climate Change Policy, various disaster risk reduction
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frameworks, and support ecosystem-based approaches. However, such guidelines
are not always implemented, displaying what researchers call the “policy practice gap.”
Frequently, local authorities favor more technical or engineering solutions, such as
concrete barriers and drainage systems over, e.g., forest restoration that might be less

effective in the long run.

The second study involves community perceptions, specifically in Teresépolis in Rio
de Janeiro’s mountainous region. This research reveals a complex dynamic: while it
may be assumed that populations residing in disaster-prone regions would readily
adopt NBS to mitigate the risks of landslides and floods, the reality is more nuanced.
Although local residents are aware of their vulnerability to such hazards, there appears
to be a limited understanding of the relationship between ecosystem health and

personal or community safety.

This finding suggests that measures to reduce disaster risk with NBS can succeed
only if communities understand and support these measures revealing an “ecological
literacy gap”. For instance, people might see forests as potential fire hazards or
sources of pests rather than protective barriers. This perception highlights the need

for more sophisticated public education about ecosystem services.

The third study examines the technical effectiveness of NBS in Salvador da Bahia’s
informal settlements, comparing them directly with conventional engineering
approaches. Through interviews and participatory workshops the authors found that
experts frequently viewed NBS to be as effective as and more cost efficient than

traditional technical or engineering measures for landslide prevention.

The potential cost-effectiveness of NBS warrants careful consideration. While
engineered solutions such as retaining walls typically require substantial upfront
investment and ongoing maintenance, research suggests that vegetation-based slope
stabilization may provide comparable protection at potentially lower cost while
delivering additional co-benefits including improved air quality, carbon sequestration,
and enhanced biodiversity. However, the economic assessment of NBS remains
complex, as comprehensive cost-benefit analyses must account for temporal
variations in ecosystem performance, uncertainty in long-term effectiveness, and the
challenge of monetizing multifunctional benefits that accrue to different stakeholder

groups over varying time horizons.
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Additionally, this thesis investigates broader questions about governance and
financing. Implementing Nature-Based Solutions at scale requires coordination across
multiple agencies and sectors—environmental, urban planning, disaster management,
and social services. Brazil’s institutional landscape appears fragmented, with different

agencies operating in silos.

Financing presents another challenge for increased implementation of NBS. Although
NBS might be cost effective in the long run, they require different funding models than
traditional infrastructure. The benefits of such solutions are diffuse and long term,
making them difficult to quantify for budget-conscious officials seeking immediate

results.

Overall, this research reveals a situation with significant potential constrained by
institutional, social, and technical barriers. NBS are not panaceas, but they appear to
offer genuine advantages over purely engineered approaches, particularly when
implemented thoughtfully with community input. Ultimately, successful disaster risk
reduction requires frequently hybrid approaches combining natural and engineered
systems while addressing the social and governance factors that determine whether

an intervention succeeds.
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1. Introduction

In Brazil, the escalating frequency and severity of landslides and floods—rooted in
complex interactions between geophysical vulnerabilities, anthropogenic landscape
degradation, and climate change—underscores the urgent need for transformative
approaches to disaster risk reduction (DRR) and climate change adaptation (CCA).
Much of Brazil's population resides in densely populated urban centers along its
extensive, and in large parts mountainous coastal zone; these regions are particularly
susceptible to the impacts of extreme weather events and associated hydro-
meteorological hazards. For instance, the January 2011 Rio de Janeiro floods and
mudslides, which claimed over 900 lives and displaced 35,000 people, displayed the
devastating consequences of these hazards (Marengo et al., 2021). Similarly, the 2022
Petropolis floods, with 258 mm of precipitation in three hours, caused 231 fatalities,
highlighting recurrent systemic failures in risk governance and land-use planning
(Alcantara et al., 2023). An earlier disaster, the 1988 landslide in Petrépolis, claimed
171 lives and left 4,000 people homeless (Coelho-Netto et al., 2009), while the 1996
landslides in Rio de Janeiro destroyed 222 homes and killed 44 people (Fernandes et
al., 2004). Furthermore, Salvador da Bahia experienced devastating landslide events
in 2015 and 2022, and a notable disaster in 2015 claimed 14 lives and destroyed
numerous hillside homes (Barretto & Silva, 2023). Climate change projections have
indicated an increase in the intensity and frequency of extreme rainfall events in
Brazil’'s coastal regions, which will likely exacerbate landslide and flood risk (Marengo
et al., 2021).

Research demonstrates that historical deforestation of the Atlantic Forest (Mata
Atlantica), unplanned urbanization on vulnerable slopes, and unsustainable land use
practices have severely impaired important ecosystem services such as soil
stabilization and water regulation (Nehren et al., 2013). For instance, a post-2011
study revealed that 92% of landslides occurred in areas where anthropogenic
alterations had destabilized slopes, highlighting the interplay between ecosystem
degradation and disaster vulnerability (MMA, 2011). In Brazilian cities, the rapid and
unplanned urbanization processes have produced the occupation of exposed areas
by socially vulnerable populations, significantly increasing disaster risk (Lange et al.,

2018b). These informal settlements, known locally as favelas, are characterized by
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precarious infrastructure, inadequate drainage systems, and the removal of natural
vegetation, increasing susceptibility to landslides during extreme rainfall events
(Coelho-Netto et al., 2009; Machado et al., 2019).

Despite Brazil’'s progressive policies, such as the National Climate Change Policy
(PNMC) and the Forest Code implementation gaps persist. In this vein, DRR strategies
remain overly reliant on engineered solutions (e.g., concrete barriers, drainage
systems), which address symptoms rather than underlying risk drivers (Lange et al.,
2018a; Renaud et al., 2016).

Ecosystem-based Adaptation (EbA) and ecosystem-based disaster risk reduction
(Eco-DRR) are approaches under the Nature-Based Solutions (NBS) umbrella
concept that integrate conservation, restoration and sustainable land management
offer shared benefits for resilience, biodiversity and livelihoods (CBD — Secretariat of
the Convention of Biological Diversity, 2009; Renaud et al., 2016; Doswald et al.,
2021). However, their potential has remained underutilized due to fragmented
governance, limited community awareness, and a lack of cost-benefit evidence
(Doswald & Estrella, 2015).

Consequently, this thesis employs a tripartite structure to advance understanding of
NBS for climate change adaptation and disaster risk reduction in Brazil, applying policy
analysis, community engagement frameworks, and technical-evaluative approaches.
The three publications included in this work address distinct yet complementary
dimensions of NBS implementation, united by their focus on bridging the gap between

ecological potential and operational realities in high-risk landscapes.

The publication “Ecosystem-Based Approaches for Disaster Risk Reduction and
Climate Change Adaptation in Rio de Janeiro State” (Chapter 4; Lange et al., 2018a)
establishes the macro-level context of this study, analyzing policy arrangements and
institutional barriers to mainstreaming NBS in Brazil and especially in the State of Rio
de Janeiro. Drawing from Rio de Janeiro’s post-2011 disaster reforms, this work
evaluates the interplay between national legislation (e.g., Forest Code, National Policy
of the Civil Protection and Defense, abbreviated as PNPDEC in Portuguese) and local
implementation challenges. The study reveals how Permanent Preservation Areas
(Areas de Preservacdo Permanente - APPs), while legally mandated, often fail to

reduce risks due to enforcement gaps and competing land-use priorities. This analysis
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highlights practical EbA/Eco-DRR initiatives, distinguishing between those already
implemented and those currently proposed in the region. The discussion evaluates the
viability of scaling these NBS while addressing logistical, ecological, and socio-political
constraints specific to Rio de Janeiro’s geographic and institutional landscape. The
chapter concludes with a critique of Brazil's “siloed” risk management, proposing
integrated planning frameworks aligning NBS with the Sustainable Development

Goals (SDG) and climate resilience agendas.

Focusing on the municipality of Teresopolis in the Serrana Region of the state of Rio
de Janeiro, the second publication (Chapter 5; Lange et al., 2016) investigates the
human behavioral underpinnings of NBS adoption, analyzing community perceptions.
Assessing these perceptions is critical in designing effective awareness initiatives and
fostering local engagement in Eco-DRR and EbA. To identify barriers to engagement,
the researchers conduct a mixed-methods perception analysis. The findings reveal a
complex set of perceptions among residents, who recognize their vulnerability to
disasters but lack a clear understanding of how ecosystem health influences risk.
Furthermore, the study identifies a limited sense of personal responsibility for
mitigation efforts and a perception of few opportunities for meaningful involvement in
Eco-DRR and EbA initiatives. The study concludes that addressing gaps in ecological
literacy, fostering ownership, and creating participatory opportunities should form the
foundations of awareness programs to advance Eco-DRR and EbA adoption in the
region. Thus, NBS success hinges not only on biophysical efficacy but also on
culturally resonant education campaigns and trust-building between communities and
institutions. These findings challenge top-down DRR models, advocating for co-
designed interventions that leverage local knowledge and address socio-economic

inequities.

The third publication, “Nature-Based Solutions for Landslide Risk Reduction in
Informal Settlements of Salvador da Bahia, Brazil” (Chapter 6; Lange et al., submitted,
after review currently under revision) examines NBS as a strategy for landslide risk
reduction in Salvador da Bahia. This study compares the efficacy and benefits of NBS
to those of conventional engineering approaches. Using qualitative social research
methods, including semi-structured interviews and participatory workshops within
vulnerable communities, the research evaluates stakeholder perspectives and

practical outcomes. The findings indicate that experts frequently perceive NBS to be
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as effective as engineered structural measures, but NBS are frequently more cost
efficient. Additionally, NBS offer co-benefits such as enhanced ecological resilience
and support for sustainable urban development. The study highlights a critical gap in
awareness, emphasizing the need for sensitization to improve acceptance and

implementation of NBS.

Together, these three publications form a cohesive body of work that both addresses
critical research gaps and provides a comprehensive, multi-faceted explanation of the

complexities and opportunities for mainstreaming NBS for CCA and DRR in Brazil.
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2.Nature-Based Solutions for Disaster Risk Reduction

and Climate Change Adaptation

Nature-Based Solutions (NBS) have emerged as promising alternatives to
conventional engineering approaches for DRR and CCA. Although this doctoral thesis
focuses on these solutions’ application in these two critical societal challenges, NBS
represent a broader concept encompassing diverse environmental interventions
contributing to food and water security, human health, biodiversity loss, and
environmental degradation. The United Nations Environment Assembly (UNEA, 2022:
page 2) defines NBS as “ ... actions to protect, conserve, restore, sustainably use and
manage natural or modified terrestrial, freshwater, coastal and marine ecosystems,
which address social, economic and environmental challenges effectively and
adaptively, while simultaneously providing human well-being, ecosystem services and
resilience and biodiversity benefits ,... ”. Overall, NBS encompass various
approaches, including two complementary frameworks central to this thesis:
Ecosystem-based Disaster Risk Reduction (Eco-DRR), which emphasizes on
reducing disaster risks through sustainable ecosystem management, and Ecosystem-
based Adaptation (EbA), which emphasizes to build climate resilience (Doswald et al,
2021; Nehren et al., 2023; Ruangpan et al., 2020; Walz et al. 2021). These frameworks
align with global agreements such as the Sendai Framework for DRR and the Paris

Agreement, underscoring NBS’s role in achieving the SDGs (UNEP, 2021).

In Brazil, the application and recognition of NBS have been steadily growing, albeit
with challenges and opportunities (Seleguim et al., 2024; Campello Torres et al.,
2023). Historically, Brazil has had a rich tradition of conservation, particularly through
its extensive protected areas system and the National Forest Code (Lange et al.,
2018a; MMA, 2011). More recently, the concept of NBS has gained traction within
national policy dialogues, driven mainly by increasing awareness of the potential of
NBS for addressing societal challenges in Brazil (Seleguim et al., 2024; Campello
Torres et al., 2023). Equally important, urban planning initiatives in cities like Rio de
Janeiro and Salvador da Bahia have begun exploring NBS, often in response to
severe climate-related disasters, highlighting a reactive rather than proactive
integration of NBS (Lange et al., 2018a; Sandholz et al., 2018).
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The evolution of NBS terminology has reflected its interdisciplinary roots. For instance,
early concepts like green infrastructure (Gl) and sustainable urban drainage systems
(SuDS) laid the groundwork for modern NBS by emphasizing nature-mimicking
techniques for stormwater management to reduce flood risk (Apostolaki, 2025;
Fletcher et al., 2015). Over time, NBS expanded to include strategies such as wetland
restoration, afforestation, and agroecological practices, which reduce risks like floods,

droughts, and landslides while fostering biodiversity (Ruangpan et al., 2020).

Research has indicated that NBS reduce risks through biophysical processes that
stabilize ecosystems and regulate hydrological cycles (Bowyer et al., 2024; Johnson
et al., 2022; Keesstra et al., 2018; Ruangpan et al., 2020). For landslides, vegetation
root systems enhance slope stability by increasing soil cohesion and reducing pore-
water pressure (Arce-Mojica et al., 2019; Coelho-Netto et al. 2009; Lann et al., 2024).
Studies have shown that forests and grasslands improve water infiltration, attenuating
surface runoff and erosion (Lele, 2009). In flood-prone areas, riparian buffers and

floodplain restoration dissipate flood energy (Serra-Llobet et al., 2021).

Ecosystem-based approaches have demonstrated strong empirical support for
reducing climate-linked risks and disaster vulnerabilities, with studies confirming their
efficacy across diverse contexts (Bowyer et al., 2024; Keesstra et al., 2018). Both, EbA
and Eco-DRR, exhibit high reliability in hazard mitigation, particularly in urban settings,
coastal settings and mountainous regions. Evidence has underscored the critical role
of ecosystem functions in risk reduction, such as forest management for wildfire
control; urban green spaces for flood regulation; and slope-stabilizing vegetation for
landslide prevention (Johnson et al., 2022; Ruangpan et al., 2020; Sudmeier-Rieux et
al. 2021).

Moreover, research has demonstrated that NBS often exhibit greater cost-efficiency
compared to conventional grey infrastructure, particularly when accounting for the
value of multiple ecosystem services and long-term sustainability (Chausson et al.,
2020; Vicarelli et al., 2024). For instance, vegetated slopes reduce landslide
susceptibility 20—40%, more than engineered retaining walls (Vicarelli et al., 2024).
Similarly, urban green spaces can cut flood volumes by up to 30% through rainwater
retention (Apostolaki, 2025). Cost—benefit analyses have further revealed that NBS
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frequently have lower lifecycle costs than conventional measures due to reduced

maintenance and co-benefits like carbon sequestration (Sudmeier-Rieux et al., 2021).

Beyond risk reduction, NBS deliver multifaceted co-benefits aligned with the
sustainable development goals (SDGs). Diverse ecosystems support pollinators;
improve soil health; and sequester carbon, which is critical for mitigating global
warming (Eggermont et al., 2015; Seddon et al., 2020). Additionally, urban NBS, such
as green roofs and permeable pavements for flood reduction, reduce heat island
effects and improve air quality and public health (Kabisch & van den Bosch, 2017).
Socially, NBS can empower marginalized communities by integrating traditional
ecological knowledge into adaptation planning. For example, community-led
reforestation in Nepal reduced landslide risks while restoring livelihoods through non-
timber forest products (Sudmeier-Rieux et al., 2021). However, equitable outcomes
depend on inclusive governance because marginalized groups often face exclusion

from decision-making (Toxopeus et al., 2020; Tozer et al., 2020).

Applying NBS in informal urban contexts involves distinct challenges and opportunities
that demand nuanced approaches (Ronchi & Arcidiacono, 2019). In Global South
countries, where informal settlements are prevalent and highly vulnerable to climate
impacts, NBS offer particularly relevant, equitable solutions for DRR and CCA (Kibii et
al., 2025). Case studies from Rio de Janeiro highlight persistent obstacles, including
precarious land tenure systems, high-density built environments, and inadequate
drainage infrastructure, which hinder ecosystem-based interventions (Handzic, 2010;
Lange et al. 2018a; Lourengo, 2020; Sandholz et al. 2018). Divergences between
formal planning frameworks and on-the-ground realities in informal settlements require
innovative governance frameworks to reconcile institutional and community priorities
(Alfonsin & Mota Junior, 2024; Balbim, 2023). Successful implementation requires
proactive community engagement to address initial skepticism, particularly where
natural vegetation is misperceived as a hazard source rather than a protective
measure (Lange et al.,, 2016; Lesser & Brandes, 2023). Inclusive participatory
mechanisms that integrate informal residents into consultation and decision-making,
alongside cross-sectoral coordination among disaster management, urban planning,
and environmental agencies, have emerged as important success factors (Fianoo et
al., 2024; Lange et al., 2018a; Nalumu & Perrotti, 2024). Given urgent safety needs in
high-risk zones—characterized by steep slopes and pre-existing structural
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vulnerabilities, among other factors—hybrid strategies blending green and gray
infrastructure often present the most viable solutions (Anderson et al., 2022; Depietri,
& McPhearson, 2017; Lange et al., 2018a). In such circumstances, gray infrastructure
comprises conventional, human-engineered structures designed to provide services
such as water management, flood control, and coastal protection. Examples of these
services include dams, levees, seawalls, pipes, tunnels, and treatment plants and
green infrastructure utilizes natural or semi-natural systems to deliver similar services,

often with added ecological and social benefits (Browder et al., 2019).

Implementing NBS involves multifaceted challenges, including governance
fragmentation, financial constraints, and technical knowledge gaps. Frequently,
governance barriers stem from siloed policies, inadequate stakeholder engagement,
and path dependencies favoring traditional grey infrastructure over NBS, hindering
integrated planning and long-term maintenance (Martin et al., 2023; Ruangpan et al.,
2020). Financial limitations arise from high upfront costs, misaligned funding models
prioritizing short-term returns, and difficulties in quantifying NBS co-benéefits to justify
investments (Vicarelli et al., 2024). Technically, the lack of standardized metrics for
evaluating NBS performance, limited long-term monitoring data, and site-specific
ecological requirements complicate scalability and replication (Gonzalez-Ollauri et al.,
2021; Kumar et al., 2021).

Overall, NBS offer transformative potential for DRR and CCA by harmonizing
ecological integrity with societal needs. Despite technical and governance challenges,
the cost-effectiveness, multifunctionality, and alignment with global sustainability
agendas position NBS as indispensable tools. Bridging science—policy divides and
fostering community-led innovation will be pivotal to mainstreaming NBS. As the UNEA
Resolution (2022) affirms, NBS are essential strategies for building a resilient future
(Calliari et al., 2022; Nehren et al., 2023; Welden et al., 2021).

Despite the growing recognition of NBS as effective approaches for DRR and CCA,
several significant research gaps remain, particularly in rapidly urbanizing areas and

informal settlements of the Global South. These gaps are detailed below:
e Governance and Institutional Barriers

A critical gap exists in understanding the governance frameworks required to
mainstream NBS. In this vein, Martin et al. (2023) highlighted institutional
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fragmentation, path dependencies favoring gray infrastructure, and a lack of political
commitment as major barriers. Multi-level governance—collaboration across sectors
and scales—has been proposed as an enabler but remains under-researched in
practice (Kabisch & van den Bosch, 2017). Frequently, legal and policy frameworks
lack specificity for NBS, resulting in voluntary measures that cannot compete with
traditional infrastructure projects (European Commission, 2020). Thus, further
research is needed to design adaptive governance models that integrate NBS into
urban planning, disaster risk reduction, and climate adaptation policies (Martin et al.,
2023).

e Scaling from Local to Systemic Implementation

Most NBS research has examined small-scale, urban applications (e.g., green roofs
and rain gardens), with limited attention to large-scale, systemic approaches
(Ruangpan et al., 2020). Although small-scale NBS are effective for frequent, low-
intensity events, their scalability for mitigating extreme hydro-meteorological risks
(e.g., riverine floods, droughts) remains uncertain (Thorslund et al., 2017). Hybrid
solutions—combining NBS with gray infrastructure, have been understudied despite
their potential to enhance resilience (Alves et al.,, 2019). Consequently, research
should address spatial mismatches, such as upstream-downstream dynamics in
watershed management, and evaluate long-term performance across diverse

biogeographical contexts (Seddon et al., 2020).
e Quantifying Co-Benefits and Cost-Effectiveness

Currently, there is not a robust evidence base on the multifunctionality of NBS. Many
have praised NBS for their co-benefits (e.g., biodiversity, carbon sequestration), but
there are no standardized metrics to quantify these outcomes (Arce-Mojica et al.,
2019; Martin et al., 2023; Raymond et al., 2017). Cost—benefit analyses often overlook
intangible benefits (e.g., health improvements, social cohesion), skewing comparisons
toward gray infrastructure (Cohen-Shacham et al., 2016). Along these lines,
Ruangpan et al. (2020) emphasize the need for lifecycle assessments and tools to
evaluate trade-offs between ecological, economic, and social outcomes. Developing
region-specific databases on NBS performance and costs is critical to justify

investments (Faivre et al., 2017).
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¢ Maladaptation and Ecosystem Disservices

Recent research highlights the importance of carefully considering potential
ecosystem disservices and the risk of maladaptation when implementing nature-based
solutions (NbS) in urban environments (Seddon et al. 2020). Ecosystem disservices—
such as increased allergenic pollen production and the proliferation of pest
populations—can arise if urban green spaces are not properly planned and managed
(Pereira et al., 2023). For example, high vegetation density may boost biodiversity but
can also elevate allergen exposure and pest issues, especially if excessive watering
is used or if species with high allergenic potential are selected (Pearlmutter et al.,
2019). Additionally, maladaptation may occur when tree or plant species are chosen
without regard to their suitability for future urban climates, leading to high mortality
rates and a subsequent loss of intended ecosystem benefits (Duffaut et al., 2022). To
maximize the positive impacts of NbS and minimize negative outcomes, it is essential
to integrate adaptive management, select appropriate species, and consider both

ecosystem services and disservices during the planning and implementation phases
e Financing and Private Sector Engagement

Current financing models rely heavily on public funding, which is insufficient for large-
scale NBS (Faivre et al., 2017; Martin et al., 2023). In this vein, Martin et al. (2023)
identified a lack of private sector involvement due to perceived risks and the public-
good nature of NBS. To date, innovative mechanisms, such as green bonds, payment
for environmental services schemes, and blended finance, have been understudied
(European Commission, 2020). Additionally, integrating NBS into corporate
sustainability strategies requires clearer regulatory incentives and market-based

valuation of ecosystem services (Seddon et al., 2020).
e Stakeholder Engagement and Equity

Frequently, equitable stakeholder participation in NBS design and implementation is
neglected. For example, Martin et al. (2023) note that top-down approaches
exacerbate conflicts, particularly when NBS displace vulnerable communities or
prioritize elite interests. Conversely, inclusive co-design processes enhance legitimacy
but require methodologies to reconcile divergent values and knowledge systems
(Kabisch & van den Bosch, 2017). Implementing NBS requires both community

participation and acceptance, yet there has been limited research on how residents
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perceive and value ecosystem services for DRR and CCA (Anderson & Renaud, 2021;
Ke et al., 2024; Quintas-Soriano et al., 2018). Therefore, research needs to explore
participatory frameworks that empower marginalized groups and address distributive
justice, particularly in contexts where land ownership and access complicate NBS
deployment (Kibii et al., 2025).

The persistent gaps in governance frameworks, scalable implementation strategies,
standardized co-benefit quantification, equitable stakeholder engagement, and
sustainable financing mechanisms underscore the multifaceted challenges facing
NBS for DRR and CCA adoption. As Martin et al. (2023) and Seddon et al. (2020)
argue, overcoming these barriers would require not only interdisciplinary research but
also a paradigm shift in how policymakers, scientists, and communities conceptualize
infrastructure and risk management. For instance, integrating polycentric governance
models (Kabisch & van den Bosch, 2017) with hybrid infrastructure designs (Alves et
al., 2019) could bridge the spatial and institutional mismatches that currently limit NBS
scalability. Simultaneously, advancing participatory frameworks that prioritize
distributive justice (Raymond et al., 2017) and leveraging innovative financing
instruments (Faivre et al., 2017) are critical to ensuring that NBS transcend pilot
projects and become embedded in systemic climate resilience strategies. Without
urgent progress in these areas, the transformative potential of NBS will remain
constrained by fragmented implementation and undervalued co-benefits, perpetuating

society’s reliance on unsustainable gray infrastructure.
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3. Research Design and Analytical Framework

Addressing some of the aforementioned research gaps, this dissertation addresses
critical gaps in understanding the role, efficacy, and socio-institutional dynamics of
NBS for DRR and CCA in Brazil.

Figure 1: Map A showing the city of Salvador da Bahia and the State of Rio de Janeiro and map B the municipality
of Teresdpolis within the State of Rio de Janeiro (Author: Adriano Vasconcellos, source data from IBGE, 2025)
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Drawing on three interconnected studies presented in chapter 4, 5 and 6 (Lange et al.
2018a; Lange et al. 2016; Lange et al. submitted, after review currently under revision)
conducted in the municipality of Teresopolis, the State of Rio de Janeiro and the City
of Salvador da Bahia (Fig. 1), the research questions are meant to explore governance
and socio-economic and technical dimensions of NBS implementation in high-risk

urban and rural contexts in Brazil, as explored below.
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1. How can ecosystem-based approaches (EbA and Eco-DRR) be effectively
integrated into disaster risk reduction (DRR) and climate change adaptation

(CCA) strategies in Rio de Janeiro State?

This question unpacks into three interrelated sub-questions addressed by Lange et al.
(2018a):

1. Linkages: How do deforestation, land-use changes, and ecosystem
degradation amplify disaster risks in Rio de Janeiro, and what role can

ecosystem restoration play in reducing these risks?

2. Policies: What are the existing CCA/DRR policies at the national and state

levels, and how do they incorporate biodiversity and ecosystem management?

3. Implementation Potential: What is the status and future potential of EbA/Eco-
DRR measures in reducing risks due to natural hazards like landslides and

floods, and what barriers limit their broader adoption?

2. What factors influence community acceptance and participation in NBS

implementation?

This main research question raises three sub-questions to be addressed in Lange et

al. 2016 and Lange et al. (submitted, after review currently under revision):

o Risk perception: How do risk perception, knowledge of ecosystem functions,

and trust in institutions shape willingness to adopt NBS?

o Participation: What participatory approaches enhance long-term stewardship
of NBS?

e« Customization: How can NBS be tailored to provide immediate socio-

economic co-benefits to incentivize participation?

3. How do NBS compare to conventional engineering measures in reducing

landslide risks in informal settlements?

The third study (Lange et al., submitted, after review currently under revision)
examined NBS for landslide risk reduction, based on a case study in favelas of
Salvador da Bahia, contrasting them with gray and hybrid infrastructure such as

retaining walls and reforestation. Key sub-questions include the following:
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« Effectiveness of NBS implementation: Under what social conditions are NBS

equally or more effective than conventional measures?

o Benefits of NBS: What are the benefit trade-offs between NBS, hybrid and

engineered solutions?

Together, these questions advance a holistic understanding of NBS as socio-
ecological interventions. By bridging governance aspects (Question 1), social
perception and participation (Question 2) and technical efficacy (Question 3), this

thesis provides a framework for transforming DRR/CCA paradigms in Brazil.

3.1. Analytical framework: Integrating Vulnerability, Risk
Perception, and Ecosystem Services

Integrating vulnerability, risk perception, and ecosystem services into a cohesive
analytical framework is critical for addressing socio-ecological
challenges exacerbated by climate change and anthropogenic pressures such as land
use intensification and urbanization. This approach bridges disciplinary silos,
offering actionable insights for building resilience in complex human-environment
systems. By foregrounding the Intergovernmental Panel on Climate Change’s (IPCC,
2023) definition of vulnerability, the Intergovernmental Science-Policy Platform on
Biodiversity and  Ecosystem Services (IPBES, 2019) conceptualization of
ecosystem services, and contemporary risk perception concepts, this framework
transcends reactive  disaster management, advocating for proactive, holistic

stewardship.

The IPCC'’s Sixth Assessment Report (AR6) defines vulnerability as the predisposition
or propensity to be adversely affected by climate-related hazards (IPCC, 2023). This
work encompasses a system’s sensitivity to harm and its capacity to cope and adapt.
Sensitivity is  the degreeto  which  systems are  adversely affected by
climatic stressors, and adaptive capacity is the abilityto adjust toimpacts
through institutional, technological, or behavioral changes. This concept emphasizes
that vulnerability is not static but shaped by factors such as intersecting socio-
economic inequalities, governance structures, and ecological degradation.
Forinstance, marginalized communities in coastal regions frequently exhibit

heightened sensitivity due to limited infrastructure and unequal access to resources,
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perpetuating cycles of poverty and environmental risk (Calil et al., 2017; Phuong et al.,
2023).

Risk perception involves the cognitive, emotional, and social processes through which
individuals and communities interpret environmental hazards and is shaped by factors
such as knowledge, experience, values, attitudes, and social context (Slovic & Weber,
2002). Risk perception influences community responses to environmental hazards
and is as the linchpin between vulnerability and NBS when better participation of local
population is needed (Wong-Parodi et al., 2024). Contemporary research has

identified three key dimensions of risk perception, as described here:

1. Cognitive distancing: The tendencies to perceive climate risks as temporally
or geographically remote, often observed in  populations with  low

direct exposure to extreme events (Cipriani et al., 2024).

2. Agency and trust: The willingness toadopt adaptive measures
correlates strongly with perceptions of governance credibility and

transparency (Wong-Parodi et al., 2024).

3. Socio-cultural filters: The traditional knowledge systems mediate
scientific risk assessments, creating synergies or conflictsin hazard

interpretation (Cipriani et al., 2024).

Addressing cognitive distancing, agency-trust dynamics and socio-cultural filters
enables the operationalization of risk perception as a bridge between vulnerability
assessments and NBS, particularly in contexts requiring equitable local engagement
(Aslam & Rana, 2022; Jang et al., 2020).

The IPBES 2019 Global Assessment defined ecosystem services as “...nature’s
contributions to people,...” encompassing provisioning (e.g., food); regulating (e.g.,
flood mitigation); cultural (e.g., recreational value); and supporting (e.g., soil formation)
services (IPBES, 2019: page 15). A critical advancement in this framework has been
the emphasis on cascading benefits, where regulating services (e.g., flood control)
directly reduce exposure to hazards while simultaneously enhancing adaptive capacity
through co-benefits like livelihood diversification (Maund et al., 2020). For example,
urban green infrastructure in temperate regions mitigates heat islands (regulating

service) while fostering community cohesion (cultural service), addressing both
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ecological and social vulnerabilities (Pan & Qu, 2024). Similarly, agroforestry systems
in tropical zones improve soil stability (supporting service) and reduce crop sensitivity
to droughts, illustrating the multifunctional role of ecosystems in risk reduction (Munns
et al, 2017). The IPBES framework further introduced biocultural linkages,
recognizing indigenous knowledge systems as vital to sustaining ecosystem services
in contexts where formal governance structures are absent or ineffective (Maund et
al., 2020). Ecosystem services provide the conceptual foundation for NBS such as
EbA and Eco-DRR by contributing to multi-scale resilience. Additionally, the concept
of ecosystem services within NBS prioritizes both ecological functionality and

equitable socio-economic outcomes.

The integrative analytical framework synthesizes vulnerability, risk perception, and
ecosystem services into a cohesive socio-ecological model that recognizes their
bidirectional interdependencies, where vulnerability is both a driver and outcome of
risk perception, mediated by the availability, accessibility, and cultural valuation of
ecosystem services (Peter, 2020; Yang et al., 2024). This tripartite relationship
operates through dynamic feedback loops, wherein adaptive actions alter ecosystem
services, which subsequently reshape vulnerability thresholds and collective risk
narratives (Caro et al., 2020; Peter, 2020). Contemporary scholars have emphasized
the necessity of moving beyond siloed assessments to adopt a systems-based
approach considering nonlinear interactions across spatial, temporal, and institutional
scales (Thiault et al., 2021; Yang, 2024).

3.2. Overview of methodological approaches

The three studies examined in this work collectively employed interdisciplinary, mixed-
methods frameworks to analyze NBS for DRR and CCA in Brazil, integrating social,

ecological, and technical dimensions.

The Rio de Janeiro policy analysis (Chapter 4; Lange et al., 2018a) explored
institutional and governance challenges through document reviews of national/state
policies (e.g., PNPDEC, Forest Code) and case studies of programs like Mutirdo
Reflorestamento. Stakeholder consultations with policymakers and civil defense
teams revealed fragmentation in DRR/CCA governance. Beyond this, field
observations assessed slope stabilization interventions and highlighted the protective
roles of APPs.
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In Teresopolis (Chapter 5; Lange et al., 2016), mixed-methods participatory research
explored risk perception and adaptive capacity. Household surveys with structured
questionnaires quantified residents’ awareness of landslide triggers and ecosystem
services, whereas focus groups and participatory mapping identified spatial risk
patterns and culturally valued ecological features. Key informant interviews with
community leaders and NGOs highlighted behavioral barriers, such as skepticism
toward NBS, which informed targeted sensitization campaigns linking ecosystem

restoration to DRR.

In Salvador da Bahia (Chapter 6; Lange et al., submitted, after review currently under
revision), the research combined qualitative and quantitative approaches to evaluate
landslide risk reduction measures. Semi-structured interviews with municipal staff,
engineers, and academics provided expert insights, while participatory workshops and
focus groups in high-risk communities captured local perceptions. Quantitative
analyses compared the cost effectiveness of NBS versus hybrid and gray
infrastructure. Site selection was collaborative, involving Salvador’s Civil Defense
(CODESAL) to prioritize areas with high risk, institutional capacity, and community

engagement.

Common methodological dimensions across the studies included interdisciplinary
integration (e.g., blending geotechnical data with social surveys); stakeholder
engagement (e.g., co-design workshops with communities, expert snowball sampling);
and policy-informed fieldwork (e.g., aligning NBS with Brazil's Forest Code).
Participatory techniques ensured context-specific methods, whereas mixed-methods
frameworks balanced qualitative depth (e.g., narratives from focus groups) with
quantitative approaches (e.g., cost—benefit estimates). Collectively, these approaches

addressed the socio-ecological complexity of NBS implementation.

To provide a concise overview of the methodological approaches employed across

the three publications, key aspects of each study are summarized (Tab. 1).
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Table 1: Overview of study’s methodological approach

currently under
revision
(Chapter 6)

Paper Research | Study Data Collection | Key Data Sources /
(Chapter) Design Location(s) | Methods Participants
Lange et al, | Policy Rio de | Document National and  sub-
2018 (Chapter | analysis, Janeiro analysis national legislation,
4) case study | State, Brazil policy documents,
academic literature
Lange et al., | Mixed- Teresopolis, Surveys, focus | Community residents,
2016 (Chapter | methods, | Rio de | groups, local leaders, civil
5) perception | Janeiro stakeholder defense representatives
Analysis State, Brazil interviews
Lange et al, | Qualitative | Salvador da | Semi-structured | Local experts (e.g.,
submitted, social Bahia, Brazil | interviews, urban planners,
after review | research, | (informal focus groups environmental
case study | settlements) specialists), community

members

The diverse methodological approaches adopted in each paper are highlighted (Table

1), reflecting the multi-faceted nature of NBS research, from macro-level policy

analysis to micro-level community perceptions and technical efficacy assessments in

specific urban contexts.
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4.Ecosystem-Based Approaches for Disaster Risk
Reduction and Climate Change Adaptation in Rio de

Janeiro State

Lange, W., Sandholz, S., Viezzer, J., Becher, M., & Nehren, U. (2018a). Ecosystem-
Based Approaches for Disaster Risk Reduction and Climate Change Adaptation in Rio
de Janeiro State. In Springer series on environmental management (pp. 345-359).
https://doi.org/10.1007/978-3-319-89644-1_22

This is the author’s original manuscript of the submitted article.

Abstract Inthe mountain ranges of the Rio de Janeiro state (Regiao Serrana), natural
hazards such as landslides, mudslides and flooding are recurrent, causing
considerable human and economic losses. These events are of natural origin, but
landscape degradation contributes significantly to increased disaster risk. Extreme
climatic events that triggered past disasters are predicted to increase in frequency and
intensity in the future. The approaches of Ecosystem-based Adaptation (EbA) and
Ecosystem-based Disaster Risk Reduction (Eco-DRR) aim at the sustainable
management, conservation and restoration of ecosystems to cope with the adverse
effects of climate change and reduce the impacts of natural hazards. In this context,
this chapter provides a comprehensive overview of climate change adaptation (CCA)
and disaster risk reduction (DRR) policies at national and state level, before analyzing
the linkages between CCA/DRR and biodiversity and ecosystem management. Finally,
EbA/Eco-DRR measures that are currently planned or have already been
implemented are presented, and the further potential and limitations of EbA/Eco-DRR

in Rio de Janeiro state is discussed.

Keywords Natural hazards, Disaster risk reduction, Climate change adaptation,

Ecosystem-based approaches, Rio de Janeiro state
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Resumo (Portugués) Abordagens Ecossistémicas para a Reducao de Risco de

Desastres e Adaptacao as Mudancas Climaticas no Estado do Rio de Janeiro

Na Regido Serrana do estado do Rio de Janeiro, os riscos naturais, tais como
deslizamentos de terra e inundagdes, sao recorrentes, ocasionando consideraveis
perdas humanas e econ6micas. Esses eventos sao de origem natural, mas a
degradacdo da paisagem contribui significativamente para aumentar o risco de
desastres. A previsdo é que os eventos climaticos extremos que provocaram
desastres passados aumentardo em numero e intensidade no futuro. As abordagens
da adaptagao baseada nos ecossistemas (EbA na sigla inglesa) e a redugao do risco
de desastres baseada em ecossistemas (Eco-DRR na sigla inglesa) visam a gestao
sustentavel, conservacao e restauracao de ecossistemas para enfrentar os efeitos
adversos das mudancas climaticas e reduzir os impactos dos riscos naturais. Neste
contexto, este capitulo fornece uma visao abrangente das politicas de adaptacao as
mudangas climaticas (CCA na sigla inglesa) e redugao de risco de desastres (DRR
na sigla inglesa) a nivel nacional e estadual, antes de analisar os vinculos entre
CCA/DRR, biodiversidade e gestao de ecossistemas. Finalmente, algumas medidas
exemplares de EDbA/Eco-DRR que estdo atualmente planejadas ou ja foram
implementadas sao apresentadas antes de concluir sobre potenciais e limitagdes

adicionais.

Palavras-chave Riscos naturais, Reduc¢ao de risco de desastres, Adaptacao as
mudancgas climaticas, Abordagens baseadas nos ecossistemas, Estado do Rio de

Janeiro

Resumen (Espanol) Enfoques Ecosistémicos para la Reduccion de Riesgo de

Desastres y Adaptacion al Cambio Climatico en el Estado de Rio de Janeiro

En la region serrana del estado de Rio de Janeiro, los riesgos naturales como
deslizamientos de tierra, deslaves e inundaciones son recurrentes y ocasionan
considerables pérdidas humanas y econdémicas. Si bien estos fendmenos son de
origen natural, la degradacion del paisaje contribuye significativamente a aumentar el
riesgo de desastres. Se estima que los mismos eventos climaticos extremos que
provocaron desastres en el pasado, aumentaran en numero e intensidad en el futuro.

Los enfoques de adaptacion (EbA por sus siglas en inglés) y de reduccion del riesgo
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de desastres (Eco-DRR por sus siglas en inglés) basados en los ecosistemas, tienen
como objeto el manejo sostenible, la conservacién y la restauracién de los
ecosistemas para hacer frente a los efectos adversos del cambio climatico y reducir
los impactos de los riesgos naturales. En este contexto, el presente capitulo busca
proporcionar una vision comprensiva e integral de las politicas de adaptacion al
cambio climatico (CCA por sus siglas en inglés) y de reduccion del riesgo de desastres
(DRR por sus siglas en inglés) existentes a nivel nacional y estatal, como base para
analizar los vinculos entre CCA/DRR, biodiversidad y el manejo de ecosistemas.
Finalmente, se presentan algunas medidas de EbA/Eco-DRR implementadas o en
fase de planeacién, su potencial y las limitaciones adicionales que conllevan para el

caso particular del estado de Rio de Janeiro.

Palabras clave Riesgos naturales, Reduccion de riesgo de desastres, Adaptacion

al cambio climatico, Enfoques basados en ecosistemas, Estado de Rio de Janeiro

4.1. Introduction

In the state of Rio de Janeiro (RJ), natural hazards such as landslides, mudslides and
floods are recurrent, causing considerable human and economic losses. Natural and
climatic factors, such as pronounced topography as well as rock formations and
weathering mantels that are prone to slipping, promote the occurrence of such events.
These natural risk factors are, however, considerably reinforced by human
interventions. The Atlantic Forest (Mata Atlantica), which contributes to stabilize the
slopes, has seen large scale deforestation since European colonization, and thus
significantly increased the risk of flooding and landslides (Heinrich et al. 2010; Nehren
et al. 2013). On top of this, extreme climatic events already known to trigger disasters
are predicted to increase in number and intensity in the future (Marengo 2014).

To cope with such challenges, disaster risk reduction (DRR) in RJ state relies mainly
on technical safeguarding and early warning systems, whereas the implementation of
concrete measures for climate change adaptation (CCA) are still in an early stage.
Ecosystem-based measures for DRR (Eco-DRR) or Adaptation (EbA) have only rarely
been planned and implemented although they have a high potential for reducing
underlying risk factors and contribute to more sustainable development in general due
to their multiple co-benefits. Therefore, according to Emerton et al. (2017:38),

“‘ecosystems should be treated, counted and invested in as an integral part of climate-
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compatible development infrastructure — as a stock of facilities, services and
equipment which are needed for the economy to function, grow, adapt and maintain
its resilience in the face of climate change and other hazards”. The growing importance
of EbA and Eco-DRR as well as the recognition of their benefits are proven by their
acknowledgment in two major global initiatives, the Sendai Framework for Disaster

Risk Reduction and the Sustainable Development Goals (SDGs).

This chapter is a science-policy paper based on a review of the relevant scientific
literature and policy documents as well as own observations. Section 2 describes the
concepts of EbA and Eco-DRR as a basis for further understanding of the chapter.
Section 3 provides an overview of general policies at national and RJ state level
regarding CCA and DRR focusing on ecosystem-based policies. For a better
understanding of the linkages between CCA/DRR, land and ecosystem management
in RJ state, section 4 shows how deforestation and overexploitation contributes to
increased disaster risk. Section 5 describes existing ecosystem-based approaches in
RJ state and analyzes the potential of these measures before concluding the chapter
with an overview of existing challenges on broader implementation of ecosystem-

based policies and measures in Southeastern Brazil.

4.2. Ecosystem-Based Approaches for Reducing Risks and
Adapting to Climate Change

EbA and Eco-DRR both aim at the sustainable management, conservation and
restoration of ecosystems to cope with the adverse effects of climate change or to

reduce the impacts of natural hazards (Munang et al. 2013; Renaud et al. 2013).

“Ecosystem-based adaptation is the use of biodiversity and ecosystem services as
part of an overall adaptation strategy to help people to adapt to the adverse effects of
climate change” (CBD 2009: 41). The goal of EbA is to reduce the vulnerability of
people and ecosystems against climate change impacts to maintain and increase
resilience (Lo 2016). For example, maintaining or restoring mangroves along
coastlines could reduce the risk of coastal flooding, storms, coastal erosion and saline
intrusion, and supports adaptation to sea level rise (Barbier 2016; Guannel et al.
2016).
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Eco-DRR can be defined as “the sustainable management, conservation, and
restoration of ecosystems to reduce disaster risk, with the aim of achieving sustainable
and resilient development” (Estrella and Salismaa 2013: 30). Eco-DRR approaches
are often called no-regret strategies as they provide additional co-benefits that
traditional, mostly engineering-based approaches, do not usually offer (Renaud et al.
2016; Daigneault et al. 2016). Common examples are the reforestation of slopes to
reduce landslide risks or the use of wetlands as retention areas to reduce flood risks
(Lange et al. 2014, 2016; Brink et al. 2016). Both EbA and eco-DRR overlap in making
use of well-managed and functioning ecosystems, their goods and services, to help
people and communities adapt to the adverse impacts of climate change and
disasters, often with similar measures, despite the different focal areas (Fig. 2). Both
allow for hybrid approaches that link natural with engineered approaches, e.g. by
combining dykes with mangrove areas for coastal protection (van Bohemen 2012;
UNEP et al. 2014). In addition, they also share a multi-sectoral and cross-scale nature,

requiring cross-disciplinary approaches and thus a multi-actor approach.

Figure 2: EbA and Eco-DRR starting points, focal areas and common measures (Lange and Sandholz 2016
modified from Lange et al 2014)

STARTING POINTS
natural resources/ (NON-URBAN) disasters/
nvironmental/ conservation development/

communities humanitarnancommunities

Stem-baSEd Adaptatioo Ecosyste m-bGSed D RQ

A growing number of case studies prove the suitability and comparable advantages of
Eco-DRR and EbA measures (Renaud et al. 2016, Doswald and Estrella 2015). Some
of these studies point out that, in addition to their comparably lower costs and often

longer durability, they can support local livelihoods and mitigate climate change
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impacts if planned and maintained in a proper way (Renaud et al. 2013; Renaud et al.
2016; Daigneault et al. 2016), e.g. in the case of protected areas (Murti and Buyck
2014; Dudley et al. 2015).

Among the challenges that have to be considered is the duration until an ecosystem-
based solution is fully effective. Furthermore, such approaches can also fail, e.g. if
non-suitable species are used for reforestation. Furthermore, responsible authorities
have to be aware of their potential as well as the necessary skills to apply such
methods. In addition, the multi-disciplinary and multi-sectoral nature of Eco-DRR and
EbA is challenging for planning which usually follows a sectoral approach (Renaud et
al. 2013; Renaud et al. 2016). However, it may be possible to overcome such
challenges by working through development planning and initiatives that serve as an

‘umbrella’ framework for multi-sectoral engagement (Estrella et al. 2016).

4.3. CCA and DRR Policies at National and State Level

CCA and DRR, and more so EbA and Eco-DRR, are relatively new topics in Brazil. On
the one hand, a major boost in the formulation of policies targeting the reduction of
natural and environmental hazards has come from international discussions and
frameworks. At the same time, new policies were also formed in response to disasters
that happened in the country; especially the landslides in the Regido Serrana of RJ
state in 2011.

As a reaction to this latter event, in 2012 the National Congress legally approved
implementation of the National Policy on Civil Protection and Defense (Politica
Nacional de Protegdo e Defesa Civil — PNPDEC, Law n.12.608/2012), which
establishes responsibilities at the national, state and municipal level. A milestone of
this legislation was the paradigm shift from disaster response to incorporating disaster
risk prevention and mitigation in disaster risk management. However, although risk
professionals confirm that this was the right step, risk prevention and mitigation
strategies still lack implementation. According to national authorities, this has mainly
to do with a lack of knowledge, as state and municipal disaster specialists were until
now mainly trained in disaster response and are not familiar with most risk prevention
and mitigation approaches, with the exception of technical safeguarding and early

warning systems.
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The implementation of the PNPDEC itself strongly depends on political will and
financial possibilities. While national and state authorities received a strong financial
and staff boost in the years after the release of the PNPDEC, the current financial
crisis has also left its mark on the disaster management sector, cutting financial and
human capacities. On the municipal level, the assignment of human and financial
resources depends even more on the current political agenda. In those cities that were
most affected by the 2011 events and where disaster events occur repeatedly, the
memory of destruction is still fresh. Therefore, DRR is still high on the agenda. In other
municipalities, such as Duque de Caxias, the Municipal Department of Civil Defence
was drastically reduced in budget and staff after the change of government in early
2017.

Beyond DRR policies, CCA has been on the national political agenda since 2009,
when the Nacional Climate Change Policy (Politica Nacional sobre Mudanga do Clima
— PNMC, Law n.12.187/2009) was established. Among others, it defines the
elaboration of the National Adaptation Plan (Plano Nacional de Adaptacdo — PNA),
which was instituted in May 2016, after a substantial participatory process. The PNA
defines adaptation guidelines for 11 different sectors, including biodiversity, disaster

management and cities.

Most sectoral strategies in the PNA (10 out of 11) include EbA as a crosscutting
approach. However, the document points out that the main bottleneck hindering EbA
from becoming a mainstream topic in governmental and private sector plans is the
lack of evidence of its efficiency. Therefore, many EbA-related activities of the PNA
should first focus on generating cost-benefit information on EbA, identifying areas for

its implementation to reduce climate risks, and on monitoring and evaluation.

The most common EbA measure cited in the PNA is conservation and restoration of
riparian and other types of forests, which are closely linked with related national
policies. An example is the implementation of the Forest Code (Lei de prote¢do da
vegetagado ative, Law n.12.651/2012), which establishes permanent preservation
areas (Areas de Preservacdo Permanente — APP) and legal reserves (Reservas
Legais — RL) in private areas, besides the public Protected Areas system. APPs aim
to protect water bodies and deep slopes. In addition, landowners have to reserve a
minimum percentage of their land, between 20 % and 80 % depending on the biome,
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for native vegetation, constituting their RL. When this vegetation is not existent,
landowners are required to restore it in the short to medium term. In addition, the
National Policy for National Vegetation Recovery (Politica Nacional de Recuperagao
da Vegetacdo Nativa, Decree n.8.972/2017) is fundamental. Another example are the
Municipal Plans for the Conservation and Recuperation of the Mata Atlantica (Plano
Municipal de Conservagao e Recuperagédo da Mata Atlantica) for which the handbook
for its elaboration recommends to research the vulnerability of the ecosystems and the
services they offer for people for CCA and to propose measures for CCA (Dutra et al.
2013).

One of the most important instruments for implementing the Brazilian Forest Code is
the Rural Environmental Register (Cadastro Ambiental Rural — CAR), which collects
data, among others, of APPs and RLs of the whole country. Although these areas are
not defined by a climate risk analysis and were not conceived with the intention to
reduce climate vulnerability, they can show positive adaptation effects and could
therefore be declared as EbA measures. Thus, the CAR is also an important tool for

planning and implementing EbA in Brazil.

The same argument is also followed in the Guandu river basin, located in RJ state. In
2009, the river basin committee, together with the state government, civil society and
research institutions started a large process to restore key areas with native
vegetation. Big companies, such as Latin America’s largest beverage producer Ambey,
quickly joined the initiative. The goal is to guarantee adequate water quality and water
supply of the river basin that is also key to ensuring water security in the metropolitan
area of RJ. However, implementing organizations argue in this case as well that their
measures are also reducing vulnerability to climate change and can therefore be
labelled as EbA.

4.4. Linkages Between CCA/DRR, Land And Ecosystem

Management In Rio De Janeiro State

The World Risk Report (2012) pointed out that environmental degradation is an
important factor that reduces the adaptive capacity of societies to deal with natural
hazards. In the same year, the special report on “Managing the Risks of Extreme
Events and Disasters to Advance Climate Change Adaptation” (IPCC 2012)
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demonstrated the close linkages between natural hazards and extreme events in the
context of CCA. On page 69 of the report it is explicitly mentioned that “the intensity
or recurrence of hazard events can be partly determined by environmental degradation
and human intervention in natural ecosystems.” This statement can certainly be

transferred to the state of RJ.

Figure 3: Deforestation for housing in Teresépolis (photo credit: Wolfram Lange)

Several research studies have shown that deforestation and overexploitation, in
particular due to historical exploitation cycles, modern land use intensification and
urbanization processes (Fig. 3), have caused severe land degradation that in turn has
increased vulnerability to natural hazards and climatic extreme events. Reforestation
and rehabilitation are therefore key concepts in the context of EbA and Eco-DRR to
maintain or restore protective ecosystem services and thereby enhance landscape
resilience. However, so far most reforestation and land rehabilitation initiatives in RJ
state either focus on biodiversity conservation, erosion prevention and soil restoration,
or agricultural management, while specific Eco-DRR/EbA measures are
underdeveloped. Table 2 shows goals and ecosystem-based approaches in the five
key sectors (a) agricultural management, (b) water resources management, (c)
ecosystem management and biodiversity, (d) climate change adaptation, and |
disaster risk reduction. Forest ecosystems including agroforestry systems play a

crucial role in each of these sectors. However, until now there has been little cross-
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sectoral cooperation on both the state and municipal levels to achieve the specific
sectoral goals with joined ecosystem-based strategies and measures. For the
municipality of RJ (metropolitan region), Lange et al (2017) demonstrated that there is
a particular gap between those authorities responsible for urban planning,
conservation and disaster risk management. Moreover, there is a lack of inter-
municipal exchange and coordination, so that there are disproportionally high

administrative expenses in each of the 91 municipalities of the state.

Table 2: Key sectors related to the environment: Overall goals and ecosystem-based approaches in rural Rio de
Janeiro

Agricultural Ecosystem Water DRR CCA
Management Management Resources
and Management
Conservation
Overall goals Maintain soil | Provide Secure  water | Reduce disaster | Adapt to the
fertility and | ecosystem goods | supply and | risk for people | medium and
ensure food | and services and | guarantee good | and their assets | long term
security preserve water quality impacts of
biodiversity climate change
Ecosystem- = Introduce = Establish = Protect rivers | = Stabilize = Reforest
based agroforestry nature and streams landslide- larger areas
approaches systems protection by preserving prone slopes to  improve
used in Rio de zones, or restoring by terracing the regional
Janeiro state | * Implement conservation riverine and climate and
(at least as | reforestation corridors, and | forests reforestation mitigate
pilot and areas of (APPs) climate
measures) rehabilitation permanent = Protect flood- extremes
measures on protection = Protect prone areas
degraded (APPs) headwater by
lands regions by maintaining or
= Foster the preserving or restoring
= Preserve key | implementation | restoring the | riverine
ecosystems of private natural forests and
and habitats natural vegetation creating
that  protect |  heritage (APPs) retention
water reserves room
resources and (RPPNs)
soils

After the 2011 event, a study by the Brazilian Ministry of Environment (MMA 2011)
demonstrated the relation between APPs and environmental conservation units versus
risk areas. Based on aerial and satellite imagery, areas affected by the heavy rainfall
clearly showed the unequivocal linkage between damages due to the force of the
water, landslides and mudslides, and the APPs. A major finding of the study is that

more than 92 % of the landslides within the researched area occurred where some
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type of anthropic alteration had taken place and only 8 % in areas where natural
vegetation predominated. However, as pointed out in chapter 24, natural vegetation

does not provide complete protection from landslides.

4.5. Status of EbA and Eco-DRR Measures in Rio de Janeiro State

So far, disaster risk management in RJ state relies mostly on technical measures, i.e.
protection dams, dykes, water reservoirs, rainwater retention basins and river bank
stabilization against flooding. The risk of landslides and sludge flows in settlements
are mitigated with protective walls, the installation of drainage systems and the sealing
of sloped areas with shot concrete (Fig. 4). Along main traffic routes, large-scale
hanger rides and geotextiles are used (Fig. 5). In some particularly vulnerable areas,

early warning systems and evacuation plans have also been implemented.

Figure 4: Protective structures with shotcrete, drainage pipes and drain ditch in an informal settlement in Rio de
Janeiro (photo credit: Udo Nehren)
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Figure 5: Geotextiles for initial slope stabilization on a roadside in Teresépolis (photo credit: Wolfram Lange)

In rare cases, ecosystem-based measures have been used, but are not yet considered
large scale. Reforestation measures for flood protection are carried out sporadically
and measures for river restoration are initiated with the creation of retention areas. For
protection against landslides, some of the endangered slopes are reforested and partly
terraced. For example, the company for agricultural research in RJ state (Pesagro-
Rio) constructed a slope stabilizing measure for reducing landslide occurrence in the
municipality of Nova Friburgo, which had been highly affected in 2011. After terracing
the slope with sediment barriers and stabilizing it with geotextiles, grass and other
leguminosae were planted to generate a quick soil cover. After a closed vegetation
cover had been formed, predominantly indigenous trees were planted, but also some
non-native trees with the purpose of generating an economic benefit for the local
communities. An agroforestry system was installed in the upper part of the area to
improve the soil conditions and to reduce surface drainage. Maize, beans, lychee and
palm trees among others are being cultivated as they generate additional income
(Nehren et al. 2017; Fig. 6).
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Figure 6: During the extreme rainfall event in the Serrana Region in 2011, many slopes collapsed. Shortly after the
event, Pesagro-Rio implemented slope stabilization and restoration measures, such as the one shown in the figure
above in the municipality of Nova Friburgo. The slope was stabilized using palisades (a); later vetiver (Chrysopogon
zizanioides) and other grasses and single trees were planted (b) (photo credit: Aluisio Granato de Andrade and
Tiago A. Chaves)

Ecosystem-based measures for landslide risk reduction were also considered in the
urban areas of RJ state. In RJ, for example, the main measure to date is the Mutirao
Reflorestamento, the reforestation program of the Municipal Environmental Agency,
which has afforested more than 2,000 ha of degraded land (Lange et al. 2017, Fig. 7).
With the support of trained staff on the basis of voluntary community work, particularly
steep slopes near informal settlements (favelas) were afforested for landslide risk
reduction, among many other purposes. However, this program could be better
oriented to disaster risk reduction and many actors involved in disaster risk mitigation
still focus mainly on gray measures such as protective walls, shotcrete, drainage

systems and classic precautionary activities like early warning systems.

Figure 7: After a landslide, this slope bordering an informal settlement in Rio de Janeiro is being terraced and
reforested. The measure is part of the program Mutirdo Reflorestamento in 2015 (photo credit: Simone Sandholz)
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The project Biodiversity and Climate Change in the Atlantic Forest (2013-2018) was
proposed by a partnership between the Brazilian and German ministries of the
environment (MMA and BMUB), through the International Climate Protection Initiative
(IKT), with the technical cooperation of the German International Cooperation Agency
(GlZ) and the financial cooperation of the German Development Bank (KfW). It seeks
to mainstream EDbA into planning at national, state and local levels. The region of the
Central Fluminense Protected Areas Mosaic, located in RJ’s Regido Serrana, is one
of its demonstration sites. In this context, the staff of the municipality of Duque de
Caxias, directly bordering the city of RJ, were contacted in 2015 to implement a pilot
project. The territorial planning department was fully aware of climate change and its
impacts and sought ways for incorporating these considerations in the revision of its
municipal master plan. From this starting point the project and the municipality jointly
planned and implemented a series of steps in order to mainstream EbA in urban

planning.

The initial step was capacity building. First, the project facilitated the participation of
two planning experts of the municipality in a Training-of-Trainers Course on EbA. That
was the basis for training additional staff within the department and to create an inter-
departmental working group on adaptation to climate change. This resulted in a large
success, as climate change became the first topic in years to convene different
municipal departments on a regular basis, e.g. the departments of Civil Defense,
Planning, and Health, therefore also facilitating inter-departmental dialogue. Secondly,
in-depth diagnosis tools were applied using participatory processes. Using land-use
maps as a basis, local actors — experts, technicians and local leaders — were
interviewed on the relevance of land use and cover types and specific areas in the
municipality as well as hotspots for ecosystem services, such as riparian vegetation,
mangroves and forests. Also in a participative approach, a vulnerability assessment
was performed. Based on previously gathered information and the results of two multi-
stakeholder workshops, experts were able to identify vulnerability hotspots and impact

chains detailing drivers for vulnerability.

The results of these assessments will help the department of urban planning to review
its municipal master plan, manage land use conflicts and discuss different scenarios
for resilient and sustainable urban development. Ultimately, the goal is to enhance

productive activities while at the same time preserving key natural capital.
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4.6. The Potential and Limitations of Eba and Eco-DRR in Rio de
Janeiro State

Despite the promising cases of ecosystem-based approaches in RJ, these kinds of
measures are only isolated cases or pilot studies in geographically limited areas, so
their full potential has not been realized. However, at the national level, the
government makes efforts for forest protection and restoration. In particular with the
implementation of APPs on steep slopes (>45 %), on hilltops, along rivers and in
headwater regions, the landscape can be stabilized. This means, that APPs directly
contribute to risk reduction and climate change adaptation. Further information and
specific data on climate effects and disaster risk could help labelling these efforts as
EbA and Eco-DRR measures, therefore supporting conservation and restoration

initiatives to gain acceptance also in other sectors in addition to the environment.

Pilot projects such as the one in Duque de Caxias are also key to gaining experiences
and evidence on EbA and Eco-DRR, in order to mainstream these topics on a national
level. However, to increase the resilience of the landscape, packages of measures are
needed which include for example, large-scale reforestation for regulating the regional
climate and the restoration of degraded pasture land. The implementation of protection
forests against landslides and rockfalls as well as retention areas for reducing flooding
should be intensified. Synergies with biodiversity protection should also be used (see
Scarano and Ceotto 2015) such as the design of biological corridors in a way that they
simultaneously take over DRR functions. However, this requires a better coordination

between disaster protection and environmental planning authorities.

A problem that ecosystem-based measures still face is less acceptance among
decision-makers because their efficiency and cost-benefit ratio are difficult to
determine and most of the measures are only effective in the long-term. As ecosystem-
based measures most often require the commitment of the local population,
awareness raising campaigns and environmental education should incorporate these
concepts to increase community perception for better engagement (Lange et al. 2014).
There is also a lack of control mechanisms and appropriate environmental monitoring
systems. From this point of view, the implementation and long-term monitoring and
evaluation of pilot cases as the one in Duque de Caxias are key in order for EbA to be
up-scaled. Finally, change of land use is a major challenge as, for example, floodplains

44



are intensively used for agriculture and settlements and therefore relocation of
settlements to create retention areas are costly and could generate major social and

economic conflicts.

Overall, the potential for EbA and Eco-DRR is high in RJ state. Existing projects and
initiatives that already consider ecosystem services for CCA and DRR — whether
purposefully or as a side benefit — can be strengthened and might serve as best

practices to convince more actors and decision makers in the region.
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Abstract This article shows that a perception analysis is an important basis to
develop ade-quate sensitization activities and increase the participation of the local
population in ecosystem-based disaster risk reduction (eco-DRR) and ecosystem-
based adaptation (EbA). The study area is in the mountain region of Rio de Janeiro
state where a natural disaster in 2011 showed once more that environmental risks
such as landslides and flooding are recurrent. Although degradation of the natural eco-
systems is a main reason for the high vulnerability of the local population, ecosystem-
based measures to reduce disaster risks and to adapt to climate change are still
scarce. Valorizing the benefits of nature through community-based adaptation
measures is one promising approach to reduce natural degradation and vulnerability,
but it needs a high awareness of the population for active participation in protecting
and restoring natural ecosystems. To analyze the degree of aware-ness and the
reasons for the lack in participation, a perception analysis was con-ducted based on
collected quantitative and qualitative data. Results show that people have a high
perception of their (a) vulnerability, but miss (b) knowledge on the relation between
environmental risks and ecosystem services, do not feel (c) responsible for
participating and do not see (d) possibilities for a better engagement in DRR and
climate change adaptation (CCA). The article concludes that these three gaps have to
be addressed as main contents in a sensitization concept and draws
recommendations on how a strategy of sensitization activities for eco-DRR and EbA

could look like in the region.
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5.1. Introduction

5.1.1. Objectives

Our main objective is to show a perception analysis that provides a deeper
understanding of the awareness and knowledge to enhance local residents’
participation in disaster risk management. The interventions recommended are limited
exclusively to sensitization activities and exclude other possible interventions such as
financial transfers. We analyze the perception of the population in four areas in the
municipality of Teresopolis (Rio de Janeiro state) with regard to disaster risks
associated with extreme climate events. The perception analysis results identified the
drivers and barriers preventing residents from participating more actively and
effectively in DRR and CCA. This can serve as a basis for developing a sensitization
strategy to enhance local population’s participation in disaster risk reduction. The
study was undertaken by a team from the German Center for Rural Development
(SLE) of the Humboldt University of Berlin within the project “Biodiversity and Climate
Change in the Mata Atlantica” which is being implemented by the Brazilian Ministry of
Environment (Ministério do Meio Ambiente do Brasil —- MMA) with technical support by
Deutsche Gesellschaft fur Internationale Zusammenarbeit GmbH (German
Cooperation for Sustainable Development — GlZ) and financial support by KfW

Entwicklungsbank (German Development Bank).

5.1.2. Disaster Risks and Climate Change in Rio de Janeiro
State

Disaster risks associated with extreme events such as torrential rainfall are prevalent
in the country’s southeast and southern regions. In these areas, disasters caused by
natural hazards, namely landslides, mudslides and floods, are recurrent, and their
intensity and strength are likely to increase due to climate change (PBMC 2013a). In
the Regiao Serrana (mountain region) of Rio de Janeiro state, yet another disaster
occurred in January 2011, with severe consequences (Fig. 8). Torrential rains caused
landslides, mudslides and floods that killed more than 900 people and made over
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35,000 people homeless. This event put Brazil in third place among countries most
affected by catastrophes in 2011 (Guha-Sapir et al. 2012). The World Risk Report of
2012 (Brodbeck 2012) focused on one issue closely linked to many disasters:
degradation of the environment. In the case of Brazil, this relationship between
environmental degradation and disasters is evident, as changes to nature by humans

contribute significantly to the intensity and impacts of disasters.

Figure 8: Area in Teresopolis affected by the disaster in 2011, 2 years later: flooded area with abandoned houses
in the foreground and still visible landslides in the background (Photo: W. Lange)

The mountain region of Teresopolis is part of the Mata Atlantica biome, the third largest
Brazilian vegetation complex and a global biodiversity hotspot. Once encompassing
3500 km along the Brazilian coast and covering 1.0—1.5 million km2 (Galindo Leal and
Gusmao-Camara 2003), only between 11 and 16% of the original forest cover remains
today, found mainly in small fragments (Ribeiro et al. 2009). The Mata Atlantica
suffered greatly from exploration for development and large areas of land were
converted to different land uses (e.g. agriculture and urban settlements) through
various development cycles. Until the nineteenth century, the area was one of the main
coffee-producing regions in Brazil. Later, it gained importance for intensive agricultural
activities (e.g. producing vegetables such as lettuce, tomato and onions), which
remains the main livelihood of the rural population, but also one of the main drivers of
environmental degradation (Nehren et al. 2009). Consequently, most of the
ecosystems have been destroyed or degraded through industrial and urban
expansion, as well as by intensification of land use for agricultural and grazing
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purposes (Smyth and Royle 2000). However, nowadays, deforestation has decreased
considerably (Fundagdo SOS Mata Atléntica and Instituto Nacional de Pesquisas
Espaciais 2014).

Furthermore, unplanned occupation of slopes and areas close to rivers and streams
are other risk factors (Nehren et al. 2009). Once the vegetation cover is removed,
these areas become more susceptible to landslides, mudslides and flooding, leading
to high risks for residents. Degraded ecosystems cannot efficiently carry out their
functions for risk reduction, such as maintaining slope stability, flood control, and the
balance of regional climate (Renaud et al. 2013). The existing efforts for ecosystem
protection and restoration cannot cope with the high level of degradation in the region.
Additionally, the rugged topography and the vulnerable geology (i.e. the basement
underneath the soil is of sliding granitic) and soils (i.e. comprised of silty weathering
mantle) increase the risks of mudslides, landslides, and floods (CEPED-UFSC 2011;
DRM-RJ 2012).

Extreme meteorological events are the main trigger factor for landslides and floods
(Fernandes et al. 2004) and are not new to the region. Due to climate change, their
frequency and intensity have increased since the middle of the twentieth century
(Marengo 2008). Projections for the study region indicate that rainfall will increase by
20% until 2070 and by up to 30% until 2100 (PBMC 2013a). Consequently, climate
change will further increase disaster risks and vulnerability (PBMC 2013b) in an
already fragile region. Hence, there is an urgent need for efficient measures to adapt

to climate change and reduce disaster risk.

5.1.3. DRR and CCA in Rio de Janeiro State

Aware of the challenges the country will face due to climate change, the Federal
Government of Brazil passed a law establishing the National Politics of Climate
Change in 2009. The law was followed by several sectorial plans that focused on
mitigation and reduction of carbon emissions. Adaptation to climate change was given
more priority in 2013 when an inter-ministerial working group, headed by the Ministry
of Environment, was established to develop a National Plan of Adaptation until 2015.
In the policy framework of Rio de Janeiro state (SEA 2012), activities related to climate

change primarily focus on reducing greenhouse gas emissions. Adaptation is
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mentioned in the State Plan of Climate Change, but concrete measures and activities

for adaptation still have to be defined and implemented.

After the disaster in 2011, major efforts were made to increase the state’s capacity for
DRR, but measures mainly focused on engineered infrastructure. Engineered
structures such as dredging, dams, embankment restoration and other hydraulic-
engineering solutions to control flooding, as well as slope stabilization measures such
as use of concrete walls to prevent landslides, were implemented in many parts of the
state. These activities involved various actors like the State Government of Rio de
Janeiro, the municipalities and the communities (CEPED-UFSC 2011). However, most
of these engineered measures are relatively expensive, and do not address the
underlying risk factors. Implementation of disaster prevention activities should
therefore be supplemented by improving long-term planning procedures including
ecosystem-based solutions. Better coordination between the different stakeholders
working with adaptation to climate change is also needed, because the activities have

failed to integrate with each other.

5.1.4. Effective DRR and CCA Based on Ecosystem Services

An emerging approach to DRR and CCA is based on the sustainable use and
management of ecosystem services. Ecosystem-based adaptation (EbA) seeks to
integrate the use of ecosystem services and biodiversity into an overall strategy to
help people adapt to the adverse impacts of climate change (Colls et al. 2009).
Ecosystem-based disaster risk reduction (Eco-DRR) consists in a similar approach
that supports healthy, well-managed ecosystems to act as natural infrastructure,
reducing physical exposure to many hazards and increasing the socio-economic
resilience of people and communities to disasters (Sudmeier-Rieux and Ash 2009).
Both approaches have more in common than they are different. Both EbA and Eco-
DRR aim to reduce vulnerability to disaster and climate risks by focusing on the
sustainable use, management, conservation and restoration of ecosystems (UNEP
2015). The main differences between the two approaches are that EbA is a long-term
approach, as the impacts of climate change tend to increase in decades, while Eco-
DRR mostly addresses current and recurring hazards. They both address climate- or
water-related hazards, although Eco-DRR would also consider other types of hazards,

including geological hazards (e.g. earthquakes, tsunamis) as well as technological
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hazards (e.g. oil spills impacting on coastal and marine ecosystems). EbA may take
into account uncertainties associated with long-term climatic changes, and seek to
adapt to the impacts of climate change in vulnerable development sectors, such as
agriculture, while Eco-DRR could also be applied to tackle non-climate induced

hazards such as tsunamis, landslides, avalanches and rockfall (Venton 2008).

Despite their great potential in the study region, ecosystem-based solutions, such as
the conservation (responsible and sustainable use of nature without reducing the
services of ecosystems) and restoration (return to its original state) of ecosystems,
have been under-estimated by public policymakers, both in the past and present. DRR
in Brazil is still mainly focused on the short-term activities of disaster preparedness
and response rather than on long-term disaster prevention and mitigation strategies.
Compared to technological and engineered infrastructure measures (also commonly
referred to as “grey infrastructure”), ecosystem-based solutions (or “green
infrastructure”) can provide several co-benefits such as carbon sequestration, climate

regulation, and water security (Renaud et al. 2013).

In Brazil, a key policy instrument based on an ecosystem-based approach is the
permanent preservation area (Area de Preservacdo Permanente or APP). Often
located on steep slopes and around rivers, APPs are protected by the National Forest
Code (Brasil 2012) due to their environmental functions. The high risk of landslides
and flooding is explicitly mentioned as one of the reasons why those areas must not
be developed. Unfortunately, the lack of law enforcement and land use pressures,
such as construction and agricultural development, means the APP instrument is often
ineffective. This was apparent in the 2011 disaster where most of the damage occurred
in APPs, because people had settled in these areas (SBF 2011). Other activities and
measures that are already being implemented, but need more effort, include
reforestation, river restoration, and alternative land-use systems such as agroforestry
or silvopastoral systems. These solutions consider landscapes and ecosystems as a
holistic system and aim to create long-term effects to achieve disaster resilience and
support sustainable development. Mainstreaming ecosystem services for DRR and
CCA should be improved at all governmental levels as part of the long-term planning

process.
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Participation by local government and especially local communities in DRR and CCA
is vital (Allen 2006). The protection and restoration of ecosystems do not work without
the involvement of local people, and their benefits are usually better demonstrated

over the medium or long term (Colls et al. 2009).

Participation of the local population is specifically important in Teresopolis, as the
human-induced degradation of ecosystem services and unsustainable land use
increases disaster risks. One approach of integrating people in EbA or Eco-DRR
activities is community-based adaptation (CbA) (IIED 2009; Care 2010). CbA involves
participatory processes that increase the local population’s awareness and whose
primary objective is to improve the capacity of local communities to adapt to climate
change (Care 2010). It also aims to protect and sustain ecosystems, not only for
livelihoods of people, but also to reduce disaster risks. Participation in CbA primarily
depends on the knowledge, needs, and priorities of the local people directly concerned
(IIED 2009). CbA can be integrated with Eco-DRR and EbA measures, because it
directly engages people affected by disaster risks and supports them to implement

activities within their own environment.

5.1.5. Importance of Perception for Participation

In the context of CbA, the perception of local residents affected by disasters or living
in high-risk areas plays a significant role. Understanding their perception is important
for motivating individuals to actively avoid, mitigate, and reduce risks (Wachinger et
al. 2013). Perception may vary depending on several factors such as the type and
context of risk, socialization, biases, and social context and is influenced by
knowledge, experience, values, attitudes, and emotions. An analysis of the local
population’s perception allows us to identify how people deal with disaster risks and
climate change. These insights assist in the development of a sensitization strategy
which considers drivers and barriers, in order to foster enhanced participation in Eco-
DRR and EbA activities. For Teresépolis, community participation is analyzed in the

context of the protection and restoration of the Mata Atlantica.

5.1.6. Four Key Factors for Active Participation

According to the psychometric paradigm of risk perception, which assumes that the
perception of risk leads to a specific behavior (Grothmann and Patt 2005), the

response of people to natural hazards is influenced by risk perception, their judgments,
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and preferences (Slovic and Weber 2002). Information can lead to behavioral change
through adequate educational campaigns (Madajewicz et al. 2007), but the way risk
information is formulated has an effect on judgments and vice-versa (Plapp 2003).
Both the way information about risks is formulated and the information’s availability
are extremely important for behavioral response. The individual’s decision to act is
also determined by how he or she interprets the given information based on previous
experiences (Plapp 2003). Depending on the knowledge of alternatives, a decision
about whether to take action or not can be made. In order to have the possibility to
choose between different alternatives, they have to be available so that possible
consequences can be considered (Weber 1997). We can therefore conclude that
perception of risk depends greatly on experience, knowledge and judgment. It has an
influence on behavior to take up risk-reducing activities and is one of the factors which
could serve as a barrier or driver for enhanced participation. Therefore, our analysis

consists of four main dimensions:

(a) People’s perception of their own vulnerability to disasters, considering exposure,
sensitivity, and adaptive capacity as the factors that define vulnerability (IPCC 2001).
Exposure is defined as the degree to which a system is exposed to climate-related
threats, such as construction of housing on steep slopes which are threatened by
landslides, mudslides and floods. Sensitivity is the degree to which the system is
affected by the threats, such as direct and indirect damage caused by landslides,
mudslides and floods (Messner et al. 2006). Adaptive capacity is the ability of the
system to respond successfully to the threat (IPCC 2001; Mytanz 2013), which means
for example the knowledge about effective measures to protect and restore
ecosystems as well as the financial resources and capacity to implement these
measures. If people do not perceive that they are exposed and sensitive to risks, they
do not necessarily see the need to act and protect themselves. Furthermore, when
they feel overwhelmed and incapable of adapting to risks, there is a high probability

that they will not act on those risks.

(b) People’s knowledge of the relationship between ecosystems and natural hazards:
In the context of Teresopolis, this refers to people’s knowledge of how ecosystem
services can contribute to reducing disaster risks and how ecosystems can be

protected and restored.
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(c) People’s attitudes with regard to their own contribution towards ecosystem
protection and restoration: This component refers to people’s perception of their
responsibility to contribute to the protection and restoration of ecosystems. The main
premise is that people accept and assume responsibility for these measures, because

ecosystem-based measures will only work if everyone participates over the long term.

(d) People’s perception of possibilities and available alternatives to engage more
actively in ecosystem-based measures. The main premise is that people must
recognize the available opportunities for action in order for them to act and contribute

to specific activities.

These four dimensions serve as an analytic scheme to identify barriers in the
perception of people that prevent them from participating more actively and effectively
in Eco-DRR and EbA (Fig. 9). In order to develop more specific recommendations for
an adequate sensitization strategy at local level, it has to be taken into account which
mass media is used and what are the experiences with environment sensitization

activities that have already been realized in the study region.

Figure 9: Four dimensions as basis for better participation (Own graphic)
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5.1.7. Methodology

Using a multi-criteria approach, four geographical areas of the municipality of
Teresopolis, Caleme, Granja Guarani, Santa Rita and Vieira, were selected for the
study. The selection was based on a list of ten potential areas that had been defined
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in conjunction with a representative of the environmental department at Teresopolis
city hall, where relevant data on the characteristics had been collected in a pre-study.
All four selected areas were determined to have a high potential for conservation
and/or restoration of ecosystems to reduce disaster risks. To obtain an accurate
representation of the whole municipality of Teresopolis, both urban and rural areas as
well as those affected and unaffected by the tragedy of 2011 were selected, resulting
in a selection of one urban-affected (Caleme), one urban unaffected (Granja Guarani),
and two rural-affected (Vieira and Santa Rita) areas (all rural areas had been affected
by the 2011 events) (Fig. 10). Additionally, attention was paid to socio-economic
criteria (i.e. age and income) to ensure the sample covered the socio-economic

characteristics of the entire municipal area.

Figure 10: Research areas within the municipality of Teresopolis (Own graphic)
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Three main empirical methods were used for the data collection: semi-structured
questionnaires as the main quantitative data collection tool, and focus group
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discussions and qualitative interviews with local key actors as additional sources of
information. The qualitative empirical instruments aimed to enhance the results
obtained from the semi-structured questionnaires and the triangulation of quantitative
and qualitative methods allowed a higher validity and more sophisticated interpretation
of the results (Flick 2011).

All empirical instruments were pretested and adapted accordingly, before they were
applied in the research areas to ensure that appropriate terminology was used and
that there were no leading or biased questions. A psychologist in the research team
evaluated the research methods to guarantee that they were locally-sensitive, in view
of the 2011 tragedy. Additionally, during the training of the researchers, special
emphasis was placed on possible negative impacts of the research to avoid harm to
the participants (Flick 2007).

During the data collection phase, all research participants were informed briefly about
the research topic in order not to distort the results. All agreed to participate, and their
anonymity was assured. All methods aimed to gather data regarding the four key
factors as well as additional information about existing environmental education
activities and the population’s extent of using media such as television, newspaper
and the internet. The methods have been developed by the research group based on

existing literature (Plapp 2003; Mytanz 2013).

The intention was to obtain representative and individual data in order to observe
possible variations in people’s perceptions. As a unit of analysis, individuals older than
16 years were selected, assuming that perceptions are individually determined (Slovic
1992). Therefore, the semi-structured questionnaire was the principal research
method, containing 41 questions (including 17 questions about vulnerability, 9
regarding knowledge of ecosystem services and disasters, 3 on responsibility and 2

about possibilities). Sample questions are given in the results section.’

Within the four selected communities, a systematic random sample based on
households was applied in order to guarantee that each unit of analysis had the same

probability to be chosen for the semi-structured interviews. A monitoring system was

T All questions and results presented in this article are translations from Portuguese into English.
For a list of all questions and results from the semi-structured questionnaire in Portuguese please
see Lange et al. (2013).
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used to ensure representation by gender and income groups in equal proportions to
their composition in the population of each area according to the census (IBGE 2010).
Whenever a discrepancy was detected, the sampling strategy was changed in order
to specifically reach under-represented groups in the remaining households. A total of
271 semi-structured, face-to-face interviews in Portuguese were conducted (67 in
Caleme, 89 in Granja Guarani, 62 in Santa Rita, 53 in Vieira), which is 14.8% of the
total population as per the demographic census in the four sample districts (IBGE
2010). This sample size assures representative results with a level of confidence of
90% and a single size error of 5 %. The four research areas were equally represented

in the sample.

In addition, focus groups were held to obtain deeper qualitative information on the
research issues. Residents older than 16 years were invited to participate. A
convenience sample of individuals available and willing to participate in the study was
chosen (Collins et al. 2007). Their selection was supported by a “gatekeeper”, a
socially engaged and well-known person in the community, to guarantee an adequate
composition of the group. There was one focus group discussion in each area.
Different participatory methods, such as community mapping and small discussion
groups, were used within the focus group to obtain as much information as possible
on the different research dimensions. For example, community mapping assessed the
perception of disaster risks and understanding of its causes including ecosystem
degradation. The focus group methods were facilitated and moderated by two people
in Portuguese, and at least three researchers observed the discussion, taking notes
on pre-prepared observation sheets. The communities were informed of the results by

an information leaflet after the main results were analyzed.

Furthermore, 19 qualitative problem-centered interviews based on an open
questionnaire with 27 questions were conducted with local key actors (e.g.
representatives of the community association, local NGO leaders, school directors,
priests, etc.). The main criteria for their selection were their social engagement in
community activities, especially after the 2011 tragedy, and their knowledge about the
structure of the community and its problems. In each community, a “gatekeeper” was
identified, who supported the research group to make contact with other experts. This
was especially important to create a trustworthy and open atmosphere during the

interviews. The main objective of the qualitative interviews was to understand the
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perception of key protagonists in the communities and their assumptions about the
local population’s perception of risks. Following the principles of qualitative research,

interviews were conducted until saturation level of data was achieved.

The quantitative data obtained from the semi-structured questionnaires were analyzed
by quantitative content analysis (Mayring 2010) with the support of the statistical
program SPSS. There were categorical and open questions in the questionnaires. The
open questions were quantified before the analysis. The quantification of the answers
was done by both concept-driven coding, to take into account the results of preliminary
research, and open, data-driven coding, to ensure the capture of additional data and
phenomenon which were considered of explanatory value for the research (Gibbs
2007). Both the focus group discussions and the qualitative interviews with local key
actors were analyzed by qualitative content analysis (Mayring 2010). We used a step
model of deductive category application. This means that we worked with coding rules
for each category previously developed, determining exactly under what
circumstances a text passage can be coded with a category (Mayring 2000). The

software ATLAS.ti was used for the analysis.

The indices of perception of vulnerability, exposure, sensitivity and adaptive capacity
presented in the results chapter of the article were calculated based on quantitative
data from the semi-structured questionnaires. While the index of perception of
vulnerability is calculated by adding the perception of exposure and sensitivity and
subtracting the perception of adaptive capacity (GIZ 2013), each of these three indices

is composed of multiple questions from the questionnaires.?

All three empirical research methods were designed with the intention that the
methods would also be used in future research on the same and similar topics.
Detailed information on all methods, including questionnaires, focus group instructions
and interview guidelines are provided in the original study in the form of a perception

analysis toolkit (Lange et al. 2013).

To ensure the reliability of the methods and the replicability in other research contexts
on disasters, the authors aimed to develop research methods which could be adapted

to different disasters and to different levels of affected populations.

2 For the exact composition of each index please see Lange et al. (2013).
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5.2. Results

5.2.1. Perception of Risks and Adaptation Measures in

Teresopolis

The results show that three main barriers are impeding the local population from more
actively engaging in Eco-DRR and EbA activities. First, while the population has some
knowledge of the importance of environmental protection, only a few people have a
wider understanding of the role of ecosystem services in reducing disaster risks.
Second, although a major part of the population feels responsible for conserving
ecosystems, they do not feel responsible for undertaking ecosystem restoration
activities. Lastly, a great number of people perceive that the greatest obstacle to better
value ecosystems is the lack of resources and options, as well as the lack of
opportunities to obtain resources and options. Our results also suggest that people in
Teresopolis already have a relatively high perception of their vulnerability to disasters
and believe disaster risk will increase in the future. Hence, this important condition for
increasing participation in Eco-DRR and EbA is already met. Sensitization activities
should therefore primarily focus on the other three barriers: knowledge, perception of

responsibility and perception of possibilities.

The following discussion presents the most important insights for each of the four
dimensions. This differentiated look at the results is especially important when it comes
to developing appropriate sensitization activities and ways to engage the local

population in the reduction of disaster risks.

5.2.2. Perception of Vulnerability with Respect to Disaster
Risks

Our analysis of the perception of vulnerability shows that people in Teresépolis have
a relatively high awareness of their exposure and sensitivity and perceive their
capacity to adapt to disaster risks as relatively low. This means that most people know
that they live in risk-prone areas and realize that they are insufficiently protected
against potential disasters. But they are typically not aware of the possibilities to better

protect themselves from disasters.

A vivid example that illustrates people’s level of awareness of their exposure is that

86% of the population stated that either landslides, mudslides or floods, the most
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prevalent hazards in the mountain area of Teresopolis, would pose a direct risk to their
life. This high percentage can be explained by the devastating impact of the tragedy
of 2011 and the resulting heightened local awareness of disasters. Focus group
discussions and interviews with local key actors confirmed that after the events of 2011
the perception of exposure to hazards increased significantly within the community —
especially in those areas worst affected. Almost every resident knows at least one
family member who was directly harmed by the disaster in 2011. Whilst the tragedy
increased local awareness, it also made it hard for people to differentiate between
levels of risk across different locations. It even led to an overestimation of risks. For
example, more than half of the population (58.5 %) believe that every area in the region
has equal probability or risk of experiencing a disaster, not taking into account that
some areas could have higher levels of risk than others. This means that, although the
awareness of risk is relatively high, many people are not capable of making
differentiated judgments about the actual levels of risk of an area. For the perception
of sensitivity and adaptive capacity, the results are similar, although less distinct. More
than 70% of the population perceive that disasters can cause serious damage to their

own lives as well as to their livestock and other assets.

In the case of a disaster, most people feel helpless and incapable of adequately
protecting themselves. One-third (34 %) do not even have a basic idea of what they
could do to prevent or mitigate the impacts of disasters, and some do not believe
actions can be taken at all to protect against disasters. This is mainly due to the lack
of knowledge of adequate measures for disaster risk reduction and adaptation, and

the perception of a lack of financial resources to take up those measures.

Histogrammes in Fig. 11 shows the distribution among the local population of the
perception of (a) vulnerability and factors that define it, (b) exposure, (c) sensitivity and
(d) adaptive capacity. While the index of perception of vulnerability is a combination of

the other three indices?, each of these indices is derived from different questions* from

3 The formula used to calculate the index of perception of vulnerability is: perception of

Vulnerability = perception of exposure + perception of sensitivity — perception of adaptive capacity
(GIZ 2013). To generate a value between 0 and 1 for the vulnerability index, we used the formula

“1 — ((Nmax -Nx)/(Nmax-Nmin))” (UNDP 1990).

4 For more information on the composition of each index, including the sets of questions, please see
Lange et al. (2013).
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the semi-structured interviews. Each histogram shows the distribution of perception

from a value of 0 (very low perception) to a value of 1 (very high perception).

Figure 11: Perception of vulnerability and its constituent dimensions (Own graphic)
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The histograms show that there is a relatively high average perception of vulnerability
of 0.62 with a relatively low standard deviation of 0.19 — that is, the perception of
vulnerability deviates quite homogeneously around the average value. For the
perception of exposure, this differs slightly. The perception is higher with an average
of 0.69 and also deviates more (0.22) with two clusters around the values 0.6 and 0.9.
This indicates that one part of the population already has a very high perception of
exposure, while the perception of exposure by the rest of the population is far lower.
Similar characteristics apply to the perception of sensitivity (high standard deviation of
0.28), although the general perception is lower with an average value of 0.55. The
perception of adaptive capacity is generally low with an average of 0.42, deviating

homogeneously around this value.

It is also crucial to understand how people perceive their future vulnerability. This
knowledge is of special relevance for the planning and design of projects and
strategies, especially in the context of Eco-DRR and EbA, because ecosystem-based
measures need some time until they can fully yield DRR or CCA benefits and are
therefore often undertaken over the medium- or long-term (Renaud et al. 2013).
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Of the people surveyed, 76% perceived an increase in frequency and magnitude of
rainfall during the last 10 years, and 80%stated that a future increase would have more
negative than positive effects on their livelihoods. Also, 68% of the population believed
that landslides (compared to 63% for floods) had increased during the last 10 years in

frequency and/or magnitude.

These results were confirmed in all four focus groups, especially in the rural areas.
Here, people talked comprehensively about the increase in rainfall, landslides,
mudslides and floods and more generally about the increase in disaster risks. Although
the results are probably also influenced by the 2011 tragedy, people perceive that
disaster risks increased during the past few years and, based on this trend, expect

that their exposure is likely to increase in the future.

All these results suggest that the perception of vulnerability, as one important driver
for enhanced participation in DRR and CCA, already exists in Teresopolis.
Sensitization activities should therefore not focus on further increasing awareness of
vulnerability. Instead, efforts should focus on more active engagements with the local
population to discuss effective measures for DRR and CCA, and enhance local
understanding of exposure to disaster risks. A high perception of vulnerability does not
automatically mean that people act or even choose adequate measures to reduce
risks and/or recognize the value of ecosystems for DRR and CCA. Although disasters
could affect everyone, there are certainly areas of high risk and areas of medium or
low risk. Finding optimal solutions for each area, on a case-by-case basis, is crucial
and requires a well-informed and differentiated perception of risks — especially the
perception of exposure to risks. People will need this deeper understanding to choose

between risk reduction measures that are most appropriate to their context.

5.2.3. Perception of Ecosystem Services and Their Functions

to Reduce Disaster Risks

The effectiveness of Eco-DRR and EbA measures depends highly on the acceptance
— and ideally the participation — of the local population (IIED 2009), who need to have
a good understanding of the risk reduction functions of ecosystems (Borrini-
Feyerabend et al. 2007; King and Marfai 2008). For Teresopolis, our results suggest
that even though the population has some knowledge about the importance of
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ecosystem protection, only a few people have a deeper understanding of the role of

ecosystem services in the reduction of disaster risks.

Over 50% of those interviewed explicitly indicated activities in the area of ecosystem
degradation as the main cause for the increase of landslides, mudslides and floods in
the past 10 years. This basic knowledge of the causality between ecosystem
degradation and risk was also confirmed in the focus group discussions. Participants
talked about the severe effects of deforestation on increasing the prevalence of
landslides, mudslides and floods. However, in addition to recognizing that ecosystem
degradation increases disaster risks, people also need to understand how intact
ecosystems and the services they provide can contribute to reducing risks, and how
ecosystem restoration could therefore be viewed as a key measure for implementing

DRR or CCA. In this regard, protected area management can play an essential role.

According to a study on the role of protected areas for risk reduction in the mountain
region of Teresopolis, the regions most affected by the catastrophe in 2011 were in
APPs (SBF 2011). APPs with intact vegetation were significantly less impacted by the
disaster than APPs with degraded vegetation (SBF 2011). This is primarily due to the
slope stabilization and water regulation functions of the ecosystems in APPs with intact
vegetation (SBF 2011).

When asked how the forests in APPs benefit the population, most interviewees
mentioned that forests conserve biodiversity by protecting animals and produce fresh
air and clean water. Only 12% spontaneously mentioned that forests can also
contribute to reducing the risk of disasters. When specifically asked to elaborate on
the risk reduction functions of forests in the focus groups, some participants noted that
the roots of the trees would stabilize the soil and thus prevent landmasses from sliding.
However, other risk reduction functions of a forest, such as its water absorption

capacity and associated flood reduction services, were not mentioned at all.

When asked about the functions of protected areas (including APPs) in general, results
were similar. Although 72% of the people surveyed could name at least one protected
area in their region, only 5% perceived that protected areas could contribute to
reducing disaster risks. Instead, most people understood the functions of protected
areas to be mainly for the conservation and restoration of nature in general or for the

protection of animals.
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When directly asked if protected areas could contribute to the reduction of disaster
risks, 65% of the people interviewed agreed. However, only one third (35 %) could
afterwards explain at least one concrete example or mechanism how protected areas
could reduce disaster risks. These results confirm the observations made during the
focus group discussions. Although many participants perceived a certain connection
between ecosystem degradation and disaster risks, and some even knew that
ecosystems were important to reduce disaster risks, very few people understood the

mechanisms by which ecosystems can reduce risks.

This crucial observation shows that people in Teresopolis have a basic understanding
but no sophisticated knowledge on the relationship between ecosystems and risk
reduction. The limited knowledge is one important factor preventing people to value
ecosystem services and participate in risk reduction measures. People need to know
that effective conservation and restoration of their surrounding ecosystems can protect
them against landslides, mudslides and floods, and they need to know in which areas
restoration is especially crucial. If they are not aware of these relationships, why
should they be motivated to invest their scarce time to participate in risk reduction

measures?

Lack of knowledge about the ecosystem’s risk reduction functions is the first barrier to
the population’s enhanced participation in Eco-DRR and EbA measures identified in
our study. As a consequence, sensitization activities in the region should focus on
increasing knowledge about the role of local ecosystem services and their functions in

reducing disaster risks.

5.2.4. Perception of Responsibility to Protect and Restore

Ecosystems

As mentioned above, for Eco-DRR and EbA measures to be effective, the local
population should accept and support the measures and ideally, be actively involved
(IIED 2009). Another factor that can enhance participation is the population’s sense of
responsibility to contribute to Eco-DRR and EbA. If people do not have this sense of
responsibility, there is little reason why they should be intrinsically motivated to
participate (Wachinger et al. 2013). Therefore, we analyzed the local population’s
perception of its own responsibility to conserve and restore ecosystems. We compared
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people’s perceived role of the government in risk reduction with the perception of the

responsibilities people see for their community and themselves (see Fig. 12).

While almost half the people interviewed feel responsible for contributing to the
mitigation of disasters by means of conservation of nature, people generally consider
the government to be responsible for traditional DRR measures, such as engineered
infrastructure (37.3 %). Also, more than one third of the people claimed that the
government should force people to leave high risk areas and provide social housing
in safe areas. The restoration of ecosystems, by contrast, is neither perceived as a
responsibility of the government (5.5 %) nor of the community (5.2 %). This might be
explained by the relatively limited knowledge of the effectiveness of ecosystem

restoration for risk reduction, as shown above.

Figure 12: Perception of responsibility of the population and of the government (Own graphic). The figure only
shows answers that are relevant for EbA and Eco-DRR measures. Other answers, e.g. on governmental inspection
or social organization, are excluded to simplify the illustration. For the complete set of answers please see Lange
etal. (2013)
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When looking in more detail at the responsibilities people see for their community and
themselves (Fig. 13), we find that in the area of conservation of ecosystems, those
interviewed feel responsible for taking up avoidance behavior (e.g. avoid
deforestation, do not litter) rather than undertaking the active implementation of

activities (e.g. remove litter from rivers or forests or to actively educate other people).
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Figure 13: Perception of responsibility of the population (Own graphic)
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Similar observations were made by local community representatives who stressed that
after the tragedy of 2011, the main behavioral change in the community was to avoid
throwing solid waste into the rivers. Although this activity can certainly reduce the risk
of floods (Jha et al. 2012), it cannot effectively reduce the risks of landslides and other
hazards. Active ecosystem restoration is also crucial, particularly in the area of
Teresdpolis where a lot of environmental degradation has already taken place (Smyth
and Royle 2000).

At the same time, 21% of the people think that they cannot do anything and another
9% have no idea how to contribute to risk reduction. This means that almost one third

of the population do not feel capable of contributing to any DRR measures.

High local awareness of proper waste disposal, however, shows that environmental
education could have a significant impact on people’s perceptions. Since 2011, there
have been various campaigns for proper waste disposal in the Teresopolis area which,

according to our interviews, have been well-accepted by the local community.

Lack of the sense of responsibility of the population to effectively conserve, and
especially to restore ecosystem services, is the second barrier to enhanced
participation in EbA and Eco-DRR identified in our study. Sensitization activities should
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therefore also focus on increasing the perception of responsibility among the local

population.

Results of our study also suggest that the perception of responsibility is strongly
connected to knowledge of the functions of ecosystem services. If people have limited
knowledge of the effectiveness of certain measures (e.g. reforestation), it seems less
likely that they will feel responsible for implementing them. Therefore, enhancing local
knowledge of the effectiveness of ecosystem services for DRR and CCA (the first
barrier identified earlier in this paper) seems to be a first step to increasing people’s

sense of responsibility for implementing effective Eco-DRR or EbA measures.

5.2.5. Perception of Possibilities to Conserve and Restore

Ecosystems

For people living in low and medium risk areas, the likelihood and the impact of
disasters can often be significantly reduced by conserving and restoring the
surrounding ecosystems (Nehren et al. 2014). These measures are especially
important because in Teresopolis, according to our interviews with local key actors,
resettlement capacities are limited and often associated with negative consequences,
especially for the most vulnerable and marginalized. Resettled communities run the

risk of losing their valuable social networks and supporting infrastructure.

As shown above, a major part of the population is aware of their vulnerability to
disasters, and some people also know about the importance of ecosystems for
reducing disaster risks. Also, a segment of the population values ecosystems. Why
then do so few people actively participate in the protection and restoration of

ecosystems?

As shown in Fig. 14, more than one third of the people surveyed in Teresépolis (37 %)
perceived a lack of willingness, awareness or sensitization as important factors
preventing them from more actively contributing to the protection and restoration of

ecosystems. This confirms the above results and the barriers identified.
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Figure 14: Perception of obstacles to contribute to conservation and restoration of ecosystems (Own graphic)

"What impedes the population to contribute more
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sensitization options government fiscalization multiple answers possible

While only 18% mentioned a lack of education and information during the interviews,
this topic was extensively discussed in the focus groups. Participants identified the
lack of knowledge of how to collectively undertake the protection and restoration of
ecosystems as equally important as the lack of willingness and awareness. A key
outcome of the focus discussions was that people do not feel capable of guiding or
instructing others on how to undertake Eco-DRR or EbA activities. Hence, lack of
knowledge or training on implementation of Eco-DRR and EbA measures seems to be

a major reason why people do not engage more actively in Eco-DRR and EDbA.

In addition to knowledge on how to effectively conserve and restore ecosystems,
people need to feel they have the resources and capability to do so. Figure 21.7 also
shows that more than one third of the population (35.3 %) sees the lack of money and
resources and the lack of opportunities to obtain such resources as another great
obstacle. Several interviewees also mentioned that the lack of money would result in
a lack of time for investing in Eco-DRR and EbA activities, because people would need
to work extra hours to earn their income. Thus, particularly time consuming activities
like planting trees during weekends would simply not be an option for them. Lack of

both resources and knowledge of how to obtain resources is the third gap identified in
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this study. Sensitization activities should therefore also focus on increasing knowledge
of the local population on how and where to obtain financial resources and options to

invest in ecosystem-based measures.

5.3. Conclusion

Ecosystem-based measures such as reforestation and protected area management
have great potential to reduce disaster risks and adapt to climate change in the
mountain area of Teresopolis (Nehren et al. 2014). In many cases, they can
complement or even substitute hard engineering measures. However, to be effective,
policymakers must design measures sensibly and involve the local community in

planning and implementation (Allen 2006).

An analysis of the perceptions of local residents allows us to identify the drivers and
barriers for effective participation in EbA and Eco-DRR. The perception analysis is a
tool, especially designed to obtain a better understanding of people’s awareness of
their vulnerability, knowledge of the relationships between environment and disaster

risk, perception of self-responsibility and possibilities for action.

Based on the results and additional research regarding environmental education and
relevant stakeholders (Lange et al. 2013), a locally adapted sensitization and
communication strategy could be developed. In the municipality of Teresépolis, the
three barriers identified through our perception analysis need to be addressed. They
should constitute the main content of a sensitization strategy and should also be used

as a basis for elaborating educational and/or informational materials.

Instead of implementing top-down approaches, perception analyses provide a feasible
way to adapt Eco-DRR and EbA strategies to different local needs, thereby increasing
their effectiveness and efficiency. A perception analysis, therefore, plays an important
role in advising policymakers from national, state, municipal, and local levels on how
to implement more effective, ecosystem-based measures for DRR and CCA with

strong involvement of the local communities.

It is important to emphasize that a perception analysis serves to complement Eco-
DRR and EbA measures at local level. To engage the population and increase their
participation, it is especially important to align certain measures bottom-up, although

government institutions are foremost responsible for creating the conditions for local
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participation, such as providing relevant information about where and how people can
contribute effectively. Furthermore, whilst the proposed Eco-DRR or EbA measures
might be cost-effective, financial support for their implementation is crucial, such as
providing a fund for local communities or even non-governmental organizations to

undertake such activities.

We also suggest that public decision makers and other stakeholders in the region use
the results and recommendations of our study to develop adequate intervention
strategies to increase public participation in disaster risk management. Our methods

and data could then be used as a baseline study to measure the impact of their actions.

In addition to the conclusions of our case study, we recommend that the elaborated
methods (toolkit)® that were successfully applied in this analysis be used by other
researchers in similar research areas in order to allow for future comparison of results
and to develop bottom-up activities. We strongly recommend that the methodological
toolkit is applied, tested and adapted by other researchers in various contexts of
disasters in order to contribute to the development of reliable methods for measuring
perception of ecosystem services for disaster risk reduction and adaptation. We
believe that Eco-DRR and EbA measures can be successfully implemented and will

contribute to effective risk reduction strategies.
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Abstract

Nature-based Solutions (NbS) for climate change adaptation (CCA) and disaster risk
reduction (DRR) aim to take advantage of the benefits that nature can provide to cope
with potential adverse impacts. The objective of the current study was to identify these
NbS and compare them with conventional measures to reduce landslide risk in
communities in Salvador da Bahia. We applied mainly qualitative social research
methods including semi-structured interviews and participatory workshops in selected
communities for data gathering. The results show that NbS are in most cases
evaluated by experts as just being as efficient as conventional engineered measures,
but are often cheaper and contribute to the sustainable development of the city of
Salvador with several co-benefits. However, there is a need for greater awareness of

the potential of NbS for better acceptance among the residents of the settlements.

Keywords: shallow landslides, disaster risk reduction (DRR), climate change

adaptation (CCA), Nature-based Solutions (NbS), informal settlements, Brazil

6.1. Introduction

Shallow landslides triggered by extreme rainfall represent one of the most devastating
natural hazards in urban areas of Brazil, particularly affecting informal settlements
located on steep slopes (Coelho-Netto et al. 2009, Debortoli et al. 2017, Camarinha
et al. 2024, Facadio et al. 2024). In Salvador da Bahia, like in several other Brazilian
coastal cities, rapid and unplanned urbanization led to the occupation of exposed
areas by socially vulnerable populations, significantly increasing disaster risk (Lange
et al. 2017, Ferreira 2023). The informal settlements, known as favelas, are
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characterized by precarious infrastructure, lack of proper drainage systems, and the
removal of natural vegetation, making them highly susceptible to landslides during
intense rainfall events. Several buildings in these communities were not constructed
in accordance with building regulations, increasing their susceptibility to landslides
(Lange et al. 2016, Lange et al. 2018a, Sandholz et al. 2018).

Climate change projections indicate an increase in the frequency and intensity of
extreme rainfall events in the coastal regions of Brazil, which will likely exacerbate
landslide risk in vulnerable urban areas (Marengo et al. 2021). Historical records show
that landslides in informal settlements of Salvador resulted in significant loss of life
and property damage, highlighting the urgent need for effective risk reduction
strategies and measures. The city experienced several devastating landslide events
(e.g., in 2015 and 2022, Barretto & Silva 2023 and Shaughnessy et al. 2024), with a
prominent disaster in 2015 claiming 14 lives and destroying numerous hillside homes.
Traditional disaster prevention in Salvador predominantly relied on gray infrastructure,
such as retaining walls and other engineered solutions. Although these measures offer
immediate protection as soon as they are implemented, they can also fail in extreme
catastrophic events, are often associated with high costs (Vicarelli et al. 2024),
contribute to surface sealing, and are not beneficial ecologically (Sudmeier-Rieux et
al. 2019).

While conventional engineering approaches were the predominant response to
landslide risk in Brazilian cities, nature-based solutions (NbS) are emerging as
promising alternatives that can provide multiple benefits beyond risk reduction (World
Bank 2008, Cohen-Shacham 2016, Lange et al. 2018a, Arce-Mojica 2019, Sudmeier-
Rieux et al. 2021). These NbS, which include Ecosystem-based Disaster Risk
Reduction (Eco-DRR) and Ecosystem-based Adaptation (EbA), integrate sustainable
management, conservation, and restoration of ecosystems to reduce disaster risk

while supporting community resilience (Nehren et al. 2023).

The potential of NbS for shallow landslide risk reduction lies in their ability to stabilize
slopes through reinforcing soil through root systems, which provide mechanical
support and increase soil cohesion, improve water infiltration, and reduce surface
runoff (Arce-Mojica 2019, Tallaksen & Capobianco 2023, Galeazzi et al. 2024).
Additionally, the canopy reduces the splash effect and the vegetation cover decreases

79



runoff (Nehren et al. 2013; Lann et al. 2024). Compared with those of the conventional
engineering measures, NbS provide additional benefits, such as biodiversity
conservation, carbon sequestration, and improved quality of life for local communities
(World Bank 2008, Cohen-Shacham 2016, Lange et al. 2018a, Sudmeier-Rieux et al.
2021, Nehren et al. 2023). In terms of effectiveness and cost efficiency, studies
showed that NbS are just as effective at protecting against natural hazards, such as
shallow landslides as conventional technical systems (Sudmeier-Rieux et al. 2019),
although they are usually more cost-effective (Vicarelli et al. 2024). NbS were shown
to be cost-effective alternatives to traditional engineering approaches, particularly in
reducing hydro-meteorological risks, such as floods and landslides. For example, NbS
like wetland restoration and slope revegetation can be up to five times cheaper than
those by engineered solutions while also providing co-benefits (Ruangpan et al.
2020). Additionally, NbS are resource-efficient and economically viable when
designed to adapt to local conditions, ensuring that their implementation and
maintenance costs remain proportional to their environmental and social benefits
(Sowinska-Swierkosz & Garcia 2022). In the context of NbS, co-benefits refer to the
additional positive outcomes generated alongside the primary objective of addressing
societal challenges, such as climate change adaptation or disaster risk reduction.
These co-benefits include improvements in biodiversity, air and water quality, urban
cooling, and human wellbeing, as well as other ecosystem services and social
cohesion (Yang et al. 2023, lungman et al. 2025). For example, NbS for flood risk
reduction, such as bio-retention basins or green roofs, not only mitigate flooding but
also contribute to urban regeneration, increased green space accessibility, and

improved mental health (Herranz-Pascual et al. 2025, lungman et al. 2025).

To ensure that NbS are designed and implemented in a proper and effective way, the
International Union for Conservation of Nature (IUCN) together with more than 800
practitioners and experts developed a Global Standard for NbS (https://iucn.org/our-
work/topic/iucn-global-standard-nature-based-solutions).Furthermore, Cohen-
Shacham et al. (2019) suggested core principles for successfully implementing and
upscaling NbS. Additionally, studies highlight the importance of avoiding the risks of
maladaptation (Higuera Roa et al. 2025) and ecosystem disservices (Pereira et al.

2023) when implementing NbS.
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Against this backdrop, the main objective of this study was to identify and evaluate
NbS for landslide risk reduction in the informal settlements (favelas) of Salvador,
comparing them with that of conventional engineering measures. This research has

specifically focused on:

1. Identifying risk factors for shallow landslides
2. Assessing the potential NbS interventions suitable for Salvador

3. Evaluating and comparing the effectiveness, costs and co-benefits of landslide
risk reduction measures

4. Analyzing community perception and acceptance for implementing NbS for
landslide risk reduction.

This research addressed a critical gap in understanding the performance of NbS
compared with that of the conventional landslide risk reduction measures and their
effective implementation in informal urban settings (Arce-Mojica 2019, Tischler 2023).
The findings will contribute to the growing body of knowledge on nature- and
ecosystem-based approaches for disaster risk reduction and climate change

adaptation in vulnerable urban communities.

6.2. Background

6.2.1. Ecosystem-based Adaptation and Disaster Risk

Reduction

Ecosystem-based adaptation (EbA), ecosystem-based disaster risk reduction (Eco-
DRR), and nature-based solutions (NbS) represent interconnected approaches
harnessing biodiversity and ecosystem services to address societal challenges related
to climate change and disaster risks (Brink et al. 2016, Renaud et al. 2016, Walz et al.
2021).

EbA specifically focuses on using biodiversity and ecosystem services to help
communities adapt to adverse climate change effects through sustainable ecosystem
management, conservation, and restoration (SCBD 2009, Brink et al. 2016). Eco-
DRR, while sharing similar principles, primarily addresses current and recurring
hazards through sustainable ecosystem management to reduce disaster risk (Estrella
& Saalismaa 2013, Renaud et al. 2016). NbS serves as the broader umbrella concept,
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encompassing both EbA and Eco-DRR approaches while promoting comprehensive
nature-based interventions for multiple societal challenges (Brink et al. 2016, Cohen-
Shacham et al. 2016, Cohen-Shacham et al. 2019, Doswald et al. 2021).

Research demonstrates robust evidence for the effectiveness of ecosystem-based
approaches in reducing specific climate-related hazards and disaster risks (Doswald
et al. 2021, Sudmeier-Rieux et al. 2024). EbA takes a longer-term perspective focused
on CCA, while Eco-DRR typically addresses immediate and recurring hazards
(Renaud et al. 2016). Both approaches demonstrate high levels of confidence in
reducing specific hazards, particularly in urban areas and mountain environments
(Sudmeier-Rieux et al. 2021). Research shows robust links between ecosystem
functions and disaster risk reduction, especially regarding forests for wildfire
management, urban green infrastructure for flood mitigation, and vegetation on steep

slopes for reducing mountain hazards (Sudmeier-Rieux et al. 2021).

Economic analyses reveal that NbS can be more cost-effective than that of traditional
grey infrastructure, especially when accounting for multiple ecosystem services and
long-term benefits (Chausson 2020, Vicarelli et al. 2024). The scientific evidence
indicates that these approaches provide numerous co-benefits beyond their primary
protective functions, including enhanced biodiversity support, carbon sequestration,
improved water quality, strengthened local livelihoods, and community development
opportunities (Sudmeier-Rieux et al. 2021, Nehren et al. 2023). Studies consistently
demonstrate that ecosystem-based measures can be as effective as conventional
engineering approaches while being cheaper and delivering multiple additional
benefits (Onuma & Tsuge 2018, Sudmeier-Rieux et al. 2021).

Ecosystem-based approaches demonstrate significant potential for landslide risk
reduction, particularly through vegetation management and reforestation of steep
slopes. Research shows evidence that existing vegetation plays a crucial role in
reducing slope hazards, as landslides become more frequent and extensive following
deforestation due to the loss of tree and shrub roots essential for soil stability (Arce-
Mojica et al. 2019, Sudmeier-Rieux et al. 2021, Lann et al. 2024). Studies indicate that
slope revegetation and forest restoration can effectively stabilize slopes, reduce
erosion, and decelerate rainwater runoff (Arce-Mojica et al. 2019). In urban contexts,
such as Rio de Janeiro, reforestation programs showed promise in reducing landslide
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risk, though their effectiveness needs to be better integrated with formal risk reduction
strategies and supported by improved monitoring systems (Lange et al. 2018a).
However, ecosystem-based measures cannot completely eliminate landslide risk, and
in some cases, hybrid approaches combining both green and grey infrastructure may

be the most appropriate (Arce-Mojica et al. 2019, Sudmeier-Rieux et al. 2021).

Implementing NbS in informal settlements presents unique challenges and
opportunities requiring careful consideration (Ronchi & Arcidiacono 2019). Research
from Rio de Janeiro demonstrates that their implementation faces several distinct
challenges. The informal nature of land tenure, dense building structures, and lack of
proper infrastructure, such as drainage systems often complicate the establishment of
ecosystem-based measures (Lange et al. 2018a, Sandholz et al. 2018). Additionally,
a discrepancy between formal urban planning and the reality of informal settlements
is observed, requiring novel governance approaches bridging different social groups
and institutional scales (Balbim 2023, Alfonsin & Mota Juanior 2024). The
implementation process demands extensive community involvement and awareness-
raising initiatives, as residents may initially be skeptical of NbS, particularly when
forests are perceived as sources of risk rather than as a resource for protection (Lange
et al. 2016, Lesser & Brandes 2023). A key success factor is the development of
participatory decision-making processes that actively include informal settlers while
ensuring coordination between multiple sectors, such as civil defense, geological
survey, urban planning, and environmental management (Lange et al. 2018a, Fianoo
et al. 2024, Nalumu & Perrotti, 2024). Furthermore, hybrid approaches combining both
green and gray infrastructure often prove most practical in these contexts, especially
given the immediate protection needs of communities living in high-risk areas, defined
by high slope degree and existing cracks, among other risk factors (Lange et al. 2018a,
Sandholz et al. 2018).

Research demonstrates that risk perception alone does not sufficiently explain the
success or failure of certain risk reduction programs. While communities often show
high awareness of their exposure to landslide risks, particularly after experiencing
disaster events, this awareness does not automatically translate into appropriate risk-
reducing actions (Lange et al. 2016, Zin Mar Than 2023). Studies indicate that people

may have difficulty differentiating between risk levels across locations and may
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overestimate risks in some areas while underestimate them in others (Lange et al.
2016). Rather than focusing solely on increasing risk awareness, sensitization
activities should address as well knowledge gaps about ecosystem services, enhance
local understanding of exposure levels, and demonstrate the effectiveness of NbS
(Lange et al. 2016). Community participation and local acceptance are crucial factors,
as these approaches often require longer implementation timeframes and ongoing
maintenance compared with those of traditional engineering solutions (Ruangpan et
al. 2020).

6.2.2. Risk and climate change profile of Salvador

The Municipality of Salvador is located in the State of Bahia, at the entrance of the
Bay of All Saints, and comprises a territorial extension of about 707 km? and a
population of about 2.4 million inhabitants of which more than 1 million live in informal
settlements (favelas) (IBGE 2022).

The climate is tropical humid to super-humid, with average annual precipitation and
temperature of 1235 mm and 25.6 °C, respectively (climate-Data.org). The rainiest
quarter, in the months of April, May, and June, presents an average monthly
precipitation varying from 251 to 325 mm and a hydric surplus of more than 100 mm.
The months between September and February are the least rainy with precipitation
between 111 and 132 mm (Santos et al. 2016). The city of Salvador suffers from
extreme weather events, such as heavy rains causing landslides and flooding.
According to the analysis of data from the National Institute for Space Research
(INPE) climate scenario modeling (Chou et al. 2014), both of the variables of maximum
rainfall amount and consecutive rainy days, indicated a potential increase of climate
exposure in relation to mass movements as the trend is to have more extreme events

of volume and duration.

According to Peixoto (1968) and Nascimento (2008), the compartmentalized block
structure and the humid tropical climate favor a deep alteration of the crystalline rocks,
the evolution process of which led to the development of several pedological horizons.
On one hand, the residual soil and the altered rock constituting the regolith are
generally reddish in color, dominantly clayey. On the other hand, soils developed over

some types of strata of the Barrier Formation exhibit, in most cases, a sandy and
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sandy-silt texture, grayish in color. The contrast often found between the strata of the
Formacgéo Barreiras, with sandy characteristics, and the residual soil, with clay
content, is one of the main factors characterizing the high susceptibility to landslides

in the region.

The geomorphological characteristics of Salvador are notably conditioned by the
geological components and by the action of the climatic agents. The endogenous force
is responsible for the system of faults and fractures existing in the topographic
configuration, which implies in the direction of the surface water flow, in the
determination of the morphogenetic balance and in the configuration of the modeled
relief. The city of Salvador is initially installed on the reverse side of a dissected
plateau, with an altitude of about 60 m in the city center, decreasing southeast-south
and eastward to the coastal plain bordering the Atlantic. Inland, in a northerly direction,
it rises about 110 m (Peixoto 1968).

In relation to slope, the city presents slopes above 18% in a significant portion of its
territory, largely due to the fault and fracture systems contributing to the complexity of
the topographic compartmentalization of Salvador. Additionally, areas of high
population and housing densification exist on slopes with slopes above 100%,
highlighting the occupations along the escarpment representing the Salvador Fault,
one of the places with the highest number of records of landslides and rockfalls (IPT
& CTGeo 2017).

Regarding this aspect, the Municipal Risk Reduction Plan (Plano Municipal de
Redugédo de Riscos - PMRR) (IPT & CTGeo 2017) highlights the main causes of
landslide episodes, which are: (1) level of fracturing of the scarps and their high slope;
(2) absence of surface water channeling; (3) obstruction of natural drainage by the
accumulation of debris; (4) destruction of natural flora and impropriety of the species
present; and (5) dense and precarious horizontal occupation, with damage to the

vegetation cover and the drainage system, among others.

According to the database of the National Center for Monitoring and Disaster Alert
(Cemaden), Salvador is among the five Brazilian municipalities with the highest
number of alerts sent since 2011 and the third highest number of events with impacts
caused by mass movements. Between 2016 and 2024, Cemaden registered 48 events
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resulting in at least 151 mass movements (mostly landslides) causing material and
human losses in Salvador. The number of landslides, provided by the Flood and
Landslide Event Records of Cemaden (Registros de Eventos de Inundagéo e
Deslizamentos do Cemaden - REINDESC), in this period may be much higher,
although only the cases in which significant impacts were officially reported are

included in this statistic (lwama et al. 2023).

Figure 15 presents the geographic distribution of the aforementioned occurrences,
accompanied by a heat map (density of occurrences) facilitating the identification of
the regions most affected by landslides. The figure shows that the locations with the
highest density of landslide occurrences are in the southwest and west of the
municipality, basically in the domains of the Crystalline Complex and where the
Barreiras Formation is found, as well as adjacent to the escarpments of the Salvador
Fault (Salvador 2004).

These are regions where a combination of naturally susceptible areas exist from a
geological-geotechnical perspective and a high level of anthropogenic interference on
the slopes and in their surroundings, which overlap with a large amount of exposed
and vulnerable population, and often, with inefficient infrastructure, especially with

regard to the drainage network (Salvador 2004).

For analyzing the precipitation patterns in Salvador events exceeding 50 mm within
24 hours, a critical threshold associated with landslide occurrence, was used
(Camarinha et al. 2024). This threshold value was adopted by both Salvador Civil
Defense (CODESAL) and Cemaden-MCTI as a key parameter for assessing landslide
risk conditions. CHIRPS (Climate Hazard Infrared Precipitation with Stations) provides
a comprehensive precipitation dataset spanning over 40 years with daily temporal
resolution and 0.05° spatial resolution. It shows an increasing trend in precipitation
events exceeding the critical threshold for the 1990-2022 period, particularly in recent

years.

According to a study conducted by the Brazilian Institute of Geography and Statistics
in partnership with the National Center for Monitoring and Alert of Natural Disasters

(IBGE & Cemaden 2018), Salvador is the Brazilian city with the largest number of
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people living in geohydrological risk areas with a total of approx. 1.2 million people

exposed to risks related to landslides.

Figure 15: Density of landslides occurrences based on data provided by REINDESC (Cemaden),
referring to the period 2016-2024. Source: Authors.

Density of landslide
occurrances (Kemel)

11.30

This high number is a reflection of the urban evolution of the city, which started along
the crest of the fault escarpment, and later, directed along the great avenues inserted
in the valleys of Salvador, created in the second half of the 20th century, during the
period of economic growth of the city. In this evolutionary context, the low-income
population was always forced to reside in areas of low added value, such as hilly
terrain, valley bottoms, deactivated quarries, and peripheral regions, culminating in
complex risk scenarios, especially those related to landslides. This complexity of risk
scenarios directly demands complex solutions, not only from a geological-
geotechnical perspective, but also urban, and mainly, social perspective (Machado et
al. 2019).
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6.2.3. Materials and methods

The study sites were selected through a collaborative process with municipal
authorities, specifically the Civil Defense of Salvador (CODESAL). Two communities,
Beira Dique and Padre Hugo, were identified as suitable research locations based on
multiple selection criteria: a) presence of the Community Protection and Civil Defense
Center (NUPDEC) of the Civil Defense (CODESAL) and its performance, b)
community leadership (capacity of articulation, mobilization, cohesion, and
performance), c) current degree of risk, d) DRR/containment/remediation interventions
already planned (such as a Structural Action Plan — PAE in the Portuguese
abbreviation), e) state of ecosystems (incl. surrounding areas), f) visibility of a potential
intervention or of the informal settlement in general within the city and its population
(important for CODESAL and the city hall in general for promoting their activities), and

g) susceptibility of shallow landslide risk.

This approach to site selection allows for a more holistic evaluation of the opportunities
and challenges for the implementation of NbS while considering both social and
biophysical factors. The selected communities are examples of representative informal
settlements in Salvador, which are prone to landslides and have the necessary

institutional framework for intervention implementation.

A comprehensive methodological framework was developed to address the research
objectives through a mixed-method design, incorporating both qualitative and
quantitative approaches (Fig. 16). This methodological integration was strategically
implemented to enhance the validity and reliability of the findings while providing a
holistic understanding of NbS for landslide risk reduction in favelas of Salvador.

The first objective, identifying risk factors for shallow landslides in Salvador, was
approached through the analysis of existing documents (disaster risk management
plans, urbanization plans for informal settlements, etc.), data (e.g., demographic data),
and maps (especially risk maps), which provide crucial insights into environmental and
socio-economic conditions contributing to landslide risks. Additionally, field visits and
semi-structured interviews with local leaders supplemented these data, ensuring a

comprehensive understanding of the vulnerabilities of the region.
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Figure 16: Relation of specific objectives and methods and data sources for operationalization (Source:
Authors)
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Methods and data sources

For assessing potential NbS interventions suitable for Salvador, bibliographic research
played a key role in identifying best practices and relevant case studies. This was
further strengthened by semi-structured interviews with experts in the field selected by
expertise, such as academic profile, profession, and knowledge, ensuring that

proposed solutions are both scientifically sound and contextually appropriate.

Evaluating and comparing the effectiveness, costs, and co-benefits of various
landslide risk reduction measures involved a multi-faceted approach. The combination
of expert consultations for opinion and knowledge assessment and document analysis
for evaluating different measures enabled a holistic assessment of different strategies,

providing valuable insights for decision-makers.

Finally, understanding community perception and acceptance of NbS interventions
was crucial for successful implementation. Focus groups conducted in selected
communities offered a platform for local stakeholders to express their concerns,
expectations, and willingness to adopt these solutions. This participatory approach
ensured that the proposed measures aligned with those of the community needs and

foster local ownership.
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In the semi-structured expert interviews (n = 25, INT-001 to INT-025), a questionnaire
was ed with key questions regarding potential impacts and vulnerability (exposure,
sensitivity, and adaptive capacity) as well as the identification and evaluation of
adaptation measures. The evaluation criteria encompassed cost considerations,
effectiveness metrics, feasibility of implementation, co-benefits, and anticipated
implementation challenges. These questions were adapted and refined in the course
of the interviews. Interviewee selection followed a dual sampling strategy: initial
participants were identified through institutional partnerships with the Civil Defense of
Salvador (CODESAL), followed by snowball sampling methodology to identify
additional relevant experts. The final sample predominantly consisted of municipal
technical staff, academic researchers, and private sector engineering professionals

with expertise in construction and slope stabilization.

Participatory research methods were employed through three focus group sessions
(FGS-01 to FGS-02) conducted within the selected communities. The selection of
focus group participants was facilitated through a collaborative process between the
community association leadership and the local NUPDEC coordinator, ensuring
representative stakeholder engagement from the target community. The research
design incorporated multiple participatory techniques, including participatory mapping,
facilitated group discussions, and buzz group activities (Lange et al. 2014). These
methods were strategically implemented to complement the semi-structured
interviews while specifically exploring community perception and knowledge regarding
ecosystem services and community participation. The participatory mapping exercises
conducted in the community made it easier for the community members to show their
perception of the physical features of the land and the resources found in the area
thereby helping the community to identify important environmental and socio-cultural
features in the area. To assess the adaptive capacity and potential engagement of
community members in landslide risk reduction initiatives, a systematic set of semi-
structured questions was developed and implemented in two of the focus group
discussions. These inquiries were strategically designed to evaluate three
fundamental aspects: governmental responsibilities and interventions, community-
based adaptive measures, and the integration of ecosystem services in risk reduction

strategies.
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This methodological approach enabled the collection of rich qualitative and
quantitative data from diverse professional and social perspectives while maintaining
focus on the technical and practical aspects of nature-based solutions implementation

and evaluation.

6.3. Results

The detailed identification of the risk factors showed that, apart from the increase in
heavy rainfall events, the fact that houses exist and their inhabitants located in
landslide risk areas contribute to the exposure as the main risk factor. Additionally,
trash on the hillsides and inadequate informal drainage directing water and sewage
into the hillsides are factors that can trigger mass movements. Vegetation degradation,
particularly the prevalence of unsuitable species, such as banana plants, exacerbates
landslide susceptibility due to insufficient root systems for soil stabilization, thereby
accelerating surface erosion processes. The sensitivity to landslides is high because
the buildings in the communities are in most cases fragile. The potential impacts of
landslides are high and can cause loss of life and lead to destruction of buildings and
other infrastructure. CODESAL implemented various preparatory and preventive
measures, including slope stabilization, early warning systems, evacuation route
development, and Community Civil Protection and Defense Centers (NUPEDEC). In
the workshops, the population of the surveyed areas primarily pointed to solutions of
the public sector to reduce landslide risk and were unsure of their contribution to the

solution, indicating a low adaptive capacity of the inhabitants of the communities.

Regarding landslide risk reduction, the slope stabilization and runoff control measures
implemented in landslide-prone areas of Salvador encompass various engineering

approaches, each with distinct characteristics and effectiveness levels:

e Anchor and concrete curtain wall system: The traditional work applied for decades
by the Companhia de Desenvolvimento Urbano do Estado da Bahia (CONDER) is a
hillside containment with an anchor and concrete curtain wall system (Fig. 17a). This
work eliminates with great probability the risk of landslides. On extremely steep slopes
and vulnerable soil conditions, it is the most effective option. It is therefore widely
accepted by both experts and the local population. However, implementation cost is
high. An expert emphasized: “I make concrete retaining walls, but | don't like it... the
city looks ugly, very gray... There's also the increase in heat...” (INT-005).

e Stapled soil with mortar finishing: Another containment work traditionally applied
by CODESAL and CONDER is the stapled soil with mortar finishing and drainage (Fig.
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17b). An interview excerpt is as follows: "The surface coating prevents surface
erosion, which is caused by the infiltration of water....The stability of the massif is
obtained with the clamp." (INT-005).

Geomanta (a geosynthetic material and concrete used primarily for erosion control
and soil stabilization purposes): The geomanta is currently the most applied by the
City of Salvador, which is a measure solely for waterproofing the slope (Fig. 17c). Low
cost is its greatest advantage. Contrarily, geomanta has an extremely limited lifespan
(up to about 5 years) and requires maintenance or renovation. “The geomanta does
not stabilize slopes, it is merely a covering." (INT-008). Furthermore, as a measure
that only seals the soil, it does not eliminate the risk. Another expert is rigid in his
criticism: "Now they've made geomanta, with graffiti to try to see if they can soften it
to make it less bad. This is a scar with a tattoo over it, to try and disguise it. But it's a
scar, you could think of doing it the other way around... that's it!" (INT-014). A resident
of the favela Padre Hugo stated the following at a focus group (FGS-02): “the
geomanta has brought more water on rainy days, although it has reduced the mud
flow" and that “residents pierced the geomanta and are building on top of it” showing
some of the challenges of this technology.

These three gray infrastructure measures have no co-benefits for the environment or

the local population, apart from reducing the risk of landslides, although they are very

impactful interventions for the community and the high visibility of the work shows

performance by the public authorities. Additionally, concrete heats up the environment

contributing to the heat island and can have a visual impact; as in many cases,

concrete is not seen to add to the aesthetic value.

Figure 17: Photos of different solutions for landslide risk reduction

a) Anchor and concrete curtain wall
system

Source: Lange, 2019

b) Stapled soil with mortar finishing

Source: Lange, 2019
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c) Geomanta

Source: Lange, 2019

d) Stapled soil retaining structure with
green cladding.

Source:
https://newsba.com.br/2018/03/27/conte
ncao-de-encosta-e-entregue-no-
suburbio-ferroviario-de-salvador/, 2018,

modified

e) Staples and wire mesh

Source: Maccaferri, 2019

f) Terracing and Vetiver grass cover

Source: Lange, 2019

g) Reforestation

Source: Lange, 2016

h) Grass cover

Source: Lange, 2019

Hybrid engineering solutions for slope stabilization demonstrate notable advantages

through their multifunctional benefits:
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Stapled soil retaining structure with green cladding: Figure 17d shows a stapled
soil retaining structure with green cladding, which has garnered unanimous support
from technical experts due to its dual functionality in soil stabilization and
waterproofing, comparable with those of conventional gray infrastructure solutions.
These hybrid interventions present favorable cost-effectiveness ratios relative to
traditional engineering approaches while offering multiple ecosystem services. In
addition to the co-benefits of heat mitigation, increased biodiversity in the city, and
contribution to air purification and improvement, it provides superior aesthetic
integration within the urban landscape.

Staples and wire mesh: Another hybrid measure that was occasionally implemented
on private land is an intervention with staples, wire mesh, and trees or other vegetation
(Fig. 17e). This technique stabilizes the soil and lasts as long as other works using
gray coating, although it presents all the co-benefits of green infrastructure. The
incorporation of larger vegetation, including potential fruit-bearing species, extends
the value of intervention beyond slope stabilization to include community benefits and
local development opportunities. The economic viability of this approach is particularly
noteworthy, as implementation costs remain competitive with traditional engineering
solutions.

Regarding green-only measures to reduce the risk of landslides, several promising

solutions exist for the City of Salvador:

Vetiver grass (Vetiveria zizanioides): While the soil stabilization capacity of Vetiver
(Fig. 17f) may not match the structural integrity provided by conventional metal
stabilization techniques, its application proves sufficient in specific geotechnical
contexts. The system offers multiple ecosystem services and economic benefits,
including material utilization potential from its foliage and exceptional cost-
effectiveness. However, its implementation in community areas presents challenges
regarding informal construction encroachment. However, Vetiver grass comes from
Asia and the biodiversity benefits are limited. An expert commented positively on
Vetiver: “I welcome the idea of plant cover, having already worked with students
developing protection with the Vetiver species... it has deep roots and can be a solution
for green coverings." (INT-003).

Reforestation: Reforestation (Fig. 179g) initiatives represent another uniquely green
measure, offering long-term soil stabilization benefits and environmental durability. The
effectiveness of this approach in shallow landslide risk reduction requires site-specific
geotechnical assessment, though it provides substantial ecosystem services as the
Vetivier grass. “You have to analyze it case by case. Vegetation helps to keep a slope
stable. If you put it on an unstable slope, on soils with discontinuities... sometimes one
side of a road is stable, the other is not. You have to be very careful with these
solutions... you can't generalize. But in general, slopes of more than 45 degrees are
not suitable for vegetation. In principle..." (INT-008). Native species should be used
preferentially and social co-benefits should be generated where possible (such as use
of fruit and tree bark).

Grass cover: The implementation of grass cover systems as usually applied on the
slopes of Salvador and much different in its characteristics than those of the Vetiver
grass (Fig. 17h) demonstrates practical ecological engineering. These systems
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provide waterproofing capabilities comparable with those of geomanta while offering
superior longevity and cost-effectiveness, coupled with enhanced ecosystem services,
such as heat reduction and improving air quality. However, their application should be
limited to appropriate geotechnical conditions due to their inability to provide structural
soil stabilization.

Table 3 summarizes the landslide risk reduction measures in relation to function, co-
benefits, costs and challenges. The comparative analysis of landslide risk reduction
interventions reveals that NbS and hybrid approaches demonstrate comparable
functional effectiveness to that of conventional gray infrastructure while offering
enhanced ecosystem services and economic advantages. An expert affirmed that “the
right vegetation plus the right slope plus drainage would also bring the desired

benefits.”...”green cover could be enough in many cases." (INT-003).
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Table 3: Summary of the landslide risk reduction measures in relation to function, co-benefits, costs, and challenges.

Measure

Function

Co-benefits

Costs®

Challenges

Anchor and concrete

curtain wall system

Stabilization
* Impermeabilization

Up to 520 USD/m?

* Major construction works to
implement the intervention

* Visual impact

+ Heating of the surroundings

Stapled Soil with Mortar
Finishing

+ Stabilization
* Impermeabilization

Ca. 312 USD/m?

* Major construction works to
implement the intervention

* Visual impact

» Heating of the surroundings

Geomanta * Impermeabilization | - Ca. 39 USD/m? * Impact of the intervention
* Visual impact
» Heating of the surroundings
*  Durability
* No stabilization

Stapled soil retaining | ¢ Stabilization * Heat reduction Ca. 208 USD/m? * Impact of the intervention

. * Impermeabilization | < Improving air quality
structure  with  green ; .
* Low visual impact
cladding

Staples and wire mesh

» Stabilization

* Heat reduction

* Improving air quality

* Increased urban biodiversity
* Low visual impact

» Planting of fruit trees possible

Ca. 208-234
uSD/m?

Vetiver grass

» Superficial
stabilization
* Impermeabilization

* Heat reduction

* Improving air quality
Low visual impact
Use of the material

Ca. 5-10 USD/m?

*+ Risk of new occupation with
houses
* Low stabilization of slope

Reforestation

« Stabilization

Heat reduction

Improved air quality
Increased urban biodiversity
Low visual impact

Ca. 5.195 USD/ha
or 0,5 USD/m?

* Feasibility depends on situation

6 Conversion rate from Brazilian Real (BRL) to US-Dollar (USD) as of July 1, 2019 on http://www.oanda.com
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Planting of fruit trees and thus
added value possible

Grass cover

Impermeabilization

Heat reduction
Improved air quality
Low visual impact

Ca. 10-20 R$/m?

Less accepted by local population
Risk of new occupation with
houses

No stabilization of slope
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The empirical analysis of expert interviews reveals a strong consensus regarding the
efficacy of NbS for landslide risk reduction. Technical specialists emphasized the
multifunctional benefits and cost-effectiveness of these interventions while highlighting
critical implementation considerations. Contrarily, they stressed the importance of
community awareness so that the population participates and values green measures
(including not to occupy these green spaces) and highlighted the need to analyze the
situation well in which those kind of measures are feasible. The major concern stated
is related to the type of vegetation to be used and the circumstances (vertical roots,
water consumption, canopy size, potential use for the community, impermeability of

the plantation) that offer the best protection results.

Initial community preferences demonstrate a predisposition toward conventional gray
infrastructure interventions from public authorities. An expert emphasized: “They feel
like they “exist” when a state team is carrying out actions, works, even if these works
don't bring the necessary benefit. Often the garbage they throw out will cause
problems down the line. It is necessary to show the causal relationship." (INT-018)
However, following explanations regarding ecosystem functions and services and
NbS, community members expressed willingness to participate in both implementation
and maintenance of green measures. Therefore, the successful implementation of
NbS requires comprehensive community sensitization programs. An expert confirmed:
“The point is, number one in this whole process, is awareness raising, the social issue.
We do a lot of things and turn our backs, thinking that people will cope... it's not like
that” (INT-010). Evidence from Salvador demonstrates that when residents
understand the multifunctional benefits of ecosystem-based approaches, their
engagement in environmental stewardship could increase significantly. The fieldwork
revealed the following: the selection of vegetation species plays a crucial role in
community acceptance and long-term sustainability. Two key considerations emerge:
First, a functional value should exist. Species selection should prioritize plants
providing direct community benefits, such as fruit-bearing trees for increasing food
security, species with cultural or religious significance, and vegetation offering
immediate ecosystem services, such as shade and temperature regulation. An excerpt
states “there is also the possibility that the community garden will help to contain
invasion [with new houses] in the cultivated area, as long as it represents a value for

the residents and thus contains the occupation.” (INT-018). Second, species selection
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should increase community integration. The integration of culturally significant and
productive species enhances community ownership and ensures sustained

maintenance of green infrastructure interventions.

The vulnerability assessment showed that other risk factors should also be addressed,
which can limit the effectiveness of NbS. These include the following measures (which
are not necessarily based on ecosystem services) aiming in particular at reducing

shallow landslide triggers:

e Improved trash collection: The accumulation of trash in inappropriate places, such as
slopes is a recurring challenge known to be a trigger for mass movements.

¢ Adequate drainage: In several cases, informal or surface drainage, both rainwater and
sewage, is directed to the slopes, increasing the volume of infiltrated water and
consequently the potential saturation of the soil.

¢ Reduction of soil impermeability: Related to the previous point, favoring the infiltration
of water into the soil in places away from the slopes can reduce the volume of water
directed onto the slopes.

The need to sensitize and raise awareness was a unanimous opinion of the experts
interviewed, which was reinforced by the participants from the communities. Without
knowing the benefits of ecosystem-based measures, the mobilization and consequent
participation of the community, both in the implementation and maintenance of the
measures, seems hardly feasible. The most relevant topics thus to be addressed in

awareness campaigns should be:

o Waste collection and proper disposal

e Education on functions and services of vegetation (slope stabilization, water retention
and infiltration, shade, etc.)

e Their own responsibility of residents and their possibility to contribute to the
establishment and maintenance of ecosystem services

e \Vegetation and green area management techniques

Apart from in-person awareness raising activities, it is recommended that a green
areas management manual should be developed in communities, which is useful for
the landslide risk reduction measures. The big challenge of awareness campaigns is
to achieve durability and elucidate, which measures will actually be accepted and
maintained in the long term. Co-benefits include general awareness raising on

environmental and sustainability issues.
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Throughout the study, several knowledge gaps appeared that are recommended to fill:

e What are the most concrete interpretations of climate scenarios and their
consequences?

o What is the cost-benefit ratio for green or hybrid measures?

¢ Which type of vegetation is best, most appropriate, and beneficial, and in which
situation?

o Which knowledge and perception gaps of the people in the communities need to be
addressed in detail?

Finally, the spatial distribution of informal settlements in landslide prone areas
represents a significant socio-environmental vulnerability, exposing populations to
heightened risks. While the relocation of residents from high-risk zones theoretically
would be an absolute risk elimination strategy, such interventions are characterized by
complex socio-economic implications and substantial financial constraints. The
implementation of resettlement programs encounters considerable challenges
regarding social equity, community cohesion, and economic feasibility. Given these
multifaceted constraints and the potential negative impacts on community structures,
population relocation was deliberately excluded from the analytical framework of this

study.

6.4. Discussion

The findings of this study significantly advance our understanding of NbS for landslide
risk reduction in informal urban settlements. We reveal the potential of a paradigm shift
in disaster risk management, moving from purely engineered solutions toward
integrated approaches harnessing ecosystem services while addressing socio-
economic challenges. This aligns with that of the broader discussions in the literature,
which highlight the effectiveness of NbS in addressing climate risks and providing co-
benefits, such as biodiversity conservation and social resilience (Arce Mojica et al.
2019, Chausson et al., 2020).

The demonstrated effectiveness of NbS compared with that of conventional
engineering measures represents important findings in urban resilience strategies.
The successful implementation of hybrid solutions, particularly the combination of
staples with wire mesh and vegetation, challenges the traditional reliance on purely

gray infrastructure (Renaud et al., 2016). This finding is particularly significant as it
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provides empirical evidence that green solutions can achieve comparable stability

while delivering additional ecosystem services (Wolff et al., 2022).

The cost-effectiveness of NbS compared with that of traditional gray measures
presents a compelling argument for their widespread adoption, especially in resource-
constrained environments typical of developing countries. Studies consistently
showed that NbS can be more affordable while offering long-term benefits, such as
reduced maintenance costs and enhanced community resilience (Chausson et al.,
2020; Ruangpan et al., 2020). This economic advantage could potentially revolutionize
the approach to slope stabilization projects in cities, making risk reduction more

accessible to vulnerable communities (Renaud et al., 2016).

A critical insight emerges regarding the initial community preference for conventional
infrastructure, which transforms into support for NbS following proper education,
sensitization, and engagement. This transformation highlights the fundamental
importance of knowledge transfer and community participation in sustainable urban
development. Participatory methods, such as citizen science and co-design practices,
were shown to increase community acceptance and ensure that projects align with
local needs (Wolff et al., 2022). The emphasis of the study on selecting vegetation with
direct community benefits represents an innovative approach to ensuring long-term

project sustainability through socio-economic integration.

Additionally, we uncovered significant barriers to NbS implementation, particularly
regarding technical expertise in vegetation selection and site-specific applications, i.e.
in informal settlement. These challenges emphasize the need for comprehensive
capacity building within municipal authorities and technical staff. The identified
knowledge gaps regarding root systems, water consumption, and canopy size indicate
critical areas for future research and technical guidance development resonates with
Ruangpan et al. (2020). Additionally, when implementing NbS or hybrid solutions, the
IUCN Global Standard for NbS and the Core Principles for NbS Implementation
(Cohen-Shacham et al. 2019) should be considered to avoid maladaptation and

unintended ecosystem disservices.

While NbS offer significant benefits for landslide risk reduction in urban informal
settlements, one should be cautious regarding potential ecosystem disservices and

maladaptation. Inappropriate selection or management of vegetation - such as
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introducing species with shallow root systems, high water demand, or invasive
tendencies - can inadvertently destabilize slopes, alter hydrological cycles, or
outcompete native flora, thereby reducing the intended protective function and
possibly increasing landslide risk (Nehren et al. 2023, Sandholz et al.
2018). Furthermore, poorly adapted NbS may lead to unintended consequences, such
as increased maintenance burdens, the proliferation of pests, or the exclusion of
community use, ultimately undermining both ecological integrity and social acceptance
(Nehren et al. 2023).

The findings point toward several crucial areas for future development. The need for
mainstreaming NbS into urban planning frameworks and municipal guidelines
emerges as a priority as emphasized by Cohen-Shacham et al. (2016). Additionally,
we suggest that pilot projects could serve as valuable demonstrations for scaling up
NbS implementation across similar urban contexts. The use of pilot projects as
demonstrations for wider adoption is supported by Ruangpan et al. (2020), who
emphasized their role in showcasing the efficacy and replicability of NbS interventions.
The research also highlights the necessity of developing integrated assessment
frameworks considering both the technical performance and social acceptance of NbS
mirroring Chausson et al. (2020) call for integrated frameworks. The demonstrated
success of community engagement strategies suggests that future projects should

incorporate participatory approaches from their inception.

We contribute significantly to the growing body of evidence-supporting NbS to disaster
risk reduction in urban environments. The findings challenge the traditional dichotomy
between environmental conservation and urban development, suggesting that NbS
can effectively serve both purposes while providing additional societal benefits. Our
implications extend beyond Salvador, offering valuable insights for other cities facing
similar challenges of informal settlements in landslide-prone areas. The demonstrated
success of NbS and hybrid solutions and the importance of community engagement
provide a replicable framework for implementing NbS in various urban contexts, not
only in developing countries, while addressing both technical and social aspects of risk

reduction.
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6.5. Conclusions

This interdisciplinary analysis of the study of Nature-based Solutions (NbS) in
Salvador/Bahia reveals transformative potential for landslide risk reduction, grounded
in empirical evidence. The following conclusions emerge as critical pathways for

sustainable urban climate resilience:

Untapped NbS Potential: Salvador shows significant potential for Nature-based
Solutions (NbS) in landslide risk reduction, particularly in vulnerable urban areas.
Expert interviews and field assessments confirm NbS match traditional engineering

effectiveness while offering greater cost-efficiency and ecosystem services.

Effective Ecosystem-Based Measures: Vetiver grass systems, reforestation, and
hybrid solutions (combining vegetation with structural elements) stabilize slopes and
reduce landslide risks in suitable geotechnical contexts. These enhance soil

reinforcement via root systems, improve water infiltration, and reduce surface runoff.

Socio-Economic Advantages: NbS implementations demonstrate better cost-benefit
ratios than conventional methods, alongside co-benefits like biodiversity
enhancement, carbon sequestration, and community well-being. Hybrid approaches
(e.g., stapled soil structures with green cladding) receive strong expert endorsement

for dual soil stabilization and waterproofing.

Implementation Requirements: Critical success factors include community
engagement, awareness programs, species selection, and site-specific geotechnical
assessments. Integration into urban planning frameworks, sectoral plans, and

environmental education programs is essential for long-term sustainability.

Strategic Integration: NbS should be systematically incorporated into Salvador’s
urban development strategy, combining technical expertise, institutional support, and
community participation to maximize disaster risk reduction and sustainable

development outcomes.
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7.Synthesis

7.1. Summary of Key Findings

Through its three interconnected studies and the overarching framework, this thesis
comprehensively examined the role of NBS in addressing CCA and DRR in Brazil,
particularly highlighting vulnerable urban environments. The collective empirical
findings underscored the escalating urgency for resilient approaches to reduce the
impacts of hydro-meteorological hazards. The latter are exacerbated by a confluence
of geophysical vulnerabilities, anthropogenic landscape degradation, and the

intensifying effects of climate change.

Paper 1, “Ecosystem-Based Approaches for Disaster Risk Reduction and Climate
Change Adaptation in Rio de Janeiro State” (Chapter 4; Lange et al., 2018a),
investigated the macro-level policy and institutional landscape governing NBS
mainstreaming. A significant finding from this study was the persistent disconnect
between progressive national legislative frameworks, such as the Forest Code and the
National Policy of Civil Protection and Defense (PNPDEC), and their effective
implementation at the state and local levels. The research revealed that Permanent
Preservation Areas (APPs), despite their legal mandate for environmental protection
and risk reduction, often fail at their intended purpose due to enforcement gaps and
competing land-use priorities. Therefore, this paper critically contrasted the prevalent
reliance on technical DRR measures with the underutilization of EbA/Eco-DRR
interventions, advocating for the urgent adoption of cross-sectoral governance
models. This study concluded with a compelling critique of Brazil’'s fragmented (or
“siloed”) risk management paradigm, proposing the integration of NBS within broader
planning frameworks that align with SDGs and national climate resilience agendas
(Chapter 4; Lange et al., 2018a).

Paper 2, “Risk Perception for Participatory Ecosystem-Based Adaptation to Climate
Change” (Chapter 5; Lange et al., 2016) shifted the focus to the human dimension of
NBS adoption. Specifically, this work investigated community perceptions in
Teresopolis, a region profoundly affected by past landslide and flood disasters. The

study uncovered critical barriers to community engagement in EbA/Eco-DRR
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initiatives. Although residents exhibit a high awareness of their vulnerability to
disasters, a significant knowledge gap regarding the intrinsic link between ecosystem
health and risk reduction still existed. Building on this, the study identified a limited
sense of personal responsibility among community members for CCA/DRR efforts and
a perceived lack of meaningful avenues for participation. These crucial findings
highlighted that the biophysical efficacy of NBS alone is insufficient for successful
implementation. Rather, success of this process hinges on culturally resonant
education campaigns, robust trust-building between communities and institutions, and
creating genuine participatory opportunities. The paper challenges traditional top-
down CCA/DRR models, advocating for co-designed interventions that effectively
leverage local knowledge and address socio-economic inequities (Chapter 5; Lange
et al., 2016).

Paper 3, “Nature-Based Solutions for Landslide Risk Reduction in Informal
Settlements of Salvador da Bahia, Brazil” (Chapter 6; Lange et al., submitted, after
review currently under revision) closely examined NBS application within the complex,
challenging context of informal urban settlements. This research compared the
efficacy and benefits of NBS with conventional engineering approaches in Salvador
da Bahia. A key insight from this study was the expert consensus that NBS are often
perceived as equally effective as traditional structural measures, yet they frequently
offer greater cost-efficiency and a broader spectrum of co-benefits, including
enhanced ecological resilience and support for sustainable urban development.
However, the paper also identified a critical deficit in public awareness of the potential
of NBS, underscoring the need for targeted community education to foster greater
acceptance and facilitate successful implementation in informal settlements.
Ultimately, the study reinforced the necessity of hybrid strategies, which blend green
and grey infrastructure, as the most viable and effective solutions in high-risk urban

zones characterized by precarious conditions.

Overall, the three manuscripts reveal five aspects that are central to understanding

the challenges and opportunities for mainstreaming NBS in Brazil.

e First, this thesis provides empirical evidence for the escalating urgency of NBS
adoption in Brazil, driven by increasing climate-induced hazards and the

demonstrated limitations of conventional grey infrastructure approaches. The
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research quantified the practical benefits and cost-effectiveness of NBS in real-
world Brazilian contexts. These findings help close a crucial gap in the literature by
providing concrete evidence that NBS consistently offer multifaceted co-benefits
beyond mere risk reduction, including biodiversity conservation, carbon
sequestration, and enhanced public health outcomes.

e Second, persistent policy and governance gaps, characterized by fragmented
approaches and a historical preference for grey infrastructure, significantly impede
the widespread adoption of NBS. This fact necessitates a concerted effort toward
cross-sectoral coordination and integrated planning. This finding advances the
state of the art by explaining how cross-sectoral coordination failures manifest in
practice, contributing to the growing literature on multi-level governance models for
environmental management.

e Third, this thesis established the centrality of community engagement and
perception as a pivotal factor in NBS success, providing empirical evidence that
ecological literacy, sense of ownership, and inclusive participatory mechanisms are
not merely desirable but essential for long-term sustainability. This finding
challenges the predominantly technical focus of existing NBS literature and
contributes to emerging research on the social dimensions of environmental
interventions.

e Fourth, the research provided evidence for the economic viability and extensive
co-benefits of NBS, including quantified assessments of cost-effectiveness
compared with traditional approaches. This contribution addresses a significant
gap in the literature, where economic analyses of NBS have been limited and often
theoretical.

e Fifth, the unique challenges posed by informal settlements necessitate tailored
approaches, often involving hybrid green-grey infrastructure solutions to promote

long-term resilience.

These findings are likely applicable beyond Brazil to comparable countries facing
similar challenges of rapid urbanization, climate vulnerability, and governance
capacity constraints. Therefore, this research enhanced the global understanding of
how socio-economic, political, and environmental contexts shape NBS
implementation outcomes, providing a framework that can inform policy and practice

across the Global South.
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7.2. Discussion

The findings presented in this thesis illuminated the complex interplay between
vulnerability, risk perception and ecosystem services in Brazil, simultaneously
positioning NBS as a resilient pathway toward enhanced resilience. According to the
literature, this synthesis enhances existing research by providing empirical evidence
for conceptual frameworks that have dominated the field (Cohen-Shacham et al.,
2016; Sudmeier-Rieux et al., 2021). This discussion synthesizes the insights gleaned
from the introductory chapters and the three empirical papers, critically examining the
implications of their findings for policy, practice, and future research while explicitly

positioning these contributions within the current state of the art.

Governance and Policy: Bridging the Implementation Gap

The policy analysis by Lange et al. (2018a) revealed a critical implementation gap in
Brazil's NBS agenda extending beyond simple regulatory deficiencies to encompass
deeper structural challenges in environmental governance. This research indicated
that despite the existence of progressive national policies, these measures’
effectiveness is often undermined by fragmented governance structures, inadequate
enforcement mechanisms, and competing land-use priorities (Chapter 4; Lange et al.,
2018a). The case of Permanent Protection Areas (APPs) is particularly illustrative,
demonstrating how legal mandates can be rendered ineffective without robust
institutional support and cross-sectoral coordination. According to the literature, this
fragmentation produces a lack of integrated planning, where environmental
conservation, urban development, and disaster management often operate in

isolation, hindering the holistic application of NBS (Sandholz et al., 2018).

Building on the empirical findings from this thesis, the research emphasized the urgent
need for multi-level governance models that foster collaboration across different
scales and sectors, echoing the broader theoretical frameworks developed by Kabisch
& van den Bosch (2017). Such models are essential for reconciling diverse
stakeholder interests, streamlining regulatory frameworks, and ensuring the effective
mainstreaming of NBS into urban planning and DRR policies. Furthermore, the thesis

implicitly argues for a shift from a purely regulatory approach to one that incentivizes
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and supports NBS implementation through financial mechanisms and capacity

building.

Researchers found that overcoming path dependencies that favor traditional grey
infrastructure requires both policy reform and a concerted effort to demonstrating the
tangible benefits and cost-effectiveness of NBS to decision-makers and investors
(Johnson et al., 2022; Vicarelli et al., 2024). The empirical evidence provided by this
thesis, particularly the comparative cost—benefit analyses and expert assessments
from Salvador da Bahia, contributes directly to this demonstration by providing
concrete data that can inform policy decisions. These findings are likely applicable to
other developing countries with similar governance challenges and institutional

capacity constraints.

The Human Dimension: Perception, Participation, and Empowerment

Lange et al. (2016) highlighted the critical role of the human dimension in the success
of NBS, providing empirical evidence to advance beyond theoretical discussions of
participation to examine actual barriers and opportunities in vulnerable communities.
The study in Teresopolis demonstrated that even in highly vulnerable communities
with a strong awareness of disaster risks, a significant gap exists in understanding the
link between ecosystem health and risk reduction (Chapter 5; Lange et al., 2016).
Research has indicated that this ecological illiteracy, coupled with a limited sense of
personal responsibility and insufficient avenues for participation, has created

substantial barriers to the adoption and long-term sustainability of NBS.

According to the literature, these findings challenge the conventional top-down
approaches to CCA and DRR, which frequently overlook the importance of local
knowledge, cultural contexts, and community ownership. However, this thesis
extended beyond identifying these challenges to provide specific insights into how
these issues manifest in Brazilian contexts and what interventions might address them
effectively. Building on the empirical findings, the thesis strongly advocates for a
participatory approach to NBS implementation, where communities are not merely

beneficiaries but active co-designers and co-managers of interventions.

Findings indicate that this requires culturally resonant education campaigns that
translate complex ecological concepts into accessible language, fostering a deeper
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appreciation for ecosystem services. Furthermore, building trust between
communities and institutions is paramount because historical experiences of
marginalization and top-down decision-making can breed skepticism and
disengagement. Following this logic, the research findings from Teresépolis provided
specific evidence of how these dynamics play out in practice, contributing to the
growing literature on meaningful participation in environmental management.
Empowering local communities by providing capacity building, information access,
and opportunities for involvement can unlock these communities’ potential as agents
of change, leveraging their traditional ecological knowledge and fostering

responsibility for resilience building (Kibii et al., 2025).

The Imperative for a Paradigm Shift: Beyond Grey Infrastructure

Research has indicated that Brazil’s historical reliance on conventional, technical-
centric approaches to DRR has been insufficient in addressing escalating hydro-
meteorological hazards (Alcantara et al., 2023). Specifically, the catastrophic events
in the Regidao Serrana and Petropolis have been poignant reminders that structural
measures alone cannot fully address the multifaceted drivers of vulnerability. The
latter include extensive deforestation, unplanned urbanization, and the pervasive
impacts of climate change. Building on the empirical findings from this thesis,
particularly the cost-effectiveness analyses presented by Lange et al. (submitted, after
review currently under revision), this research demonstrated that NBS offer a more
sustainable, holistic alternative that addresses both immediate risk reduction needs

and long-term resilience building.

Researchers found that by integrating conservation, restoration, and sustainable
management of ecosystems, NBS not only reduce disaster risks but also provide
multiple co-benefits as the latter include biodiversity conservation, carbon
sequestration, and improved human well-being (Cohen-Shacham et al., 2016;
Ruangpan et al., 2020; Sudmeier-Rieux et al., 2021). However, this thesis explored
beyond these general assertions by providing specific empirical evidence from
Brazilian contexts. The comparative analyses presented by Lange et al. (submitted,
after review currently under revision) strengthened this argument by indicating that
NBS are frequently more cost-efficient than traditional grey infrastructure, particularly

when accounting for long-term benefits and multifunctionality of NBS. This finding
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helps to close a crucial gap in research and subsequent advocacy because previous
studies have often lacked the quantitative economic data needed to convince

decision-makers and investors (Johnson et al., 2022; Vicarelli et al., 2024).

According to the literature, the continued preference for grey infrastructure, despite its
limitations, can be attributed to several factors, including established institutional
frameworks, entrenched engineering practices, and a perceived immediate efficacy
(Kabisch & van den Bosch, 2017). However, building on the governance analysis
findings from Lange et al. (2018a), this thesis argued that such a preference
perpetuates a siloed approach to risk management, which fails to address the
systemic and interconnected nature of environmental and social vulnerabilities.
Therefore, a fundamental paradigm shift is imperative, moving away from a reactive,
engineering-dominated response toward a proactive, integrated, and ecosystem-
based strategy that recognizes the intrinsic value of natural systems in building
resilience. This finding is transferable to countries of the Global South comparable to
Brazil where similar institutional path dependencies favor conventional infrastructure

approaches over innovative NBS implementations.

However, a critical examination revealed several limitations challenging the
widespread adoption and effectiveness of NBS. First, the evidence base for the
reliability and cost-effectiveness of NBS, especially compared to engineered
alternatives, has remained limited, and their resilience under future climate scenarios
is uncertain (Seddon et al., 2020). In this vein, there are risks of maladaptation, such
as when afforestation with non-native monocultures undermines biodiversity and
ecosystem resilience (Seddon et al., 2020; Seddon et al., 2021). Methodologically, the
lack of standardized tools for evaluating the performance, efficiency, and cost—benefit
of NBS hinders robust impact assessment and upscaling, with most available models
adapted from other fields and not tailored to the multifunctional nature of NBS (Kumar
et al., 2021). Beyond this, social and governance barriers—including insufficient
stakeholder engagement, unclear property rights, and limited institutional capacity—
further constrain implementation, particularly in urban and developing contexts
(Nelson et al., 2020; Sarabi et al., 2020). Additionally, the political appeal of NBS could
distract from the urgent need to reduce fossil fuel emissions and protect intact
ecosystems, and poorly designed interventions might threaten local resource rights or
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fail to deliver intended co-benefits (Osaka et al., 2021; Seddon et al., 2021).
Consequently, realizing the full potential of NBS requires addressing these scientific,
technical, and social limitations through more rigorous evaluation, inclusive

governance, and integration with broader sustainability strategies.

NBS in Informal Settlements: Challenges and Hybrid Solutions

Lange et al. (submitted, after review currently under revision) provided a nuanced
explanation of the challenges and opportunities related to the implementation of NBS
in informal urban settlements, particularly in Salvador da Bahia, contributing novel
insights to a relatively understudied area of NBS research. Research has indicated
that these environments are characterized by precarious land tenure, high population
density, inadequate infrastructure, and a complex socio-economic fabric that creates
distinct implementation challenges (Lange et al., submitted, after review currently
under revision; Sandholz et al., 2018). As observed in some communities, the
perception of natural vegetation as a source of hazard rather than protection, as
observed in some communities, further complicates the adoption of NBS (Lange et
al., 2016; Lesser & Brandes, 2023).

According to the literature, these factors necessitate tailored approaches that are
sensitive to the specific realities of informal settlements, moving beyond one-size-fits-
all NBS implementation (Sandholz et al., 2018). Building on the empirical findings from
Salvador da Bahia, this study’s emphasis on hybrid infrastructure solutions is
particularly relevant in this context. Although pure NBS might be ideal in theory, the
immediate safety needs and existing structural vulnerabilities in informal settlements
frequently demand a pragmatic combination of NBS and engineered approaches
(Chapter 6; Lange et al., submitted, after review currently under revision). Studies
have shown that this integrated approach can provide immediate protection while
simultaneously fostering long-term ecological resilience and delivering co-benefits
(Vicarelli et al., 2024).

However, the success of such hybrid solutions, still hinges on robust community
engagement and cross-sectoral coordination to ensure that interventions are culturally
appropriate, socially equitable, and effectively maintained, following the participatory
principles identified by Lange et al. (2016). The findings from Salvador da Bahia
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reinforce the idea that successful NBS implementation in these challenging contexts
requires a flexible and adaptive strategy that acknowledges both biophysical and

socio-economic realities.
Toward a Resilient Future: Integrating NBS into Broader Development Agendas

The overarching message of this thesis is that NBS are not merely environmental
interventions but fundamental components of a broader sustainable development
agenda that aligns with multiple international frameworks. Research has revealed that
the multifunctionality and capacity to deliver multiple co-benefits of NBS align
seamlessly both with the SDGs (particularly those related to climate action,
sustainable cities and communities, and life on land), with the Paris Agreement's goals
for climate mitigation and adaptation and the Sendai Framework's priorities for DRR
(UNEP, 2021; UNFCCC, 2015; UNISDR, 2015).

According to the literature, integrating NBS into national and sub-national
development plans rather than treating them as standalone projects, is crucial for
achieving systemic change and long-term resilience (Cohen-Shacham et al., 2016).
Developing the empirical findings from this thesis, this integration represents a
significant departure from standard approaches in the literature. The latter often treat
environmental, development, and disaster risk concerns as separate domains. In this
vein, the research demonstrates that NBS can serve as a bridge between these
traditionally siloed areas, providing a framework for integrated planning and

implementation.

Research has demonstrated that this integration requires a shift in investment
priorities, moving beyond short-term returns and valuing the long-term ecological and
social dividends of NBS (Johnson et al., 2022; Vicarelli et al., 2024). The economic
analyses presented in this thesis provide concrete evidence to support such
investment shifts, contributing to the growing body of literature that quantifies the
economic benefits of NBS. Moreover, the research necessitates enhanced
interdisciplinary collaboration to further quantify the cost-effectiveness and co-benefits
of NBS across diverse contexts, strengthening the evidence base for policy and

investment decisions (Chausson et al., 2020; Vicarelli et al., 2024).
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However, this thesis differs from other literature in that its comprehensive examination
of how these theoretical benefits manifest in practice across different scales and
contexts within Brazil. The research provides empirical evidence for the transformative
potential of NBS while simultaneously identifying the specific barriers and enablers
that determine implementation success. Furthermore, fostering knowledge exchange
and international collaboration can increase the adoption of best practices and
innovative solutions in Brazil. Ultimately, this thesis posits that by embracing NBS as
a cornerstone of DRR and CCA, Brazil can not only reduce the devastating impacts
of climate change but also foster more equitable, sustainable, and resilient

communities for the future.

7.3. Conclusions

This thesis has explored the critical role of NBS in enhancing CCA and DRR within
the Brazilian context, particularly examining the challenges and opportunities arising
from vulnerable urban landscapes. The research was structured around three
fundamental questions that address key gaps in the existing literature: (1) How do
policy and governance frameworks influence NBS implementation at different scales?
(2) What role do community perceptions and participation play in the success of
ecosystem-based interventions? and (3) How do NBS compare to conventional

engineering measures in reducing landslide risks in informal settlements?

Answering Question 1, the investigation of policy and governance frameworks
revealed that although Brazil possesses progressive national legislation supporting
NBS, significant implementation gaps have persisted due to fragmented governance
structures and inadequate cross-sectoral coordination. The research demonstrates
that effective NBS mainstreaming requires polycentric governance models that can
bridge the divide between policy formulation and practical implementation. This finding
contributes to the literature by providing specific evidence of how governance failures
manifest in practice and what institutional arrangements might address these

challenges.

Addressing Question 2, examining community perceptions and participation

established that technical efficacy alone is insufficient for NBS success. The research
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provided empirical evidence that ecological literacy, trust building, and meaningful
participatory opportunities are essential prerequisites for sustainable NBS
implementation. This finding advances the literature by moving beyond theoretical
discussions of participation to examine actual barriers and enablers in vulnerable

communities, providing concrete insights for practitioners and policymakers.

Responding to Question 3, the analysis of NBS implementation in informal settlements
demonstrated that hybrid green-grey approaches offer viable solutions in contexts
characterized by immediate safety needs and complex socio-economic challenges.
The research contributed novel insights to an understudied area of NBS literature,
providing evidence-based recommendations for addressing the unique challenges of

informal urban environments.

Theoretical and Practical Contributions

This thesis makes several significant contributions to both conceptual understanding
and practical application of NBS. Conceptually, the research advances the field by
providing a comprehensive analytical framework integrating governance, social, and
technical dimensions of NBS implementation. This framework demonstrates how
these dimensions interact to influence implementation outcomes, transcending

beyond single-factor explanations to embrace the complexity of real-world contexts.

Practically, this thesis provides evidence-based recommendations for policymakers,
practitioners, and communities seeking to implement NBS in the Global South. These
suggestions include prioritizing participatory co-design approaches where
communities are active partners rather than passive beneficiaries. These approaches
emphasize on hybrid green-grey solutions with biodiversity conservation and enhance
interdisciplinary research to strengthen evidence through quantified assessments and
context-specific monitoring frameworks. Furthermore, the research explores how to
design governance arrangements, engagement strategies, and technical solutions
respond to local conditions and constraints. Overall, governance arrangements should
establish cross-sectoral coordination mechanisms that bridge environmental
conservation, urban development, and disaster management while accommodating
diverse stakeholder interests and competing land-use priorities. Additionally,

engagement strategies should prioritize culturally resonant education campaigns that
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translate complex ecological concepts into accessible language. Finally, these
strategies should provide with trust-building initiatives addressing historical

marginalization and creating genuine participatory opportunities for co-design and co-
management.
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