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RESUMO 

MORALES, Milton Vinícius. Integrando Análise da Paisagem e Tomada de Decisão Multicri-

tério para Priorização de Áreas de Restauração Florestal em Paisagens Antropizadas. Defesa de 

Tese (Doutorado em Planejamento e Uso dos Recursos Renováveis) – Centro de Ciências e 

Tecnologia para Sustentabilidade, Universidade Federal de São Carlos, Sorocaba, 166 f, 2025. 

 

O presente trabalho propõe uma abordagem integrada que alia análise de componentes ecoló-

gicos, antrópicos e biofísicos da paisagem com métodos de decisão multicritério para priorizar 

áreas de restauração florestal em paisagens modificados pelo uso humano. O estudo inicia com 

uma revisão sistemática da literatura (Capítulo I), a qual identifica e classifica os principais 

critérios espaciais utilizados em processos decisórios voltados para a restauração, ressaltando 

lacunas metodológicas e a necessidade de padronização na seleção e aplicação destes critérios. 

Posteriormente, uma análise espaço-temporal do Bacia do Rio Sarapuí (Capítulo II) revela di-

nâmicas de uso do solo e o fenômeno do rejuvenescimento da cobertura florestal, possibilitando 

a identificação de áreas com potencial para catalisar processos sucessórios e promover conec-

tividade ecológica. Em seguida, o mapeamento da pegada humana (Capítulo III) integra aspec-

tos ambientais e socioeconômicos, fornecendo um diagnóstico preciso das pressões antrópicas 

sobre a paisagem. Finalmente, o framework decisório proposto (Capítulo IV) consolida os re-

sultados anteriores ao estruturar um método robusto e replicável, baseado em Análise Multicri-

terial (AMC), para a priorização de áreas de restauração, com potencial aplicação em políticas 

públicas e iniciativas de Pagamento por Serviços Ambientais. Os resultados demonstram que a 

convergência entre dados espaciais, análises de dinâmica ambiental e processos de decisão es-

truturados podem otimizar o direcionamento de investimentos e esforços para a efetiva restau-

ração ecológica de ambientes degradados, contribuindo para a conservação da biodiversidade, 

mitigação das mudanças climáticas e promoção do desenvolvimento sustentável. 

 

Palavras-chave: Restauração Florestal; Priorização de Áreas; Análise Multicriterial; Análise 

da Paisagem; Manejo de Bacias Hidrográficas. 

  



ABSTRACT 

MORALES, Milton Vinícius. Integrating Landscape Analysis and Multicriteria Decision-Mak-

ing to Prioritize Forest Restoration Areas in Human-Modified Landscapes. Thesis Defense 

(Doctorate in Planning and Use of Renewable Resources) – Center for Science and Technology 

for Sustainability, Federal University of São Carlos, Sorocaba, 166 p, 2025. 

 

This study proposes an integrated approach combining the analysis of the landscape's ecologi-

cal, anthropical, and biophysical components with multicriteria decision-making methods to 

prioritize forest restoration areas in human-modified landscapes. The research begins with a 

systematic literature review (Chapter I) that identifies and categorizes the primary spatial crite-

ria employed in decision-making processes for restoration, highlighting methodological gaps 

and the need for standardization in selecting and applying these criteria. Subsequently, a spati-

otemporal analysis of the Sarapuí River Basin (Chapter II) reveals land-use dynamics and the 

phenomenon of forest cover rejuvenation, allowing for identifying areas with the potential to 

trigger successional processes and enhance ecological connectivity. Next, mapping the human 

footprint (Chapter III) integrates environmental and socioeconomic aspects, providing an accu-

rate diagnosis of anthropogenic pressures on the landscape. Finally, the proposed decision 

framework (Chapter IV) consolidates the previous results by establishing a robust and replica-

ble multicriteria decision analysis (MCDA) method for prioritizing restoration areas, with po-

tential applications in public policies and Payment for Environmental Services initiatives. The 

findings demonstrate that the convergence of spatial data, environmental dynamics, and struc-

tured decision processes can optimize the allocation of investments and efforts for the effective 

ecological restoration of degraded environments, ultimately contributing to biodiversity con-

servation, climate change mitigation, and sustainable development. 

 

Keywords: Forest Restoration; Area Prioritization; Multicriteria Analysis; Landscape Analy-

sis; Watershed Management. 
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INTRODUÇÃO 

As ações de restauração florestal desempenham papel fundamental na regeneração eco-

lógica de paisagens degradadas, contribuindo significativamente para a conservação da biodi-

versidade, mitigação das mudanças climáticas e manutenção dos serviços ecossistêmicos (S.E). 

Em biomas intensamente modificados como a Mata Atlântica e o Cerrado, a paisagem é comu-

mente marcada por mosaicos complexos de usos do solo, nos quais remanescentes de vegetação 

nativa se encontram alocados em meio a áreas agrícolas, pastagens, infraestruturas e centros 

urbanos. Nesse cenário, o sucesso da restauração florestal está fortemente condicionado à ca-

pacidade das áreas restauradas de desempenharem funções estruturais e funcionais na paisa-

gem, conectando e complementando os fragmentos remanescentes (Gama et al., 2013; Vetto-

razzi e Valente, 2016). 

No entanto, planejar ações de restauração que efetivamente favoreçam a funcionalidade 

da paisagem constitui um grande desafio metodológico, sobretudo devido à multiplicidade de 

fatores biofísicos, ecológicos, climáticos e antrópicos que devem ser considerados (Höhl et al., 

2020). A complexidade dessas interações exige abordagens capazes de integrar dados espaciais 

diversos, de modo a orientar decisões mais assertivas e eficientes. 

Além dos desafios técnicos, há ainda limitações práticas e econômicas. A restauração 

florestal em larga escala demanda recursos humanos e financeiros substanciais, o que torna 

inviável a restauração integral de todas as áreas degradadas (Lamb, 2018). Assim, torna-se im-

perativa a adoção de estratégias que priorizem espacialmente as áreas com maior potencial de 

retorno ecológico e socioambiental, otimizando os esforços e investimentos. 

Nesse contexto, abordagens baseadas em Análise Multicriterial (AMC) vêm se consoli-

dando como ferramentas promissoras para apoiar processos decisórios no planejamento de 

ações de restauração. A AMC permite integrar múltiplos critérios espaciais com pesos ajustá-

veis conforme a importância relativa de cada fator para os objetivos do estudo (Drobne e Lisec, 
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2009; Esmail e Geneletti, 2018; Malczewski e Rinner, 2015). Quando bem estruturada, essa 

abordagem possibilita a geração de mapas de priorização robustos e replicáveis, que orientam 

a tomada de decisão de forma transparente e tecnicamente fundamentada. 

Ainda assim, aplicações da AMC em contextos ambientais enfrentam limitações recor-

rentes, como o uso de conjuntos de critérios pouco representativos, a ausência de padronização 

na normalização dos dados espaciais e a escassa incorporação de critérios socioeconômicos 

(Esmail e Geneletti, 2018). Tais fragilidades podem comprometer a efetividade das decisões e 

reduzir a aplicabilidade dos resultados (Esmail e Geneletti, 2018). Dessa forma, uma prioriza-

ção territorial eficaz exige não apenas rigor metodológico, mas também compreensão profunda 

das dinâmicas ecológicas envolvidas, conhecimento técnico dos critérios utilizados e sua tra-

dução adequada em produtos cartográficos. 

Diante disso, a presente pesquisa tem como objetivo contribuir para o aprimoramento 

das estratégias de restauração florestal em paisagens antropizadas, com foco na estruturação de 

processos decisórios espacialmente explícitos que incorporem tanto fundamentos conceituais 

quanto avanços tecnológicos na espacialização de fenômenos ambientais. A Tese foi organi-

zada em quatro Capítulos, abordando de maneira integrada os principais desafios relacionados 

à definição de critérios espaciais, análise e representação da paisagem e estruturação do pro-

cesso decisório no contexto da restauração florestal. 

Assim, o primeiro capítulo apresenta uma revisão sistemática da literatura científica re-

ferente à processos decisórios estruturados no âmbito da Análise Multicriterial cujo o objetivo 

é a priorização de áreas para restauração florestal. Esta análise focou em identificar os critérios 

espaciais que efetivamente atuam para o sucesso das ações de restauração florestal e nas lacunas 

conceituais e técnicas a respeito da obtenção de critérios espaciais representativos da paisagem. 

Os resultados obtidos nesta meta-análise de processos decisórios para a restauração inspiraram 

os dois capítulos subsequentes que tratam de aspectos ecológicos e antrópicos da paisagem e 
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sua importância na ciência da restauração, além de subsidiar a escolha do conjunto de critérios 

espaciais e sua respectiva ordem de importância no processo decisório desenvolvido no Capí-

tulo IV. 

Neste contexto, o Capítulo II realiza uma análise espaço-temporal da paisagem da Bacia 

do Rio Sarapuí, avaliando as dinâmicas do uso do solo, da cobertura florestal e a conectividade 

funcional entre fragmentos de habitat ao longo do tempo. Neste Capítulo um aspecto relevante 

à despeito das áreas de habitat foi revelado, o rejuvenescimento da cobertura florestal, alinhado 

à recentes resultados deste processo em análises de maiores escalas como nos trabalhos de Rosa 

et al., (2021), Dias et al., (2023) e Vancine et al., (2024).  

Essa análise permitiu identificar áreas com maior potencial para catalisar processos su-

cessionais e contribuiu diretamente para a construção de um critério espacial orientado à co-

nectividade ecológica. 

No Capítulo III, a tese avança sobre a avaliação da pressão antrópica e de seus desdo-

bramentos socioeconômicos a partir do mapeamento da pegada ecológica humana (Human Fo-

otprint) integrando os distúrbios ambientais e características socioeconômicas da ocupação hu-

mana no território. Neste capítulo adaptamos a metodologia desenvolvida por Sanderson et al. 

(2002) e posteriormente aprimorada em trabalhos como de Woolmer et al., (2008) e Venter et 

al., (2016) para uma escala compatível para o auxílio a tomada de decisão em nível de bacia 

hidrográfica.  

Trata-se do primeiro mapeamento da pegada ecológica humana no território nacional 

excluídos os datasets globais como os de Venter et al., (2016) e Mu et al., (2022), e apresenta 

uma estrutura replicável para análises em escalas como as comumente utilizadas em bacias 

hidrográficas, visto que os citados datasets disponíveis são de baixa resolução e pensados para 

escalas globais de análise. 
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Por fim, o quarto Capítulo IV incorpora os resultados dos anteriores para a estruturação 

do processo decisório para a restauração florestal na bacia do rio Sarapuí. A partir da meta-

análise conduzida no Capítulo I e das analises complementares locais e da produção dos crité-

rios espaciais dos Capítulos II e III, desenvolvemos um framework robusto e replicável para a 

restauração florestal em paisagens antropizadas, com potencial de aplicação prática em políticas 

públicas e iniciativas de Pagamento por Serviços Ambientais (PSA). 

Dessa forma, esta tese busca oferecer subsídios teóricos e metodológicos que contri-

buam para que a restauração florestal seja conduzida de forma mais estratégica, eficiente e 

contextualizada às dinâmicas ambientais e sociais da paisagem. Ao promover a integração entre 

critérios ecológicos, físicos e socioeconômicos no planejamento espacial da restauração, a pes-

quisa se alinha aos princípios da sustentabilidade, contribuindo para a conservação da biodiver-

sidade, a regulação climática, a proteção de recursos hídricos e o fortalecimento da resiliência 

territorial. Esses elementos reforçam o papel da restauração ecológica como instrumento trans-

versal na promoção do desenvolvimento sustentável, em consonância com os compromissos 

globais estabelecidos pela Agenda 2030 e seus Objetivos de Desenvolvimento Sustentável.  
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INTRODUCTION 

Forest restoration efforts play a fundamental role in the ecological regeneration of de-

graded landscapes, contributing significantly to biodiversity conservation, climate change mit-

igation, and the maintenance of ecosystem services (E.S.). In highly modified biomes such as 

the Atlantic Forest and the Cerrado, the landscape is often composed of complex mosaics of 

land uses, in which remnants of native vegetation are interspersed with agricultural areas, pas-

tures, infrastructure, and urban centers. In such contexts, the success of forest restoration is 

strongly conditioned by the capacity of restored areas to fulfill structural and functional roles 

in the landscape, connecting and complementing remaining forest fragments (Gama et al., 2013; 

Vettorazzi and Valente, 2016). 

However, planning restoration interventions that effectively enhance landscape func-

tionality poses a significant methodological challenge, primarily due to the multiplicity of bio-

physical, ecological, climatic, and anthropogenic factors that must be considered (Höhl et al., 

2020). The complexity of these interactions requires approaches capable of integrating diverse 

spatial data to guide more accurate and efficient decision-making. 

Beyond technical challenges, practical and economic limitations must also be addressed. 

Large-scale forest restoration requires substantial human and financial resources, making the 

full recovery of all degraded areas unfeasible (Lamb, 2018). Therefore, adopting strategies that 

spatially prioritize areas with the most significant potential for ecological and socio-environ-

mental return becomes imperative, thereby optimizing efforts and investments. 

In this context, Multi-Criteria Decision Analysis (MCDA) has emerged as a promising 

tool to support decision-making processes in restoration planning. MCDA allows for integrat-

ing multiple spatial criteria with adjustable weights according to the relative importance of each 

factor to the study’s objectives (Drobne and Lisec, 2009; Esmail and Geneletti, 2018; Mal-

czewski and Rinner, 2015). When well-structured, this approach enables the generation of 



 

17 
 

robust and replicable prioritization maps, supporting transparent and technically sound deci-

sion-making. 

Nonetheless, the application of MCDA in environmental contexts still faces recurring 

limitations, such as poorly representative criteria sets, lack of standardization in spatial data 

normalization, and limited incorporation of socioeconomic factors (Esmail and Geneletti, 

2018). These weaknesses can compromise decision effectiveness and reduce the applicability 

of results. Thus, effective spatial prioritization requires methodological rigor and a deep under-

standing of ecological dynamics, technical knowledge of the criteria used, and their appropriate 

translation into cartographic products. 

In light of this, the present research aims to contribute to improving forest restoration 

strategies in human-modified landscapes, focusing on developing spatially explicit decision-

making processes that incorporate both conceptual foundations and technological advances in 

environmental spatialization. The thesis is organized into four chapters, which together address 

the main challenges associated with defining spatial criteria, landscape analysis and represen-

tation, and decision-making processes in forest restoration. 

Chapter I presents a systematic review of the scientific literature on structured decision-

making processes within MCDA aimed at prioritizing areas for forest restoration. This review 

focuses on identifying spatial criteria that effectively support restoration success and conceptual 

and technical gaps in representing landscape-relevant criteria. The findings of this meta-analy-

sis informed the subsequent chapters, which address ecological and anthropogenic aspects of 

the landscape and their importance to restoration science. Also, they guided the selection of 

spatial criteria and their respective weights in the decision-making process developed in Chap-

ter IV. 

Chapter II presents a spatiotemporal analysis of the Sarapuí River Basin landscape, as-

sessing land-use dynamics, forest cover, and functional connectivity between habitat patches 
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over time. A noteworthy finding in this chapter concerns the rejuvenation of forest cover, con-

sistent with recent large-scale observations reported by Rosa et al. (2021), Dias et al. (2023), 

and Vancine et al. (2024). This analysis made it possible to identify areas with more significant 

potential to catalyze successional processes and directly supported the development of a spatial 

criterion focused on ecological connectivity. 

Chapter III advances the analysis of anthropogenic pressure and its socioeconomic im-

plications by mapping the human footprint and integrating environmental disturbances with 

socioeconomic characteristics of human occupation in the territory. In this chapter, we adapted 

the methodology initially developed by Sanderson et al. (2002) and later refined in studies such 

as Woolmer et al. (2008) and Venter et al. (2016) to a watershed-scale framework appropriate 

for local decision-making. This represents the first mapping of the Human Footprint at the na-

tional level, excluding global datasets (e.g., Venter et al., 2016; Mu et al., 2022), and it provides 

a replicable structure for analyses at scales typically used in watershed planning, given that 

available global datasets are low resolution and intended for broader-scale assessments. 

Finally, Chapter IV integrates the findings of the previous chapters to develop the deci-

sion-making framework for forest restoration in the Sarapuí River Basin. Building on the meta-

analysis from Chapter I, the local analyses, and the spatial criteria developed in Chapters II and 

III, we propose a robust and replicable framework for forest restoration in human-modified 

landscapes, with practical application potential in public policies and Payment for Environmen-

tal Services (PES) initiatives. 

In this way, the thesis seeks to provide both theoretical and methodological support to 

help ensure that forest restoration is implemented more strategically, efficiently, and in align-

ment with the environmental and social dynamics of the landscape. The research aligns with 

sustainability principles by promoting the integration of ecological, physical, and socioeco-

nomic criteria into spatial restoration planning. It contributes to biodiversity conservation, 
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climate regulation, water resource protection, and the strengthening of territorial resilience. 

These elements reinforce ecological restoration as a cross-cutting instrument for advancing sus-

tainable development following the global commitments established under the 2030 Agenda 

and its Sustainable Development Goals (SDGs).  
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1. CHAPTER I 

THE ROLE OF SPATIAL CRITERIA IN ENHANCING FOREST RESTORA-

TION ACTIONS: A SYSTEMATIC REVIEW 

Abstract 

Forest and landscape restoration is crucial for enhancing ecosystem integrity and services. 

However, achieving successful restoration outcomes presents significant methodological chal-

lenges and demands significant financial and human resources. Selecting appropriate restora-

tion sites within the landscape determines forest restoration effectiveness. The restored habitats 

must complement existing ones by fulfilling structural and functional roles in the landscape. 

There are numerous approaches to prioritizing and selecting areas for restoration, often em-

ploying Multicriteria Decision Analysis (MCDA) approaches to address the spatial complexi-

ties influenced by diverse environmental, ecological, climatic, and anthropic landscape charac-

teristics. The review identifies 59 distinct spatial criteria, systematically grouped into nine the-

matic categories: ecological, pedology, disturbances, water and hydrology, topography, climate, 

land use and land cover, socioeconomic, and protected areas. Through bibliometric analysis, 

we observed an increasing number of studies over time, with a strong regional concentration in 

tropical and subtropical biomes, particularly in Latin America. Despite the predominance of 

studies from Brazil, recent publications indicate a gradual expansion of MCDA-based ap-

proaches to other regions, such as the Mediterranean and semi-arid landscapes. Our findings 

highlight the growing complexity of spatial decision-making in forest restoration and empha-

size the need for a more standardized approach to spatial criteria selection. This review provides 

critical insights into the methodological advances and geographic trends in restoration planning, 

offering a foundation for improving decision-support frameworks and guiding future research 

and conservation policies. 

Keywords: Decision-Making Process; Ecological Restoration; Forest Restoration; Multicriteria 

Analysis; Priority Areas. 
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1.1. INTRODUCTION 

Forest restoration plays an essential role in the landscape regenerative process by en-

hancing ecosystem integrity and services and offering a remedy to the historical impacts of 

habitat loss and forest fragmentation. Acknowledged as fundamental to mitigating climate 

change (Koch and Kaplan, 2022; Tuinenburg et al., 2022) and biodiversity loss (Barlow et al., 

2016; Romanelli et al., 2022), forest restoration has gained increasing global attention in recent 

decades (Lamb, 2018), being subject in several commitments as the Bonn Challenge, that seeks 

to restore 350 million of hectares by 2030 (Bonn Challenge, 2014), the U.N. Convention on 

Biodiversity (CBD, 2011), that aimed to restore 15% of degraded ecosystems worldwide by 

2020, and integrating the U.N Sustainable Development Goals (SDG, 2015), that the Goal 15 

concerns to restore degraded landscapes to reach a “land-degradation neutral word” by 2030 

(Lamb, 2018). 

However, achieving the effectiveness of forest restoration remains a methodological 

challenge (Höhl et al., 2020). Overcoming obstacles such as land competition and resource 

scarcity requires evaluating a wide range of factors to ensure restored land persistence (Borda-

Niño et al., 2020). This evaluation must encompass ecosystem complexity, landscape condi-

tions, geomorphology, anthropic occupation patterns, climatic considerations, and the prevail-

ing political and economic context (Höhl et al., 2020). 

The restoration of ecological functionality in degraded ecosystems relies on the ability 

of restored habitats to complement existing ones effectively (Gama et al., 2013). However, de-

termining which sites can be most effectively restored remains a significant gap in restoration 

science (Brancalion et al., 2016; Höhl et al., 2020; Lamb, 2018). Nonetheless, it is well-known 

that managing this gap involves catalyzing the ecological successional process (Borda-Niño et 

al., 2020), and promoting ecological function reestablishing while concurrently reducing im-

plementation costs. 
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Determining appropriate sites for implementing forest restoration actions within a land-

scape requires addressing a decision problem that involves multiple variables interacting on a 

spatial and temporal scale. Multicriteria Decision Analysis (MCDA) is a valuable approach for 

dealing with spatial decision problems, which has proven to be highly effective in prioritizing 

and selecting sites for forest restoration (Mello et al., 2017; Valente et al., 2021). 

MCDA-based approaches involve integrating and transforming geographical data (in-

puts) into well-informed decisions (output). Operationally, MCDA helps structure spatial deci-

sion problems, evaluate alternative options based on various criteria, explore trade-offs, formu-

late decisions, and assess their robustness (Drobne and Lisec, 2009; Esmail and Geneletti, 

2018). 

These approaches effectively use the landscape's biophysical and spatial aspects. How-

ever, the key challenge lies in expressing the preferences and needs of decision-makers, spe-

cialists, and affected communities using conceptually appropriate and spatially explicit criteria. 

The process results in a set of maps that seamlessly integrate into decision-making as decision 

factors (criteria and restrictions). 

In the forest restoration context, spatial criteria are defined by maps that represent land-

scape characteristics conducive to successful forestry restoration actions. Characteristics that 

promote the protection or mitigation of soil and natural resources or facilitate the connection 

among forest remnants, performing essential structural and functional roles in the landscape. 

On the other hand, restrictions are also included, which bring characteristics that rule out the 

feasibility of forest restoration. These restrictions are often represented by land cover classes 

such as urban areas, surface water, or regions already covered by forests. 

Selecting representative and effective spatial criteria for forest restoration is a complex 

task, often supported by extensive literature reviews (Cavalcante et al., 2022; Mendonça et al., 

2022) or participatory techniques involving specialists and stakeholders to reach a consensus 
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(Lopes et al., 2020; Valente et al., 2017). Thus, criteria selection requires a comprehensive 

understanding of ecological aspects that drive successful restoration and anthropogenic factors 

that significantly influence the restoration's outcomes. 

In this context, the success of forest restoration area prioritization depends on integrat-

ing scientific advances achieved in both MCDA-based approaches and forest's ecological suc-

cession knowledge. To address this knowledge gap, we systematically reviewed MCDA-based 

studies focused on selecting or prioritizing sites for forest restoration, emphasizing the spatial 

criteria used and the reasons for this choice. Our review centered around two specific questions: 

(a) which spatial criteria are employed in MCDA-based approaches for selecting forest resto-

ration sites? (b) what ecological concepts guide the choice of such spatial criteria? 

1.2. MATERIAL AND METHODS 

Our research was conducted in two distinct stages. Firstly, we undertook a thorough 

systematic literature review, utilizing bibliometric tools to map out the structure and dynamics 

of the scientific field. Following this, we conducted a critical analysis of the selected papers, 

with a particular focus on methodology, spatial criteria, and ecological concepts. 

Our focus was on studies employing MCDA approaches to define priority areas for for-

est restoration. According to Esmail and Geneletti (2018), MCDA approaches vary widely in 

terms of computational complexity, level of stakeholder engagement, time, and data availabil-

ity. In-depth analyses on the theoretical foundations of these approaches and their integration 

with spatial analysis can be found in works such as those by Beinat and Nijkamp (1998), Mal-

czewski and Rinner (2015), and Voogd (1982) . 

Figure 1 illustrates the three main stages of the MCDA framework as outlined by Esmail 

and Geneletti (2018). The first stage, Decision Context and Problem Structuring, involves de-

fining objectives, identifying alternatives, and establishing evaluation criteria. The second 

stage, Analysis, assesses the performance of the criteria set, applies weights to represent their 
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relative importance (Saaty, 1980), aggregates the results, and performs sensitivity analyses to 

account for uncertainties. The final stage, Decision, integrates these results to rank or cluster 

the alternatives, supporting a transparent and informed selection process to address the pro-

posed problem.  

 
Figure 1 - A generalized scheme of the mains steps of a multi-criteria decision analysis 

approach (based on Malczewski and Rinner, 2015; Esmail and Geneletti, 2018). 

The following items detail the procedures employed in our literature search and the 

analysis of the resulting database, focusing on articles that apply MCDA to the selection or 

prioritization of sites for forest restoration actions. 

1.2.1. LITERATURE SEARCH 

We considered full articles published in Web of Science and Scopus returning by the 

following search terms: [forest restoration AND (multicriteria OR decision analysis OR deci-

sion support system OR MCDA OR MCDM)], along with their equivalents in Portuguese and 
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Spanish. These terms were applied to the topics for the Web of Science platform and the title, 

abstract, and keywords for the Scopus platform. We included all papers published between 

January 2002 and September 2024. Based on out of 521 papers returned by this search, we 

selected those that fit in our review objective firstly by reading the paper's abstract and title, 

narrowing it down to 38 papers, and then complete reading the paper, which allowed us to reach 

the final 24 papers evaluated. We did not consider studies reporting commercial tree planta-

tions, studies that only partially fit our scope and research questions or studies that do not use 

MCDA-based approaches for site prioritization. 

1.2.2. DATA ANALYSIS 

Through the descriptive analysis, we collected information on (a) the number of pub-

lished papers, (b) number of authors, (c) timespan, (d) sources, (e) percentage of international 

co-authorship, (f) average age of documents, (g) annual growth rate, (h) number of co-authors, 

and (i) average number of citations. This analysis was performed using the Bibliometrix pack-

age in R 4.2.1 (Aria and Cuccurullo, 2017). Additionally, we extracted information about the 

paper's study areas, allowing us to analyze the countries where the studies were conducted and 

their insertion Biome according to Olson et al. (2001). 

After data collection, we tabulated and quantified all spatial criteria founded in the re-

sults. In some cases, it was necessary to standardize certain terms related to the identified spatial 

criteria. This step was essential because, in several instances, spatial criteria representing the 

same information were referred to by different names.  

For example, as will be discussed, many spatial criteria derive from maps based on the 

Euclidean distance to features such as forest patches, drainage networks, urban areas, and roads. 

In this context, authors such as Uribe et al. (2014) and Orsi and Geneletti (2010) refer to a 

spatial criterion as "distance from forest" or "distance from existing forest",  while others 

(Valente et al., 2017; Souza et al., 2021), use the term "proximity to forest patches" to describe 
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the same criterion. In both cases, the purpose of including this criterion in the decision-making 

is identical: to prioritize areas closer to forested regions. Therefore, we standardized this crite-

rion as "proximity to forest patches". 

Similarly, interchangeable terms such as "forest fragments" and "forest patches", or 

“pluviosity” and “precipitation” were also standardized, in this case, to "forest patches" and 

“pluviosity”, respectively. Table S1.1, included in the supplementary material, presents the var-

ious spatial criteria identified in each analyzed article, both in their original and standardized 

form. 

These steps allow us to systematically categorize the spatial criteria set based on their 

thematic context, resulting in nine distinct categories, which will be presented below. This cat-

egorization aims to group spatial criteria that share a common thematic focus, as well as those 

derived from similar data sources or methodologies. It is important to note that this is a didactic 

categorization, designed to facilitate a more structured and comprehensive analysis of the spa-

tial criteria identified in the reviewed studies. By organizing the criteria in this way, we aim to 

provide clearer insights into their roles and relevance within the decision-making processes. 

1.3.  RESULTS AND DISCUSSION 

1.3.1.  BIBLIOMETRIC ASPECTS 

We found 24 papers reporting MCDA-based approaches that aim to select or prioritize 

sites to implement forest restoration actions. They came from eight different countries (Figure 

2), Brazil (14), Mexico (4), United States (1), Madagascar (1), China (1), Costa Rica (1), Bo-

livia (1), and Greece (1), comprising six biomes. The most represented is Tropical and Subtrop-

ical Moist Broadleaf Forests (13), followed by Tropical and Subtropical Grasslands, Savannas 

and Shrublands (4), Tropical and Subtropical Coniferous Forests (2), Tropical and Subtropical 

Dry Broadleaf Forests (2); Mediterranean Forests, Woodlands and Scrub (2), and Temperate 

Broadleaf and Mixed Forests with only one published paper (Figure 2). 
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Figure 2 - World distribution of published papers (n=24) on the MCDA-based approaches 

to enhance forest restoration actions. 

There is a clear predominance (Figure 2) of studies conducted in intertropical regions, 

particularly in Latin America. According to Brancalion et al. (2019), tropical forests are recog-

nized as highly threatened biomes and hotspots for scientific advancements in the development 

of restoration strategies (Beltrán and Howe, 2020; Koch and Kaplan, 2022; Ruíz et al., 2023) 

and in the understanding of ecological succession processes (Arroyo-Rodríguez et al., 2017; 

Crouzeilles et al., 2017; Uriarte and Chazdon, 2016). Our results align with these findings but 

highlight the need for broader geographic dissemination of these methodologies worldwide. 

This perspective is consistent with Borda-Niño et al. (2020), who reviewed studies on 

drivers of tropical forest recovery and identified a limited representation of such research in 

regions as Africa and Asia. Although our analysis included publications in Portuguese and 

Spanish, it’s important to highlight that this factor did not bias the results, as only three studies 
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(Sartori et al., 2012a; Sartori et al., 2012b; De Almeida et al., 2020) were published in Portu-

guese and one (Calvo-Villalobos et al., 2018) in Spanish. 

Similarly, Borda-Niño et al. (2020) identified Brazil and Mexico with the highest studies 

concentration. They attributed this to critical factors such as the availability of data on land use 

and land cover changes, deforestation patterns, and public policies that encourage restoration 

efforts on both public and private lands. These same factors were highlighted by Uribe et al. 

(2014) as essential for structuring decision-making processes in the context of MCDA ap-

proaches, especially regarding the availability of spatialized data. 

In Brazil, there is a notable concentration of publications in the southeastern region 

(Figure 2), particularly in the states of São Paulo and Minas Gerais. This ecotone region, located 

in a transitional zone between the Atlantic Forest and the Brazilian savanna (Cerrado), has been 

the focus of numerous foundational studies for developing landscape management strategies. 

These studies address diverse topics such as biogeography and systematics, conservation and 

biodiversity, plant-animal interactions, and population and community dynamics (Marques et 

al., 2021). Additionally, significant contributions have been made to understanding spatial pat-

terns of genetic diversity, the impacts of human-induced habitat loss, and climate change on 

these ecosystems (Colli et al., 2020). 

This region also benefits from the extensive availability of free, high-resolution spatial 

data, including temporal land-use and land-cover series (Souza et al., 2020), rainfall regimes 

(de Oliveira et al., 2018), topography and soil properties (Rossi, 2017). Public institutions or 

non-governmental organizations (NGOs) often generate and disseminate such data, facilitating 

advanced spatial analyses and modeling. As highlighted by authors such as Orsi and Geneletti 

(2010) and Uribe et al. (2014), understanding regional dynamics and having access to spatial 

data at appropriate spatial and temporal scales are fundamental for implementing MCDA ap-

proaches. 
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However, as observed by Colli et al. (2020) and Marques et al. (2021), in the Brazilian 

context, the concentration of publications in the country’s southeastern region is also influenced 

by socioeconomic factors. This region hosts the most traditional universities and national re-

search centers (Colli et al., 2020), a reflection of the process of institutionalizing science in 

Brazil (Marques and Grelle, 2021), which benefit from more significant funding compared to 

institutions located in other parts of the country. This disparity is reflected in the regionalization 

of studies, highlighting the importance of adequate funding for research groups and graduate 

programs, particularly those in less privileged regions, such as central Brazil (Colli et al., 2020). 

The literature reviewed comprised papers published between 2010 and 2023, despite the 

search timeframe ranging from 2002 to 2024. This finding emphasizes the pressing need to 

develop new methodologies that optimize resources for forest restoration, given the growing 

global interest in this subject and following the establishment of international agreements and 

commitments, such as the UN Convention on Biodiversity, the New York Declaration of For-

ests, and the UN Sustainable Development Goals (Lamb 2018). In this context, technological 

advancements are expected to play a significant role in numerous initiatives, including the trans-

fer, compilation, and dissemination of knowledge, study cases, best practices, lessons learned, 

and methods for evaluating the success of restoration projects (Höhl et al. 2020). 

The bibliometric database's descriptive analysis (Table 1) highlights an annual publica-

tion growth rate (9.59%), indicating recent advancements in these approaches. Moreover, the 

substantial number of authors (73) in the total publications is contrasted by the low rate of 

international co-authorship (10%), underscoring the importance of fostering greater collabora-

tion among researchers. Such collaboration is essential to replicate successful prioritization re-

sults in diverse environments. 

Table 1 - Resulting descriptive measures of the bibliometric data collection. 

Descriptive Measure Results 

Articles 24 

Authors 83 
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Timespan 2010:2023 

Sources 20 

International Co-Authorship (%) 4.16 

Document Average Age (years) 5.38 

Annual Growth Rate (%) 8.82 

Co-Authors per Doc 3.75 

Average Citations per Doc 9.60 

Our research identified a progression in methodologies for prioritizing forest restoration 

areas using MCDA approaches shaped by foundational studies. Among the most influential 

works, Orsi and Geneletti (2010) presented a pioneering decision-making process that inte-

grated ecological and socioeconomic spatial criteria to address two central questions: (1) 

"Where should biodiversity be protected?" and (2) "Where is reforestation likely to succeed?" 

This study emphasized the importance of a robust theoretical framework on forest succession 

and restoration ecology alongside georeferenced data at appropriate scales. Challenges such as 

defining criteria and their relative importance were highlighted, with the incorporation of expert 

and stakeholder opinions proposed as a solution to enhance accuracy. 

Uribe et al. (2014) advanced the methodology by directly incorporating stakeholder 

preferences through interviews with academics, government officials, NGOs, and local stake-

holders. While this approach provided actionable outcomes for restoration site selection, the 

authors acknowledged limitations, such as obtaining georeferenced data for specific spatial cri-

teria and balancing conflicting stakeholder interests. Vettorazzi and Valente (2016) further re-

fined the process by integrating participatory techniques (Eastman, 2003) and the Analytic Hi-

erarchy Process (Saaty, 1990), reducing subjectivity and ensuring replicability.  

For instance, their methodology was applied successfully in two distinct watersheds, 

demonstrating its effectiveness in prioritizing areas to improve water-related ecosystem ser-

vices. Valente et al. (2017) and Aguirre-Salado et al. (2017) also showcased the flexibility of 

these approaches by adapting them to different contexts, such as a transition zone between the 

Cerrado and the Atlantic Fores, the Amazon rainforest, and later Noth and Rinner (2021) did 



 

32 
 

the same to a semi-arid Mediterranean region. These adaptations demonstrated the robustness 

of MCDA frameworks, as criteria weights could be adjusted to reflect diverse landscape dy-

namics and local characteristics. 

1.3.2. SPATIAL CRITERIA AND CONCEPTUAL ASPECTS 

Among the 24 analyzed papers, we identified 59 distinct spatial criteria applied 138 

times. As illustrated in Figure 3, these 59 spatial criteria were systematically grouped into nine 

thematic categories. The grouping was based on the thematic focus of each spatial criterion, the 

justification provided by the authors for their inclusion in decision-making processes, and their 

data source and methodology of acquisition. Table S1.2, included in the supplementary material 

provides a detailed overview of the spatial criteria within each thematic category, the frequency 

of their use, and the studies in which they were applied. 

 

Figure 3 –Proportional contribution of spatial criterion groups to the total set of criteria 

employed in the evaluated decision-making processes. 
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Among the nine identified categories, approximately 80% of the occurrences are con-

centrated in those related to disturbance (25 occurrences), ecology (24), water and hydrology 

(22), topography (20), and soil and erosion (18). This distribution underscores two primary 

considerations. The first is the search for sites that will support the restoration efficiently. This 

is demonstrated by prioritizing restoration actions away from roads and urban infrastructure 

(Orsi and Geneletti, 2010; Uribe et al., 2014; Aguirre-Salado et al., 2017; Souza et al. 2021) 

while favoring proximity to existing forest cover (Valente et al. 2017; Li et al. 2020; Cosimo et 

al. 2021, Noth and Rinner, 2021) aiming to catalyze ecological succession by favoring pro-

cesses as colonization and immigration (Watts and Hughes, 2024 ) on the restored patches. 

The second consideration highlights the critical role that future forest cover will play 

within the landscape, particularly in managing soil and water resources. Restoration efforts aim 

to stabilize or prevent erosion processes (Cruz-Bello and Sotelo-Ruiz, 2013; Vettorazzi and 

Valente, 2016; Silva and Vieira, 2020; Rajaonarivelo and Williams, 2022), protect stream and 

river margins to reduce runoff velocity and sediment transport and improve water quality (Vet-

torazzi and Valente, 2016; Valente et al. 2021; Fernandez et al. 2023) while promoting the re-

covery of degraded areas (Cavalcante et al. 2022). 

Spatial criteria related to disturbance sources were the most frequently employed in the 

analyzed decision-making processes. These criteria predominantly derive from Euclidean dis-

tance to landscape elements considered unfavorable for the success of forest restoration actions, 

where greater distances to these elements result in higher prioritization. The spatial criterion 

"Distance from Roads" is the most utilized, and it was applied in nine cases. 

Roads were identified as a significant disruptive forest restoration factor for several rea-

sons. First, their linear configuration in the landscape often splits fragments and isolates habi-

tats, reducing habitat quality and core area size (Souza et al., 2021). Second, roads facilitate 

human settlement and activities (de Rezende et al., 2015), acting as conduits for deforestation, 
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selective logging, and wildfires while hindering natural regeneration in surrounding areas (Bar-

low et al., 2016). Furthermore, roads increase the attractiveness of these regions for agricultural 

expansion due to improved transportation and production flow, posing a direct threat to nearby 

forest remnants and discouraging those sites allocation for restoration initiatives (Laurance et 

al., 2014; de Rezende et al., 2015; Souza et al., 2021). 

Similarly, eight cases employed the spatial criterion "Distance from Urban Areas" to 

prioritize sites with greater distances from urbanized areas for restoration actions. Proximity to 

urban areas is widely regarded as a disturbance source, mainly due to the high concentration of 

human activity in cities and settlements, which are among the primary drivers of pollution, land 

degradation, and natural resource exploitation (Rajaonarivelo and Williams, 2022). Forest frag-

ments and water resources near urban areas face similar adverse effects as those near roads 

(Karlson et al., 2014). 

Other disturbance-related criteria adapted to specific local landscapes include "Distance 

from Roads and Infrastructure," which extends the scope of analysis to include mobility and 

public supply infrastructures (Fernandez et al., 2023), utilizing Euclidean distance for spatial 

representation. Additionally, Calvo-Villalobos (2018) employed the "Infrastructure" criterion, 

which considers only the presence or absence of such elements in the landscape to formulate 

restoration alternatives. 

It is important to highlight that although large-scale restoration efforts are impractical 

in urban environments (Lamb, 2018), forests near cities and forest patches integrated into the 

urban environment are highly valued for their provision of ecosystem services and contributions 

to urban well-being. These include climate regulation, recreation opportunities, eco-tourism, air 

quality improvement, water management, and natural disaster mitigation (Adas et al., 2020; 

Panasolo et al., 2019). Urban forest restoration and conservation initiatives are gaining promi-

nence as they address the challenge of balancing urban growth with ecological landscape 
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management (Vanderley-Silva and Valente, 2023). This emerging field emphasizes green 

spaces, urban parks, and protected area management as critical components of sustainable urban 

planning (Ribeiro et al., 2022), and such initiatives should be encouraged and further developed. 

In three decision-making processes, we identified spatial criteria designed to distance 

forest restoration actions from agricultural regions. This was achieved through the use of the 

spatial criterion "Distance from Agricultural Areas", in two instances, spatialized based on Eu-

clidean distance to agricultural patches, and the criterion "Cropland Cover (%)", in one instance, 

applied at the watershed scale to prioritize sub-basins with a lower proportion of cropland cover 

(Li et al., 2020). 

According to the authors, the motivation for incorporating these spatial criteria into de-

cision-making processes stems from recognizing that areas near agriculture often face numer-

ous human-induced pressures and are susceptible to land-use alterations (Orsi and Geneletti, 

2010). Additionally, stakeholders consulted in those cases during the spatial criteria selection 

emphasized the importance of segregating regions designated for agricultural production from 

those intended for conservation (Orsi and Geneletti, 2010; Uribe et al., 2014). 

This perspective touches on the ongoing debate in conservation science about "Land 

Sparing vs Land Sharing" (Fischer et al. 2014). The "Land Sparing" concept advocates for zon-

ing large-scale agricultural production areas and conservation zones as separate entities. At the 

same time, "Land Sharing" rejects this dichotomy and promotes the integration of agricultural 

production and conservation (Green et al. 2005; Fischer et al. 2014).  

Recent trends in conservation research suggest that both approaches offer interdepend-

ent and complementary opportunities for forest restoration, highlighting that the balance be-

tween them would depend on the landscape configuration and governance aspects (Meli et al. 

2019). 
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Although biophysical factors less conducive to large-scale agricultural activities, such 

as high altitudes, steep slopes, and less fertile soils, play a significant role in promoting forest 

cover expansion (Borda-Niño et al. 2020), simply distancing restoration actions from agricul-

tural fields is not an evidence-based practice for ecological landscape management (Green et 

al. 2005; Meli et al. 2019; Arroyo-Rodriguez et al. 2020). Also, this approach may conflict with 

critical command-and-control mechanisms, such as Brazil's Native Vegetation Protection Law 

(Guidotti et al., 2020), and similar initiatives in countries like Costa Rica (Calvo-Villa Lobos et 

al., 2018) and Bolivia (Fernandez et al., 2023), which mandate conservation and restoration on 

agricultural and private lands. 

Still, regarding disturbances, recent studies (Fernandez et al., 2023; Dosis et al., 2023) 

have employed spatial criteria related to wildfire occurrences to guide restoration actions in 

affected regions. Fernandez et al. (2023) utilized the criteria "Fire Occurrence" and "Fire Inten-

sity" based on a binary approach, assessing the presence or absence of wildfires and their in-

tensity levels. In contrast, Dosis et al. (2023) employed the "Differenced Normalized Burn Ra-

tio (dNBR)" as a continuous variable, where wildfire occurrences are quantified using the 

dNBR spectral index, and prioritization increases progressively with the burn ratio across the 

landscape.  

The recent application of MCDA approaches to forest restoration in fire-affected regions 

underscores the critical role of structured decision-making processes in guiding restoration ef-

forts. This approach is particularly essential in the current context of climate change, character-

ized by rising temperatures and an increasing frequency of wildfires globally (Mansoor et al. 

2020; Miezite et al. 2020; Gajendiran et al. 2024). 

The second group of spatial criteria with the highest presence in decision-making pro-

cesses pertains to ecological criteria, mainly related to habitat patches. It accounts for 24 occur-

rences and 12 distinct spatial criteria (Table S1.2). Despite the relatively large number of unique 
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criteria in this category, 50% of the occurrences correspond to the criterion "Proximity to Forest 

Patches." 

The authors' justification for including this criterion is to promote forest connectivity 

and gene flow by restoring areas near existing forest cover (Almeida et al., 2019; Souza et al., 

2021; Valente et al., 2017). It is also justified by the increase in the probability of seed dispersal 

from forest patches into restored sites (Silva and Vieira, 2020). Additionally, Lopes et al. (2020) 

and Noth and Rinner (2021) highlight improved soil conditions and a higher stock of water in 

soils near forests, factors that enhance the success of restoration actions. 

Borda-Niño et al. (2020) identified proximity to forest remnants as a biophysical factor 

that significantly influences forest cover expansion, highlighting its role in triggering regener-

ative processes, a phenomenon also observed by Precinoto et al. (2022) when analyzing drivers 

of forest cover changes in Atlantic Forest watersheds. Studies in the Atlantic Forest demonstrate 

that proximity to forest patches for seed dispersal and propagule reserve purposes is significant 

until a threshold of approximately 600 meters, with this influence decreasing as the distance 

increases and with forest growth tending to occur in the first 180 meters of distance from older 

patches (de Rezende et al. 2015). 

In practical terms, incorporating this criterion into the decision-making process priori-

tizes restoration close to existing forest patch edges, increasing the overall area of those patches 

(Stanturf et al., 2014) and also enhancing their shape, reducing the intensity of edge effects 

(Magnago et al., 2015), and enhancing ecological corridors (Santos et al., 2018). However, it is 

important to note that using "Proximity to Forest Patches" as a spatial criterion in MCDA frame-

works requires careful consideration, particularly in dynamic and fragmented landscapes.  

One effect of fragmentation is that the distances between patches are reduced as the 

number of patches increases (Fahrig, 2003; Tischendorf and Fahrig, 2000). While this can be 

positive for biodiversity if accompanied by adequate habitat coverage (Hanski, 2015; Watts and 
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Hughes, 2024), in prioritizing areas through MCDA, the reduced distances between fragments 

often lead to a predominance of high-priority areas throughout the study region, as all patches 

become closer. This outcome can undermine the effectiveness of the criterion in guiding the 

strategic allocation of restoration efforts. 

Sartori et al. (2012b) and Souza et al. (2021), to narrow down the prioritization range 

based on the proximity of forest patches, considered only patches with significant core areas, 

thereby considerably reducing the number of high-priority areas and optimizing the perfor-

mance of the spatial criterion in the MCDA context. However, conservation strategies that rank 

the importance of habitat patches based on their size, although widely used as management 

strategies, are not evidence-based (Fahrig, 2022) and overlook the critical importance of small 

patches for biodiversity conservation and gene flow in the landscape (Riva and Fahrig, 2022). 

This point touches on another heated debate within the scientific community known as 

the SLOSS (Single Large or Several Small) debate, which addresses the dilemma between con-

serving single large (SL) or several small (SS) patches in landscapes worldwide. In delving into 

the SLOSS dilemma, Fahrig et al. (2022) show that while there is no evidence that protecting 

SL patches is better for biodiversity, this practice remains widespread among conservation 

agencies and programs. However, the author also acknowledges that even though there is no 

evidence for SL > SS as a general principle, this does not necessarily translate into a higher 

priority for preserving SS over SL, and that other factors, such as landscape configuration and 

the size of the studied ecosystem, must also be considered on decision-making.  

Despite the ongoing debate, Riva et al. (2024) state that protecting as much native hab-

itat as possible is key to safeguarding biodiversity. This requires protecting and restoring both 

the remaining large native ecosystems and the many small native patches in working land-

scapes. Above all, habitat patches must be functionally connected to ensure access to sufficient 
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and complementary resources, reduce the risk of population extinction, and facilitate recoloni-

zation (Riva et al. 2024). 

Considering this, more sophisticated strategies are emerging to incorporate spatial cri-

teria promoting biodiversity in forest restoration decision-making processes. For instance, Cav-

alcante et al. (2022) utilized spatial criteria based on surfaces generated by modeling species' 

potential distribution and spatial connectivity derived from an approach grounded in electronic 

circuit theory applied to ecology. 

MCDA-based approaches to forest restoration can benefit from incorporating maps gen-

erated using landscape ecology metrics informed by graph theory. These maps effectively link 

landscape patterns with functional ecological processes (Frazier and Kedron, 2017; Kedron et 

al., 2018). Although not explicitly employing an MCDA-based framework, Salazar et al. (2021) 

prioritized areas for forest restoration in the Brazilian Caatinga through analyses of landscape 

ecology metrics based on graph theory. Similarly, Tambosi et al. (2014) developed a framework 

to optimize biodiversity restoration efforts by employing a graph approach that integrates hab-

itat quantity and landscape connectivity metrics. Additionally, Antongiovanni et al. (2022), us-

ing similar concepts, prioritized restoration areas also in the Brazilian Caatinga by considering 

landscape resilience, connectivity, and biodiversity value. 

The significant prevalence of criteria categorized as ecological reflects the intention of 

decision-makers to prioritize sites in a manner that leverages conditions capable of catalyzing 

regenerative processes, capitalizing on colonization credits in regions that have experienced 

habitat loss, enhancing the shape and structure of existing forest patches, reducing-edge effects 

on forest remnants, and facilitating ecological connectivity. However, the predominance of 

proximity to forest fragments as a spatial criterion, even with its low efficiency in fragmented 

and dynamic landscapes, highlights the limited effort to optimize the selection of spatial criteria, 

a weakness of MCDA approaches in the context of nature conservation, as reported by Esmail 
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and Geneletti (2018). Therefore, we advocate for greater integration of this research niche with 

more robust ecological analyses and modeling to provide spatial criteria to enhance the func-

tional connectivity of habitat areas. 

Regarding water criteria, 59.09% of instances involved the spatial criterion of 'proximity 

to drainage network.' It integrated the decision process 13 times, focusing on the protective role 

of riparian vegetation in preserving soil and enhancing water availability in watersheds (Mello 

et al. 2017; Adas et al. 2020).  

From an ecological perspective, implementing forest restoration near drainage networks 

is advantageous due to the water flow's dispersal capacity and riparian buffers' nutrient enrich-

ment (Borda-Niño et al. 2020, Şekercioğlu et al. 2015). However, as with most criteria based 

on Euclidean distance, it is essential to understand the drainage pattern within the study area 

clearly.  

Spatializing the Euclidian distance without evaluating the drainage pattern can lead to a 

significant number of pixels with a high priority on the criterion map, particularly in regions 

with a high concentration of small streams. This makes the prioritization map biased towards 

such a factor, even when the criteria weights or the aggregation MCDA algorithm are changed, 

as reported by Valente and Vettorazzi (2008) and Vettorazzi and Valente (2016). 

In this context, some strategies have been observed to avoid or reduce issues related to 

distance metrics. For example, some studies suggest considering only the proximity to springs 

(Valente et al. 2021) or prioritizing sites with less surface water presence (Li et al. 2020). Souza 

et al. (2021) and Li et al. (2020) considered the qualitative aspects of the drainage network, 

prioritizing regions based on water quality and potential aquifer contamination. 

Other approaches that have the potential to represent the semantics behind spatial crite-

ria in this category are those based on variables derived from indices used in morphometric and 

hydrological characterizations of the landscape, among which we can mention a high potential 
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for drainage density maps, spatialized to from the Kernel density function of the drainage chan-

nels (Bezinska and Stoyanov, 2019). When spatialized, the raster resulting from this metric 

indicates in each cell the extent of the drainage channels in km² (Km/Km²) continuously, mak-

ing this an easy-to-interpret and promising approach for implementation in MCDA-based anal-

yses. 

Topographic-related criteria represent another highly valued group, with 20 occur-

rences, dominated by the "Slope" criterion, which accounted for 70% of observations. The in-

clusion of slope in decision-making processes stems from two interrelated factors. First, it ad-

dresses erosion prevention, as steeper slopes are more vulnerable to erosive processes, making 

these areas a priority for restoration (Valente et al., 2021). Second, decision-makers often as-

sume that flatter areas are more suitable for human activities. In contrast, steeper slopes are less 

favorable for such uses and more prone to erosion, thus making them better candidates for con-

servation and restoration efforts (Cosimo et al., 2021). 

Empirical studies analyzing forest regrowth and deforestation dynamics support this ra-

tionale, identifying slope as a critical factor influencing forest cover increase, particularly fol-

lowing the abandonment of agriculturally marginal, steep regions (Calaboni et al., 2018; Borda-

Niño et al., 2020). Similarly, Precinoto et al. (2022) observed that steep slopes are conducive to 

forest regrowth, whereas flat or uniformly sloped areas are more susceptible to deforestation. 

Sloan et al. (2016) emphasize the socioeconomic implications of slope within land-

scapes, reflecting its role in shaping human occupation patterns. This perspective is corrobo-

rated by Aide et al. (2013), and Sánchez-Cuervo and Aide (2013), who observed increased rural 

emigration from sloped regions as agricultural activities intensified in Latin America and the 

Caribbean. 

Thus, slope serves multiple purposes in forest restoration decision-making processes. It 

facilitates soil protection through forest growth while also presenting an opportunity to promote 
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conservation and restoration initiatives. Additionally, its ease of derivation and interpretation, 

along with its continuous spatial representation, makes it an ideal criterion for application in 

MCDA-based approaches. 

In addition to slope, other topographic-related criteria, such as the Topographic Wetness 

Index (TWI), Compound Topographic Index (CTI), aspect, and elevation, were employed in 

specific instances. The TWI and CTI focus on hydrologically sensitive areas by modeling sur-

face runoff and soil moisture distribution (Cecílio et al., 2021; Bezinska and Stoyanov, 2019; 

Dosis et al., 2023), while elevation prioritizes headwater regions of watersheds (Fernandez et 

al., 2023). Aspect was used similarly to slope, addressing the impact of terrain orientation on 

ecological processes. 

Another criterion is "Insolation," which prioritizes areas based on sunlight exposure, a 

factor critical for natural regeneration and secondary succession (de Rezende et al., 2015; 

Precinoto et al., 2022). Typically derived from DEM data, insolation is currently limited to 

terrain exposed to sunlight without quantifying solar radiation. However, calculating solar ra-

diation income (Fu et al. 2002) offers great potential for more robust spatial analyses. Overall, 

moderate solar radiation promotes species recruitment, although areas with higher radiation 

may be prioritized in specific contexts, such as forest fire mitigation (Precinoto et al., 2022). 

Spatial criteria related to the Soil/Erosion group were among the most frequently em-

ployed in the analyzed studies, with 18 occurrences and six distinct variations. This group ad-

dressed different pedological characteristics, with a preference for conservationist and protec-

tive aspects aimed at preventing or mitigating erosion processes through forest restoration ac-

tions. 

The preference for these criteria was more evenly distributed than other categories, with 

the spatial criterion "Soil Erodibility" being the most widely adopted, accounting for 33.33% 

of occurrences in this group. Its choice is attributed to its ability to represent the inherent 
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characteristics of different soil types and their collective influence on factors such as moisture 

retention, aggregation, surface crusting, and the availability of loose, erodible materials 

(Valente et al., 2021). This allows for the identification of areas with high erodibility values, 

which are directly linked to regions most sensitive to runoff within watersheds, as highlighted 

by Vettorazzi and Valente (2016) and Lopes et al. (2020). 

The spatial criterion "Erosion Risk" was employed in 22.22% of cases, focusing on pre-

venting and mitigating erosion in watersheds. However, the representation of this criterion var-

ies across studies. For instance, Rajaonarivelo and Williams (2022) spatialized erosion risk us-

ing a map derived from the Revised Universal Soil Loss Equations (RUSLE). In contrast, Orsi 

and Geneletti (2010) calculated it based on Land Use and Land Cover (LULC) maps, incorpo-

rating slope, rainfall, and soil class. Silva and Vieira (2020) applied the "Natural Vulnerability 

to Erosion" criterion, which integrates multiple factors, including slope, vegetation cover, land 

use, pedology, geology, and geomorphology. 

In addition to erosion-related criteria, researchers have also focused on soil properties 

conducive to establishing native vegetation. This was primarily reflected in the "Soil Class" 

criterion, which accounted for 22.22% of occurrences. Studies by Cruz-Bello and Sotelo-Ruiz 

(2013), Almeida et al. (2019), de Almeida et al. (2020), and Dosis et al. (2023) emphasized the 

importance of chemical properties and soil fertility in supporting restoration efforts. These con-

cerns align with de Rezende et al. (2015) findings, which identified low soil fertility as a sig-

nificant barrier to forest regeneration, presenting a practical challenge to restoration initiatives. 

Criteria representing localized phenomena, such as erosion (Cruz-Bello and Sotelo-

Ruiz, 2013; Souza et al., 2021) or areas with bare soil (Aguirre-Salado et al., 2017), received 

comparatively less attention. This is mainly due to their limited spatial coverage and applica-

bility, as these characteristics are often binary and context-dependent. 
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In contrast with the previous categories, spatial criteria associated with LULC (11), so-

cioeconomic factors (7), climatic variables (6), and protected areas (5) were utilized less fre-

quently. Although LULC data are essential for the creation of derivative maps, such as distance 

maps to disturbances (e.g., urban developments, infrastructure, and agricultural activities) as 

well as proximity analyses concerning forest or hydrographic networks, LULC criteria were 

incorporated in fewer than half of the evaluated decision-making processes. This suggests that 

while LULC data are critical for generating secondary spatial criteria, they are often not directly 

integrated into decision-making. 

However, there are situations where certain LULC classes are given priority, such as 

pastures (Valente et al. 2021) and degraded areas (Rajaonarivelo and Williams 2022). Alterna-

tively, there are instances where preferences are assigned to all non-restrictive LULC classes, 

generating a criterion map with distinct priority scores for each LULC class (Cosimo et al. 

2021). 'Land Use Suitability' criteria were utilized and justified by the more precise information 

obtained compared to traditional LULC maps. It incorporates additional factors like soil quality 

and slope in their development besides LULC (Vettorazzi and Valente 2016).  

Turning to the other LULC-related spatial criteria, known as 'Potential Land Cover for 

Passive Restoration,'  'Potential for Natural Regeneration,' and 'Probability of LULC Conver-

sion,' their names reflect concepts of significant interest among specialists and decision-makers. 

These concepts align with one of the primary goals of the decision-making process, which is to 

identify areas conducive to passive restoration or, more specifically, natural regeneration. How-

ever, these criteria are currently in a preliminary stage of spatial representation and do not fully 

capture the concept motivating their inclusion in decision-making. They are derived from the 

simple rating of different land uses (Silva and Vieira 2020), models primarily based on the 

distance between forest patches (Cavalcante et al. 2022), and modeling of Markov chains 

(Calvo-Villalobos et al. 2018). 
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Predicting where and how forest regeneration occurs remains a persistent issue in resto-

ration science (Schweizer et al., 2022). Consequently, a broad spectrum of studies has been 

undertaken to understand the factors influencing natural regeneration. These studies are crucial 

for making informed choices regarding the spatial criteria evaluated in this review (Borda-Niño 

et al. 2020, Chazdon 2017; de Rezende et al. 2015; Piaia et al. 2020; Schweizer et al. 2022). 

Although socioeconomic criteria are frequently emphasized as essential for informed 

decision-making (Orsi and Geneletti, 2010; Esmail and Geneletti, 2018), their integration often 

faces challenges due to the lack of spatially explicit and temporally consistent data, as well as 

practical difficulties in spatialization (Uribe et al., 2014). Notably, only a few studies, such as 

those by Uribe et al. (2014), Li et al. (2020), and Fernandez et al. (2023), successfully incorpo-

rated these criteria. In contrast, most other articles, lacking robust socioeconomic data, primar-

ily considered human activities indirectly through other spatial criteria groups, particularly 

those related to disturbances, land use and land cover (LULC), and protected areas. 

The socioeconomic dimension, however, plays a critical role in the success of forest 

restoration initiatives, particularly in contexts characterized by rural exodus and the abandon-

ment of previously cultivated lands. These processes are among the primary drivers of forest 

regrowth or the availability of areas suitable for restoration (Borda-Niño et al., 2020; Calaboni 

et al., 2018; Chazdon, 2017). 

Thus, one of the key challenges in MCDA approaches aimed at forest restoration and 

nature conservancy in general (Esmail and Geneletti, 2018) lies in effectively representing the 

socioeconomic component as a spatial criterion. This requires the availability of reliable socio-

economic data and the development of consistent methodologies for spatializing this kind of 

variable. 

Climate-related criteria were considered on only six occasions (Table S2), with rainfall 

consistently identified as the variable of interest. While understanding rainfall patterns is 
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essential for planning field operations and selecting appropriate species, the limited attention to 

these criteria in decision-making processes can be attributed to two main factors. First, spatial 

and temporal data availability is often insufficient, particularly in regions with sparse monitor-

ing station coverage (Nearing et al. 2017). Second, the scale at which most MCDA analyses are 

conducted, typically at the watershed level, often minimizes the variability in rainfall, rendering 

its influence less significant in the overall assessment (Oliveira et al., 2013). 

However, recent advancements in data availability, such as the Climate Hazards Group 

InfraRed Precipitation with Stations (CHIRPS) project (Funk et al. 2015), which provides daily 

rainfall estimates at a spatial resolution of 500 meters, offer promising opportunities to over-

come these limitations and enhance the integration of climate-related criteria into forest resto-

ration decision-making frameworks (Katsanos et al. 2016; Rivera et al. 2018). 

The authors primarily (in four instances) employed simple annual rainfall averages ob-

tained from either rain gauge stations (Cruz-Bello et al., 2020) or meteorological satellites (De 

Almeida et al., 2019; 2020; Fernandez et al., 2023), spatialized using interpolation and kriging 

methods. 

The remaining two studies incorporating climate-related criteria utilized distinct ap-

proaches; one employed "Rain Erosivity," derived from the R-factor of the USLE model, using 

rainfall data from meteorological stations (Vettorazzi and Valente, 2016). The other study in-

troduced a criterion termed "Annual Average Precipitation and Potential Evapotranspiration 

Difference" (Cecílio et al., 2021). This criterion, in addition to rainfall data, integrated evapo-

transpiration estimates modeled via remote sensing. According to the authors, this approach is 

justified by the premise that water production is optimized in areas with higher water input 

(greater precipitation depth) and lower water "consumption" (reduced evapotranspiration 

depth) in a context where the main restoration objective would be to increase basin's stream-

flow. 
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Finally, the criteria group with the lowest representation in the evaluated decision-mak-

ing processes was related to protected areas employed in only five instances. In three cases 

(Calvo-Villalobos et al., 2018; Cosimo et al., 2021; Fernandez et al., 2023), the boundaries of 

protected areas were used as prioritization criteria, assigning higher priority within their limits 

and lower priority outside them. In one instance (Orsi and Geneletti, 2010), proximity to pro-

tected areas was considered and spatialized using Euclidean distance. In another instance (Silva 

and Vieira, 2020), the selected criterion was the forest cover deficit within protected areas, pri-

oritizing areas within their boundaries but balancing prioritization based on the level of forest 

deficit. 

Despite the undeniable importance of protected areas for forest conservation and resto-

ration, this group of criteria's low adherence can be attributed to their context-dependent nature. 

Their application requires the presence of protected areas within the study regions. 

Additionally, even in regions where protected areas are prominent in the landscape, of-

ten due to legal requirements, as in Brazil (the country with the highest number of studies eval-

uated here), protected areas are frequently represented by other spatial criteria. Two of the most 

representative categories of protected areas under Brazilian legislation are associated with ri-

parian vegetation (mandating native vegetation along riverbanks, lakes, and springs, with buffer 

zones varying based on factors like watercourse width) and slope (areas with slopes exceeding 

45° are classified as protected, while those between 25° and 45° are considered restricted-use 

areas). Spatial criteria commonly used, such as proximity to watercourses and slope, already 

address these requirements, rendering their explicit inclusion redundant in decision-making 

processes and, therefore, often excluded in such cases. 

1.4. CONCLUSIONS 

This systematic review underscores the critical role of spatial criteria in MCDA-based 

approaches for prioritizing forest restoration sites. Identifying 59 spatial criteria, categorized 
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into nine thematic groups, highlights the diversity of environmental, ecological, and socioeco-

nomic factors shaping restoration planning. However, our findings reveal a strong geographic 

concentration of studies in tropical regions, particularly in Latin America, indicating the need 

for broader application of these methodologies across diverse biomes. 

A clear pattern emerges when selecting spatial criteria, focusing on disturbances, eco-

logical processes, hydrology, soil, and topography. In contrast, criteria related to land use and 

land cover (LULC), socioeconomic aspects, climate, and protected areas remain underrepre-

sented. This suggests that while restoration planning commonly prioritizes biophysical and eco-

logical factors, there is a gap in the explicit integration of socioeconomic and policy-driven 

criteria, which are fundamental for ensuring long-term restoration success. 

The selection of spatial criteria should accurately represent the landscape’s ecological 

and socioeconomic dynamics. This requires systematically evaluating habitat connectivity, for-

est fragmentation, hydrological processes, erosion risk, and anthropogenic pressures, among 

other landscape attributes. The effectiveness of MCDA-based approaches depends on the se-

mantic precision of spatial criteria, ensuring that each criterion is conceptually relevant and 

methodologically robust in its representation. 

Future research should focus on standardizing methods, protocols, and variables to en-

hance comparability across studies rather than expanding the number of criteria. Establishing 

standard guidelines for spatial criteria selection and weighting will strengthen the reliability of 

MCDA applications, enabling more consistent and scalable restoration planning across differ-

ent ecological and socio-political contexts. 
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2. CHAPTER II 

STRUCTURE, FUNCTIONALITY, AND DYNAMICS OF FOREST COVER IN A 

HUMAN-MODIFIED WATERSHED OF THE ATLANTIC FOREST–CERRADO 

TRANSITIONAL ECOTONE 

Abstract 

Understanding landscape dynamics is critical for effective environmental planning and conser-

vation. Human-induced changes disrupt ecological processes, impacting biodiversity, habitat 

connectivity, and ecosystem services. However, spatiotemporal habitat structure and function-

ality analyses remain limited, particularly in dynamic human-modified watersheds. This study 

investigates landscape transformations in the Atlantic Forest–Cerrado transitional ecotone, uti-

lizing high-resolution Land Use and Land Cover (LULC) maps over a 35-year period (1986–

2021). We quantified forest cover dynamics (stability, loss, and gain), assessed structural met-

rics (patch area, shape, and isolation), and evaluated functional connectivity using the graph 

theory-based Probability of Connectivity (PC) index. Spatiotemporal analysis revealed a 

33.79% decline in pasture areas, replaced by agriculture (doubled in extent) and silviculture 

(sixfold increase). Despite stable total forest cover, old-growth forests decreased by 18.7% and 

were replaced by secondary vegetation, reflecting basin-scale forest rejuvenation trends ob-

served in broader regions. Deforestation peaked in 2021 (37.25 km²), underscoring policy en-

forcement challenges despite forest gain this year. Forest patches became more elongated and 

proximate by 2021, driven by riparian restoration post-2012 legal protections, which enhanced 

connectivity (PC) in the central basin. Spatially consistent PC maps demonstrated their utility 

for guiding conservation and restoration decisions. These findings highlight the need for tar-

geted strategies to address habitat rejuvenation, prioritize old-growth forest conservation, and 

leverage connectivity models for resilient landscape planning in human-modified watersheds. 

Keywords: Landscape ecology; landscape management; habitat connectivity; spatio-temporal 

analysis; forest rejuvenation.
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2.1. INTRODUCTION 

Anthropogenic alterations in landscape configuration are the primary drivers of habitat 

loss and biodiversity erosion worldwide (Barlow et al., 2016). Agricultural expansion, popula-

tion growth, and infrastructure development, are among the main contributors to global forest 

cover degradation (Watson and Venter, 2016; Altman et al., 2024). 

Latin America has experienced a 60% increase in human impact on natural environ-

ments over recent decades, reaching 61% in tropical dry forests such as the Cerrado Biome and 

up to 134% in tropical rainforests like the Amazon and the Atlantic Forest (Zalles et al., 2021). 

These landscape modifications disrupt key ecological processes and compromise essential eco-

system services, including water cycle regulation, carbon storage, pollination, biodiversity 

maintenance, and climate regulation (Duffy et al., 2020; Decocq et al., 2016; Flach et al., 2021; 

Baldí et al., 2022). 

Beyond habitat loss, human interventions alter forest cover through fragmentation, in-

creased edge effects, microclimatic changes, biodiversity reduction (Dias et al., 2023), and de-

creased functional connectivity between habitat patches (Martinez Pardo et al., 2023). Addi-

tionally, as land use intensifies, matrix permeability declines, further restricting gene flow and 

species movement (Prevedello and Vieira, 2010; Ruffell et al., 2017). 

Despite these significant impacts, few studies provide long-term spatiotemporal anal-

yses capable of describing landscape structure changes and their implications for ecological 

connectivity (Vancine et al., 2024). Conventional land cover assessments often capture general 

patterns but may obscure underlying processes, such as the replacement of older forests by 

younger secondary vegetation, creating a misleading perception of stability (Bürgi et al., 2005; 

Dias et al., 2023; Vancine et al., 2024). 

Recent studies in the Atlantic Forest (Rosa et al., 2021; Zalles et al., 2021; Vancine et 

al., 2024; Dias et al., 2023; Martinez Pardo et al., 2023) have shown that, despite the apparent 
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maintenance of forest cover, the replacement of older forests with early-successional vegetation 

has led to a rejuvenation of forest cover. This phenomenon may reduce habitat quality and 

compromise the long-term ecological resilience of the landscape. Additionally, Rosa et al. 

(2021) highlight that forest patch isolation has increased by 36.4% across the Atlantic Forest, 

emphasizing the need to consider not only the quantity but also the spatial distribution and 

ecological integrity of forest remnants in conservation and restoration strategies. 

Most of these analyses have been conducted at broad spatial scales (Rosa et al., 2021; 

Vancine et al., 2024; Dias et al., 2023), providing a comprehensive view of large-scale patterns 

but potentially failing to capture local-scale dynamics that are critical for ecological restoration 

planning and landscape management. 

There is a growing demand from land managers and decision-makers for information 

on the temporal legacy of landscapes, particularly regarding the long-term dynamics of habitat 

patches and matrix permeability. Such information is crucial for integrating strategies that en-

hance both the structural and functional aspects of habitat areas into decision-making processes 

for conservation and forest restoration (Gama et al., 2013; Dalloz et al., 2017; Volk et al., 2018; 

César et al., 2021). 

This study aims to fill this gap by analyzing the temporal legacy of the landscape, eval-

uating Land Use and Land Cover (LULC) changes between 1986 and 2021, and assessing the 

spatiotemporal structural and functional dynamics of habitat areas in a human-modified water-

shed. We examine structural parameters such as patch size, shape, and degree of isolation over 

time, along with functional connectivity metrics, quantified through the graph-based approach 

Probability of Connectivity (PC) (Saura and Pascual-Hortal, 2007). Furthermore, we propose a 

spatial representation of PC across the landscape, offering a valuable tool for its incorporation 

into conservation and restoration decision-making processes.  

2.2. MATERIAL AND METHODS 

2.2.1. STUDY AREA 
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The study area encompasses the Sarapuí River basin (1549.75 km²), which spans nine 

municipalities in São Paulo state, Brazil, and is positioned near major urban centers such as 

Sorocaba and the metropolitan region of São Paulo (Figure 1). Originally dominated by the 

Atlantic Forest Biome, the basin's primary phytophysiognomy was classified as a Dense Om-

brophilous Forest (DOF) (IBGE, 2012, 2019), situated in a transitional ecotone with the Bra-

zilian Cerrado, which contributes to its ecological heterogeneity (Mello et al., 2017). 

The landscape is marked by a fragmented mosaic of forest patches embedded in an ag-

ricultural-pastoral matrix (Soares et al., 2022) with a dense drainage network (Mello et al., 

2017; Morales and Valente, 2023). These patches are unevenly distributed, with the southern 

portion of the basin characterized by higher elevations and steeper slopes (Morales and Valente, 

2023). These regions are close to the Serra do Mar Environmental Protection Area (APA), a 

critical Atlantic Forest corridor, and are adjacent to legally protected zones such as the Jurupará 

State Park and Itupararanga Reservoir APA (Figure 1).  

Most of the basin falls within a humid subtropical zone with an oceanic climate (Cfa) 

characterized by the absence of a dry season and hot summers. However, the southernmost 

third, where the basin's headwaters are located, exhibits a cooler climate due to its higher alti-

tude and proximity to the Serra do Mar geological formation. This region experiences temperate 

summers and is classified as Cfb according to the Köppen scale (Alvares et al., 2014). 

Soil composition varies across the basin, with red and yellow Latosols predominating 

in forested uplands, while Gleysols occur in low-lying central and western areas (Mello et al., 

2017), influencing vegetation structure. Historical deforestation, driven by agricultural expan-

sion (Calaboni et al., 2018), has left forest remnants predominantly in less accessible topo-

graphic regions. Despite anthropogenic pressures from urban and agricultural sprawl, the basin 

retains ecological significance due to its proximity to protected areas and transitional biome 

characteristics, offering a dynamic context for studying forest habitat dynamics. 
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Figure 1 – Location map and Land Use and Land Cover (2021) in the Sarapuí river Basin, 

Brazil. 

2.2.2. LANDSCAPE SPATIOTEMPORAL ANALYSIS 

The dataset comes from collection seven of the MapBiomas project (Souza et al. 2020). 

This collaborative and open-source platform reconstructs annual land use and land cover data 

with a spatial resolution of 30 m based on the supervised classification of Landsat satellite 

images (Souza et al. 2020). We used data for every fifth year between 1986 and 2021, which 

were clipped to the limits of the basin and projected to the Universal Transverse Mercator 

(UTM) Coordinate System, 23-South, using the SIRGAS 2000 Datum as the geodetic reference.  

Subsequently, the LULC data were reclassified into nine classes, as shown in Figure 1, 

where the classes related to sugarcane, agriculture and pasture, soybeans, and other temporary 

crops were reclassified to annual agriculture; the classes related to coffee and citrus were re-

classified to perennial agriculture; forest formation and savanna formation (which represented 

less than 3% in the years analyzed) were classified as forest and considered as habitat areas. 
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This reclassification was necessary to simplify the analysis and form more representative clas-

ses that made sense for the space-time analysis. For the LULC dynamics, we calculated the 

proportion of each land use class in the Sarapuí River basin each year, analyzed and compara-

tively evaluated the changes in the percentages of landscape coverage.  

2.2.3. FOREST COVER DINAMICS 

To analyze the temporal dynamics of forest cover, in addition to quantifying the total 

area per year, and considering that forest cover is not homogeneous, but rather composed of 

forests in different successional stages, we paid special attention to identifying the events that 

occurred in a given habitat patch in each year, with the following possible events, given the 

year in question (tn) and the year immediately preceding it (tn-1): 

a. Stable Forest: an event where there is the presence of forest in tn-1 and in tn. 

b. Forest Gain: an event where there is absence of forest in tn-1 and presence of forest 

in tn. 

c. Forest Loss: an event where there is forest presence in tn-1  and absence in tn. 

Therefore, we first produced binary rasters of forest cover (1 = forest, 0 = no forest) 

based on the LULC maps of each year. Subsequently, equations 1, 2, and 3 were used in the 

raster calculator tool of the ArcGIS-Pro v.3.4.2 software to obtain the patches belonging to each 

event (stable, gain, and loss) in each year. 

𝑆𝑡𝑎𝑏𝑙𝑒𝑛 =  𝑆𝑡𝑎𝑏𝑙𝑒𝑛−1 × 𝐹𝑜𝑟𝑒𝑠𝑡𝑛                    Equation 1. 

𝐺𝑎𝑖𝑛𝑛 = 𝐹𝑜𝑟𝑒𝑠𝑡𝑛 − 𝐹𝑜𝑟𝑒𝑠𝑡𝑛−1                    Equation 2. 

𝐿𝑜𝑠𝑠𝑛 = 𝐹𝑜𝑟𝑒𝑠𝑡𝑛−1 − 𝐹𝑜𝑟𝑒𝑠𝑡𝑛                    Equation 3. 

We assumed 1986 to have 100% stable forest cover given the impossibility of verifying 

the remaining, gained, and lost patches, as it was the first year of the historical series. In this 

context, the remaining forest cover of 1986 in each subsequent year is referred to as Old-growth 
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Forest, while the forest patches resulting from forest gain each year are referred to as Regener-

ating Forest.  

Although a large part of the remaining vegetation from 1986 is composed of primary 

forests, our data do not allow us to assume that 100% of these patches are primary forests, so 

we opted for the nomenclature Old-growth Forest. Likewise, it is possible that forests consid-

ered regenerating in 1991, for example, have reached higher successional stages and can be 

considered primary forests. However, our data also do not allow for such an assumption; there-

fore, to those patches, we adopted the nomenclature Regenerating Forest. 

Furthermore, to assess the pattern of deforestation in the basin, we identified whether 

forest loss occurred in old-growth or regenerating forests each year, which allowed us to iden-

tify the proportion of these two classes of forest cover annually. For this, also in the raster 

calculator, the following equations were used: 

𝑂𝑙𝑑 𝑔𝑜𝑤𝑡ℎ 𝑙𝑜𝑠𝑠𝑛 =  𝐿𝑜𝑠𝑠𝑛 × 𝑆𝑡𝑎𝑏𝑙𝑒𝑛−1        Equation 4. 

𝑅𝑒𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝑙𝑜𝑠𝑠𝑛 = 𝐿𝑜𝑠𝑠𝑛 × 𝐺𝑎𝑖𝑛𝑛−1        Equation 5. 

We then analyzed the annual results regarding the proportion of the loss, gain, and stable 

forest, the proportion of deforestation in old-growth and regenerating forests, and the proportion 

of old-growth and regenerating forests in the total forest cover per year. 

2.2.4. HABITAT PATCHES STRUCTURAL DYNAMICS 

The structure of the habitat patches was assessed by the total number of patches (np), 

their size in hectares (Area), the complexity of their shape (shape index – Shape), and their 

proximity, by the Euclidean distance to the nearest neighbor (ENN). These metrics were calcu-

lated in batches in the Fragstats v4.2.681 (McGarigal et al., 2023) software, as described in 

Kupfer (2012). 

For Area, Shape, and ENN, the habitat patches were grouped by year and divided into 

five classes, defined by the natural breaks’ method, considering the record of all the years 
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analyzed. Then, for each year, we calculated simple estimators for each class. Namely, the total 

number of patches (np), total, minimum, maximum, average, median, and standard deviation 

values, and then the years were analyzed comparatively.  

The indexes selected for evaluating the structure of habitat areas in the spatiotemporal 

context constitute simple and consolidated descriptors for evaluating the structural configura-

tion of patches in the context of landscape ecology (Lang and Blaschke, 2009; Frazier and Ked-

ron, 2017; Lausch et al., 2015).  

With them, we seek to analyze fundamental components for the understanding of the 

dynamics of forest areas in the basin, the size and quantity of patches, and their dynamics over 

the years that can indicate structural richness, fragmentation, and capacity to shelter species 

(Lang and Blaschke, 2009; Lausch et al., 2015), the complexity of the shapes, indicative of 

elongated patches with greater density of edges, making it more subject to their effects (Lang 

and Blaschke, 2009; Lausch et al., 2015) and the closest distance to the neighboring patch 

(ENN), indicative of the degree of isolation or proximity between habitat patches, also indica-

tive of fragmentation and with effects on forest connectivity (Frazier and Kedron, 2017). 

2.2.5. HABITAT PATCHES FUNCTIONAL DYNAMICS 

The functional dynamics of habitat patches were analyzed using the Probability of Con-

nectivity (PC) metric, a graph-theory-based landscape ecology approach developed by Saura 

and Pascual-Hortal (2007). This metric integrates habitat availability, interpatch dispersal prob-

abilities, and graph structures (Martensen et al., 2017), providing a robust framework to assess 

the functional connectivity of habitat patches in fragmented landscapes.  

The PC metric is defined as the probability that two animals, randomly placed within 

the landscape, fall into habitat areas that are reachable from each other (interconnected), given 

a set of n habitat patches and the connections (Pij) among them (Saura and Pascual-Hortal, 

2007). 
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The choice of the PC metric was motivated by its ability to link landscape patterns to 

their functional significance (Frazier and Kedron, 2017) and its relatively modest data require-

ments, as most of the graph-based landscape metrics (Calabrese and Fagan, 2004). Addition-

ally, the PC metric has proven effective in tracking connectivity in human-modified landscapes 

across various contexts (Gurrutxaga et al. 2010; Tambosi et al. 2014; Martensen et al., 2017; 

Huang et al. 2020; Ribeiro et al. 2022; Antongiovanni et al. 2022).  

The PC index is calculated using the following expression: 

𝑃𝐶 =  
∑ ∑ 𝑎𝑖𝑎𝑗𝑃𝑖𝑗

∗𝑛
𝑗=1

𝑛
𝑖=1

𝐴𝐿
2        Equation 6. 

where ai and aj are the areas of the habitat patches i and j, and AL is the total landscape area. 

The dispersal probability (Pij) characterizes the feasibility of direct movement between patches 

i and j, without passing through intermediate habitat patches (Saura and Pascual-Hortal, 2007). 

To simplify the model, we considered the Euclidean distance between patches and as-

signed a movement probability (Pij) of 0.5 for a maximum dispersal distance of 200 meters. 

This conservative approach was based on few evidence suggesting that many Atlantic Forest 

species have dispersal capabilities below 200 meters across gaps (Crouzeilles et al., 2010).  

The analysis was implemented using the software Graphab 2.8.1 (Foltête et al., 2021), 

which integrates all graph construction and spatial analysis steps. Based on the total forest raster 

for each year, connectivity networks were constructed for the Sarapuí River Basin, defining 

nodes and links. The PC was then calculated for each node and link, and the node results were 

interpolated to produce continuous maps representing the spatial distribution of the index across 

the landscape. 

The results of the PC analysis were log-transformed to address the skewed distribution 

of data, with very high PC values concentrated in a few patches. Descriptive statistics (mini-

mum, maximum, mean, median, and standard deviation) were calculated for the PC values of 
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nodes and links each year. The analysis focused on nodes and links with at least 1% PC, signif-

icantly reducing the sample size, and also considered all log-transformed values for a clearer 

comparison of their distributions.  

The interpolated PC surface was also log-transformed and compared year by year. Fi-

nally, for each year, we plotted the basin map with the log-transformed PC surface as the back-

ground, overlaying the forest patches, nodes, and links with PC values greater than 0.10%.  

2.3. RESULTS AND DISCUSSION 

Between 1986 and 2021, the land use and land cover configuration in the Sarapuí River 

basin changed substantially (Figure 2). We observed a significant decline in pasture areas, 

which decreased by 33.79% in 2021 compared to the beginning of the historical series. At the 

same time, there was a substantial increase in agricultural areas, which nearly doubled in pro-

portion compared to 1986, and in forestry plantations, which also experienced a substantial 

increase, reaching 11.72% of the basin area in 2021, more than six times the 1986 proportion. 

During the period, native vegetation remained relatively stable, particularly between 

1986 and 2011, with only a 0.72% variation in landscape proportion. In the following years, 

there was a more substantial increase, with 1.55% in 2016 and 1.54% in 2021, although still 

modest compared to the growth of agricultural and forestry areas. 

Rosa et al. (2021), analyzing the Brazilian Atlantic Forest, found similar trends in land 

use and land cover dynamics between 1986 and 2018. They reported a substantial reduction in 

pasture areas (-20%), a twofold increase in agricultural areas, and a fourfold increase in forestry 

plantations, while native vegetation remained relatively stable. The authors attribute these re-

sults to agro-silvopastoral land use dynamics, where agriculture and forestry almost entirely 

replaced pasture areas. 

Calaboni et al. (2018), focusing on the state of São Paulo, also highlighted the replace-

ment of pastures by agriculture and forestry, attributing this trend to technological 
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advancements in production systems, such as the intensification of agricultural machinery and 

chemical fertilizers, particularly after the 1980s. 

 
Figure 2 – Annual Land Use and Land Cover classes proportion for the Sarapuí River 

Basin,  Brazil (1986-2021). 

However, the relative stability of native forest areas regarding overall proportion hides 

forest loss and gain dynamics over the years. Figure 3 provides a more detailed perspective on 

this aspect. A downward trend in deforestation was observed between 1991 and 2016, reaching 

its lowest point in 2016 with 10.96 km² of forest loss. However, in 2021, deforestation increased 

significantly, reaching 37.25 km², surpassing the highest recorded loss in 1991. This peak in 

2021’s deforestation is not evident when analyzing only the total forest area, as 2021 also 
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recorded the highest forest gain, with 61 km², almost twice the previous period and nearly three 

times that of other analyzed years, allowing for an overall increase in forest proportion despite 

the high deforestation rates. 

Since 2006, there has been a trend of increasing forest gain, which can be partly at-

tributed to important legal mechanisms, such as the enactment of the Atlantic Forest Law (Fed-

eral Law n° 11.428) in 2006 and the Native Vegetation Protection Law (also known as the New 

Forest Code - Federal Law n° 12.651) in 2012. These regulations are recognized as significant 

public policies for combating deforestation and promoting forest restoration in Brazil (Branca-

lion et al., 2019; Crouzeilles et al., 2019; Zalles et al., 2021). 

Although Brazilian environmental legislation has become more robust since 2006, the 

high deforestation rate observed between 2016 and 2021 can be partially attributed to the Bra-

zilian government's policies and rhetorics (2016–2022), marked by scientific and climate deni-

alism and the systematic dismantling of public agencies responsible for combating deforestation 

and environmental crimes. Researchers and environmentalists widely denounced these setbacks 

at the time (Guidotti et al., 2020; Levis et al., 2020; Rajão et al., 2022; Sparovek et al., 2019; 

Tavares et al., 2019), recognizing them as a turning point in the previously achieved environ-

mental progress. 

When we look at the deforestation dynamics, another aspect of great relevance for bio-

diversity conservation and strategic restoration planning can be analyzed: the type of forest that 

has been lost and its impact on the composition of forest vegetation in the landscape, where 

secondary forests have replaced old-growth forests. Except for 2016, for all years analyzed, the 

loss of old-growth forest exceeds the loss of regenerating forest, resulting in a gradual replace-

ment of forest vegetation in the basin, with a gradual increase in regenerating native vegetation 

to the detriment of already established forests. 
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Figure 3 – Forest Cover Dynamics (a), Deforestation Dynamics (b), and Forest Type Pro-

portion (c) in the Sarapuí River Basin, Brazil (1986-2021). 

This same pattern has recently been recognized through spatiotemporal approaches. 

Dias et al. (2023), working on a larger scale in the northeastern Brazil region (Atlantic Forest), 

found similar results revealing rejuvenation, fragmentation, and increased edge effects in forest 

patches. Vancine et al. (2024), working with the entire Atlantic Forest biome, which exceeds 

Brazilian territorial limits, also found the same pattern of rejuvenation in native vegetation. 

Similarly, Rosa et al. (2021) found an ongoing reduction of older native forest cover 

and a continuous increase of younger native forest cover in the Brazilian Atlantic Forest. They 

draw attention to the consequences of this dynamic for biodiversity and for forest conservation 

and restoration planning. Thus, our results demonstrate that the vegetation rejuvenation re-

ported by previous studies on larger scales also occurs at the river basin level. 

Despite the importance of secondary forests (Martin et al., 2013; Poorter et al., 2016), 

the fundamental role of primary forests in maintaining biodiversity and ecosystem services is 

known (Gibson et al. 2011; Rosa et al. 2021), especially in landscapes where habitat loss is not 

recent, and fragmentation processes have already been established (Watts and Hughes, 2024). 

In these scenarios, regenerative processes no longer count on the colonization credits in 

a b 
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landscapes under the post-habitat loss relaxation period, requiring immigration to recolonize 

restored habitats (Watts and Hughes, 2024).  

However, as mentioned by Martin et al. (2013), the complete recovery of species com-

position in degraded environments may take centuries or may not even occur. Old-growth for-

ests are also essential to combat species extinction since a wide range of plants, animals, and 

microorganisms unable to recolonize secondary forests rely on older, less altered, and bio-

diverse habitats to persist in human-modified landscapes (Rosa et al. 2021).  

In addition to this dynamic, our results also show that, on average, 98% of forest patches 

are composed of fragments smaller than 75 hectares (Figure 4), highlighting the high degree of 

fragmentation in the basin (Soares et al., 2022). This scenario, although slowly changing, shows 

a trend of increasing the number of patches with an area greater than 75 ha and a concomitant 

reduction in the total proportion of area occupied by small fragments. In 2021, these smaller 

patches represented 43.95% of the total forest area, the lowest proportion in the historical series, 

marking a reduction of 6.97% compared to 1991, when this group of fragments still covered 

more than 50% of the basin’s forest area. 

Table S2.1, in the supplementary material, presents the annual values and divides them 

into classes for the number of patches, percentage of the number of patches in total, and area, 

percentage of area in total. It also includes the minimum, average, maximum, median, and 

standard deviation values for the area parameter. 
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Figure 4 – Patch Count by Area Class (a and b) and Habitat Proportion Across Area 

Classes (c) in the Sarapuí River Basin, Brazil (1986-2021). 

However, the effects of historical fragmentation in the region are still evident. In 1986 

and 1991, forest patches with areas between 375 and 2,610 hectares totaled 15 and 13 patches, 

respectively, representing 34.36% and 29.75% of the forested area. This number decreased in 

quantity and percentage until 2006, when it began to grow again, reaching 35.6% of the forested 

area of the basin in 2021, distributed across 13 patches. Notably, in more recent years, frag-

ments between 1,169 and 2,610 ha began to represent a more significant portion of the total 

a b 
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area, reversing the trend observed at the beginning of the historical series, when patches be-

tween 375 and 1,169 ha were more representative. 

In addition, a dynamic process of fusion and fragmentation of forest areas is observed. In 

1996 and 2011, for example, a single forest patch represented 13.67% and 13.33% of the native 

vegetation area, resulting from the union of two large patches at the basin's headwaters. This 

dynamic illustrates the variation in the extent of forest cover and its impacts on the structural 

and functional configuration of habitat patches. 

Over the years, the total number of fragments suggests a dynamic balance between frag-

mentation and patch aggregation. Although the total number of fragments fluctuates between 

~3100 and 3400, an increase in larger fragments is observed, indicating forest aggregation and 

expansion processes.  

At the same time, as seen in Figure 5, the distance to the nearest neighbor (ENN) suggests 

a slight reduction over time. The year 2021 presented the smallest variation and the lowest 

maximum value of the distance between fragments, less than 800 meters, possibly reflecting 

the formation of larger fragments and the regeneration of areas that act as ecological corridors. 

The habitat patch's structure has also become more complex, as indicated by the increase 

in the shape index. This change may be associated with the fragmentation of previously contin-

uous areas and the irregular expansion of some fragments.  

This characteristic is also associated with the environmental policies implemented by 

the Native Vegetation Protection Law (2012), where one of the bases for defining Permanent 

Preservation Areas (PPAs) is linked to the hydrographic network and the mandatory conserva-

tion and restoration of forests along their banks, consequently increasing the shape index of the 

patches where the restoration was carried out, by following the hydrography, or creating more 

elongated patches, also due to the hydrographic network. 
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Figure 5 – Patch Classes by Shape Index and by Euclidean Nearest Neighbor (ENN) in 

the Sarapuí River Basin, Brazil (1986-2021). 

Thus, the results point to a mixed process of degradation and regeneration, reinforcing 

the need for forest restoration strategies focused on connectivity, especially to connect small 

and medium-sized fragments, ensuring the maintenance of ecological flows in the basin. 

Probability of Connectivity results demonstrate that few habitat patches are responsible 

for the basin's functional connectivity. The smaller patches showed relative stability over time, 

while the larger area fragments showed more expressive variations (Figure 6). 
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Figure 6 – Probability of Connectivity (PC) to Nodes and Links, and Log-Transformed 

PC Surface in the Sarapuí River Basin, Brazil (1986-2021). 
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Due to the significant asymmetry in PC values, Figure 7 presents the annual distribution 

of PC on a logarithmic scale and a cutout only for patches that presented more than 1% proba-

bility of connectivity. It is noted that despite the relative stability among the historical series, 

2021 presented a higher mean and median (PC Total), indicating an increase in the functional 

connectivity of the basin (Figure 7a).  

When we observe the patches with PC greater than 1% (Figure 7b), we see that despite 

lower PC values for the prominent patches individually, more patches participate with a prob-

ability greater than 10%, indicating that for 2021, connectivity is better distributed spatially, 

potentially extending the possibility of gene flow, immigration, and colonization in more re-

gions of the basin, not just focused on the headwaters, where the most extensive patches are 

located. 

 
Figure 7 – Nodes Probability of Connectivity (PC) Log-Transformed (a), and Nodes With 

> 1% PC (b). Sarapuí River Basin, Brazil (1986-2021). 

The interpolated surface of the PC presents negative values due to the logarithmic trans-

formation, but this does not interfere with the interpretation of the connectivity patterns. The 

surface (Figure 6) clearly illustrates the area of influence of the patches, highlighting the basin's 

headwaters, which presented the highest PC values in all years; the Piedade's town north region, 

a b 
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also an important connectivity hotspot throughout the historical series; and the region of con-

fluence between the Pirapora and Sarapuí rivers, in the central portion of the basin, where we 

can observe the increase in the connected area that follows the distribution pattern of the drain-

age network. 

The PC's surface presents a spatialization consistent with the results obtained at the 

patch level, demonstrating great potential for use in programs aimed at the conservation and 

restoration of biodiversity and for the integrated management of river basins. Its gradient spa-

tialization provides greater detail on PC behavior in the landscape. It represents very well the 

connective potentials of the connectivity patches and subnetworks. Also, it represents patches 

and subnetworks with lower connective potentials that are not represented by the nodes and 

links with percentage values (i.e., circles and proportional lines, Figure 6). 

Figure 8 focuses on the behavior of the PC values in the pixels of the surfaces generated 

for each year. In it, we can also observe the relative stability in their values but with an apparent 

lack of pixels before the final peaks of connectivity in all years except 2021. This presents a 

connection between the final peaks of connectivity with the rest of the landscape, which demon-

strates a more distributed dispersion of connectivity in the landscape. 

In Figure 8, we also observe a lower concentration of pixels exhibiting very low con-

nectivity (below -15), with such areas being more prevalent in the northern section of the basin. 

This region is characterized by smaller and more dispersed forest patches in addition to the 

urban areas associated with the municipalities of Alambari, Capela do Alto, Sarapuí, Salto de 

Pirapora, and Piedade (see Figure 6). This illustrates the significant disruptive impact urban 

areas can have on landscape connectivity. 
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Figure 8 – Log-Transformed PC Surfaces Frequency Densities. Sarapuí River Basin, Bra-

zil (1986-2021). 

Average values ranging from -8.77 to -9.82 further align with the maps presented (Fig-

ure 6), where this range corresponds to medium and small forest patches. To our knowledge, 

there are no other studies that spatially represent PC in this manner. We recognize substantial 

potential in this approach, especially for informing decision-making processes aimed at con-

serving and restoring biodiversity. It offers an easily interpretable surface and continuously 

distributed values across the landscape, consistent with results at both the node and link levels. 

Taking the most recent year analyzed, 2021, as a basis, Figure 9 presents connectivity 

hotspots, where the functionality of habitat patches shows more remarkable development, and 

potential connectivity hotspots, where the functionality of patches has increased concerning 

previous years but still timidly. 

We can highlight hotspot a (Figure 9) as a region where the recomposition of riparian 

vegetation, driven by the PPAs defined by the Native Vegetation Protection Law, played a fun-

damental role in reconnecting previously isolated patches. This location configures a critical 

region of the basin, where the Pirapora and Sarapuí rivers confluence, which is essential for the 
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basin's water security (Soares et al., 2023; Morales and Valente, 2023). Due to the width of 

these watercourses, the PPAs defined by the Forest Code are more extensive, ranging from 50 

to 100 m from the watercourse banks, which has benefited this region in terms of increasing its 

functionality. 

 
Figure 9 – Probability of Connectivity (PC) to Nodes and Links, Log-Transformed PC 

Surface, PC Hotspots and Potential Hotspots in the Sarapuí River Basin, Brazil (2021). 

Hotspot b (Figure 9) has had potential for connectivity since the beginning of the his-

torical series, but its importance has increased significantly since 2011. The region close to the 

municipality of Piedade benefits from the buffer area of the Itupararanga Hydroelectric Reser-

voir (whose water surface limits are outside the basin limits) and also from preservation areas 

maintained by a large mining company in the region, whose exploration areas are close to the 

municipality of Salto de Pirapora. 

Hotspot c is the most consolidated in terms of connectivity, the gateway to the large 

Atlantic Forest massif of Serra do Mar and located in the buffer area of Jurupará State Park. 
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Hotspots b and c have the municipality of Piedade as a significant obstacle to their connection. 

Management in urban habitat areas is essential to promote such connection, which can use both 

the hydrographic network that crosses the municipality and urban green areas to promote such 

connection.  

Potential hotspots, such as d, were more important in the past (1986, see Figure 6) and 

suffered greatly from fragmentation and habitat loss. Fortunately, in 2021, there appears to be 

a beginning of recovery in this area, requiring both monitoring to avoid new habitat loss events 

and the increase in forest patches in the region, aiming to increase its connectivity capacity and 

ideally promoting connection with hotspot e, a nearby region that has also shown greater par-

ticipation in connectivity in the past (Figure 6).  

Hotspot g represents a region that was more connected at the beginning of the historical 

series (1986 - 1991, Figure 6), went through periods of erosion of connective capacity, and in 

2016 appeared functionally connected to hotspot c (Figure 6), however, in 2021 this connection 

was lost again, influenced by the duplication of the Padre Guilherme Howel Highway (BR-

478), which in this section connects the municipalities of Piedade and Tapiraí, demonstrating 

that the dynamism between habitat gain and loss and linear structures such as roads and high-

ways make it challenging to consolidate the connective potential of habitat areas. 

2.4. CONCLUSIONS 
The spatiotemporal analysis revealed critical aspects of the landscape dynamics over the 

35-year study period. The Sarapuí River Basin underwent significant land-use intensification, 

marked by a transition from pasturelands to intensive agriculture and silviculture, which ex-

panded by approximately ~100% and ~600%, respectively. Although total forest cover re-

mained relatively stable, with a slight increase by the end of the series, the spatiotemporal ap-

proach revealed underlying dynamics as forest rejuvenation. Old-growth forests declined by 

18.7%, replaced by regenerating vegetation, while deforestation peaked in 2021 (37.25 km²), 

partially masked by simultaneous forest gains. These findings highlight the risks of 
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misinterpreting forest dynamics and habitat quality when relying solely on deforestation and 

reforestation rates, underscoring the need to integrate temporal legacies and structural metrics 

into conservation planning. 

Forest patch dynamics indicated persistent fragmentation, with ~98% of patches meas-

uring less than 75 ha. However, post-2012 legal protections for riparian zones contributed to 

the formation of elongated and proximate patches, enhancing connectivity in the central basin 

and headwaters. The spatially explicit Probability of Connectivity (PC) model demonstrated 

consistency between patch-level metrics and landscape-scale patterns, confirming its utility in 

guiding restoration and conservation strategies. 

Despite these contributions, some limitations must be acknowledged. The reliance on 

30 m resolution LULC data may underestimate the extent of small forest fragments. Addition-

ally, the connectivity model, based on Euclidean distance, may not fully capture species-spe-

cific dispersal behaviors. However, its parameterization allows flexibility in incorporating dif-

ferent dispersal distances or resistance surfaces tailored to focal species or functional groups. 

Future research should integrate biodiversity surveys to assess the ecological impacts of forest 

regeneration and validate connectivity models with empirical data on species movement. 

To address these challenges, conservation strategies should prioritize the protection of 

old-growth forests, expand forest restoration to consolidate connectivity gains, and adopt spa-

tially explicit models to balance ecological and anthropogenic demands. This framework pro-

vides a replicable approach for managing transitional ecotones, where habitat quality and con-

nectivity are essential for long-term resilience. 
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3. CHAPTER III 

MAPPING THE HUMAN FOOTPRINT AT RIVER BASIN SCALE: POTENTIAL 

FOR CONSERVATION AND INTEGRATED MANAGEMENT 

Abstract 

Mapping the human footprint at the watershed scale is essential for informed conservation and 

integrated management. This study adapts a well‐established framework to produce a high-

resolution (30 m/pixel) Human Footprint (HF) map of the Sarapuí River basin in São Paulo, 

Brazil. Four key proxies representing human pressures (i.e., human settlements, land use 

changes, human access, and electrical infrastructure) were quantified using diverse, high-reso-

lution spatial datasets from governmental and research sources. Each dataset was standardized 

to a standard scale and aggregated to generate a composite HF map. The results reveal that areas 

proximate to urban centers and major road networks exhibit elevated HF scores. At the same 

time, predominantly agricultural and fragmented forest regions display lower scores, suggesting 

significant potential for conservation and restoration initiatives. Statistical analyses indicate 

moderate to strong correlations between individual pressure proxies and the overall HF, under-

scoring the dominant influence of settlement and access pressures. This detailed, high-resolu-

tion approach not only enhances the detection of localized human activity hotspots compared 

to traditional coarse-resolution assessments but also provides a replicable framework for other 

watersheds. The HF map developed herein is valuable for guiding evidence-based decision-

making and public policy to mitigate human impacts while promoting sustainable land use and 

biodiversity conservation. 

Keywords: Human Footprint; Human Pressures; Landscape Management; Environmental 

Planning.
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3.1. INTRODUCTION 

Historically, human expansion has significantly changed natural ecosystems, resulting 

in a large-scale transformation of natural environments driven primarily by the increasing de-

mand for natural resources, food, housing, infrastructure, and electric power generation (Wat-

son and Venter, 2019).  

This dynamic results in a wide range of Human Pressures (HP) that manifest in terres-

trial and marine ecosystems worldwide (Venter et al., 2016a). The expression and intensity of 

these pressures underscore the need for interdisciplinary collaboration, as they result from a 

synergistic interaction between demographic, political, environmental, and socioeconomic fac-

tors (Tapia-Armijos et al., 2017). 

Human pressures manifest across landscapes in diverse ways, with their effects varying 

in intensity and scale over time and space (Gassert et al., 2023; Watson and Venter, 2019). 

These pressures are often associated with the built environments at local and regional levels, 

leading to increased pollution, soil degradation, and habitat loss (Barlow et al., 2016; Ra-

jaonarivelo and Williams, 2022). 

Roads and human access further amplify these impacts by facilitating human activities 

such as, selective logging, wildfires (Barlow et al., 2016; de Rezende et al., 2015), deforestation 

(Karlson et al., 2014), and animal roadkill (Teixeira et al., 2020). 

Patterns of natural resources exploitation, different production systems, and the pres-

ence and extent of infrastructure also exert different pressures on natural ecosystems. Electrical 

power infrastructures, for example, are a reliable indicator of a region's technological advance-

ment and intensity of use. Artificial night lights can serve as a proxy for human activity, and 

their effects can be noted not only in disrupting wildlife behavior but also in contributing to 

significant power consumption and CO2 emissions (Linares Arroyo et al., 2024). 
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In the last decades, the ability to map diverse aspects of human influence across the 

Earth’s surface has substantially improved, thanks to increasing developments in platforms and 

sensors for obtaining spatial data, as well as advances in computational capacity to process an 

ever-increasing data amount (Allan et al., 2023; Gassert et al., 2023; Watson and Venter, 2019). 

Such advances allow identifying and quantifying environmental pressures previously over-

looked, such as sparse human settlements, low-intensity agricultural farming, and infrastructure 

systems as unpaved roads and small water reservoirs (Gassert et al., 2023; Watson and Venter, 

2019). 

Considering the possibilities promoted by scientific advances and the need to develop 

methodologies that assist in landscape management, Sanderson et al., (2002) proposed a frame-

work to map human influence on landscapes, consisting of: (1) identify different human pres-

sures sources; (2) acquire or develop data on different human pressures; (3) assign relative 

scores to different pressures; and (4) overlay the different human pressures to create the Human 

Footprint (HF) map (Watson and Venter, 2019). 

Since then, the methodology has been implemented in different contexts, such as global 

(Gassert et al., 2023; Venter et al., 2016b) and regional scales (Li et al., 2018; Pertierra et al., 

2017; Tapia-Armijos et al., 2017; Woolmer et al., 2008; Yang et al., 2014), coastal regions 

(Allan et al., 2023), and studies focusing on spatial-temporal trends of human occupation (Mu 

et al., 2022; Shen et al., 2020; Williams et al., 2020; Venter et al., 2016a). 

However, despite the efforts and availability of global datasets, HF mapping still needs 

to be expanded to watershed and landscape-scale analysis, which is often unattainable due to 

low spatial resolution and a lack of updated data. Spatial analyses of this nature are strategically 

important and aligned with global goals and agreements to combat climate change and coun-

teract human-induced disturbances that lead to ecosystem services degradation (Kaval, 2019; 

Lamb, 2018; Low et al., 2023). 
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. Therefore, the present study uses high-resolution and temporally updated data to adapt 

the framework for obtaining the Human Footprint map to the river basin scale. We also explore 

the potential of this product to aid decision-making and develop public policies that assist in 

landscape management and biodiversity conservation efforts. 

3.2. MATERIAL AND METHODS 

3.2.1. STUDY AREA 

The study area comprises the Sarapuí River basin, which spans 1549.75 sq km, includes 

parts of nine municipalities in São Paulo state, Brazil (see Figure 1), and is home to approxi-

mately 120,228 inhabitants (IBGE, 2022). Located close to large urban centers such as Soro-

caba city and the metropolitan region of São Paulo, the Sarapuí river basin faces constant an-

thropogenic pressures for agricultural and urban sprawl due to the demands from these large 

cities (Mello et al., 2017). 

The area in question is situated in a transitional ecotone region between the Atlantic 

Forest and the Brazilian Cerrado, with its predominant original phytophysiognomy classified 

as a Dense Ombrophylous Forest (IBGE, 2012) that is currently highly fragmented (Soares et 

al., 2022). The occupation pattern of the basin follows that observed in São Paulo state by Cal-

aboni et al. (2018), where historically, deforestation occurred on a large scale to expand pastures 

and agricultural areas in a context where the region was seen as an agricultural frontier to be 

explored. 

The studied landscape is currently characterized by a predominantly agricultural matrix 

(41.37%) permeated by forest patches (23.68%), silviculture (11.72%), and pastures (18.25%), 

along with other less common land uses. Urban areas represent 2.59 % of the basin area. This 

includes Sarapuí, Alambarí, Piedade, and Salto de Pirapora, in addition to low-density urban 

areas in these and other municipalities, as well as important highways such as SP-270 that con-

nects the interior of the state to the capital, São Paulo. (Figure 1). 
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Figure 1 - Location map and land use/land cover of Sarapuí River basin, São Paulo 

state, Brazil. 

Source: LULC adapted from MapBiomas (2021), collection 8. 

Most of the basin is characterized as a humid subtropical zone with an oceanic climate, 

without a dry season and a with hot summers (Cfa), except for its southernmost third, where 

the headwaters of the basin are located, which, due to its higher altitude and proximity to the 

Serra do Mar geological formation, has temperate summers and is classified according to the 

Köppen scale as Cfb (Alvares et al., 2014). In this region, we also find the highest, steepest 

(Morales and Valente, 2023) and most forested areas (Soares et al., 2022), connected to the 

large remnant of the Atlantic Forest in the Serra do Mar Environmental Protection Area (APA).  

In addition, in the regions neighboring the basin, there are important legally protected 

areas, such as the Jurupará State Park in the south, inside of the Serra do Mar APA’s, the 

Ipanema National Forest in the north-east, close to Sorocaba and Iperó municipalities, and the 
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Itupararanga APA’s, the buffer zone of the Itupararanga reservoir located to the east of the basin 

near the urban centers of Votorantim and Piedade (Figure 1). 

3.2.2. HUMAN FOOTPRINT ASSESSMENT 

To map the Human Footprint in the Sarapuí river basin, we adopted the framework first 

proposed by Sanderson et al. (2002) with adaptations made by Woolmer et al. (2008) and Tapia-

Armijo et al. (2017) working on regional scales. However, our approach goes further, incorpo-

rating datasets of high spatial resolution, resulting in a scale of 30m/pixel, and also incorporat-

ing an approach to model the influence of the human pressure score continuously according to 

the variation in the dataset, instead of the traditional rigid human pressure score classes. 

We also evaluated the different human pressures by their descriptive statistics and by a 

pixel-to-pixel correlation analysis among them and with the final Human Footprint map. 

Assessing the Human Footprint involves geographic proxies of human influences 

(Sanderson et al., 2002), namely: (1) Human Settlement, (2) Human Land Use Changes, (3) 

Human Access, and (4) Electrical Infrastructure pressures, which in the present study were ob-

tained from eight different datasets. To reflect the relative contribution of each dataset to human 

impact, it is necessary to standardize their measurement scales to a common scale, where 0 

represents low human impact, and 10 high human impact on the landscape. 

Table 1 summarizes the process of obtaining the human pressure rasters and briefly de-

scribes the datasets, the data origin, the scoring logic, and the maximum scores assigned. In the 

subsequent sub-sections, this procedure is detailed for each dataset. We rely on high-resolution 

data freely available by government institutions, research agencies, and non-governmental or-

ganizations to apply the methodology to the river basin scale. Much of the dataset used comes 

from mappings derived from globally available remote sensing images, making the methodol-

ogy replicable worldwide. However, some datasets are local, and regional data and infrastruc-

ture information can be challenging to obtain for some regions and situations. 
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Table 1 - Human Pressure Proxies, Datasets, Sources, and Scoring Logic used to obtain 

the Human Footprint map in the Sarapuí River basin, Brazil. 
Human 

Pressure 

Proxies 

Datasets Source Scoring Logic 
Máx. 

Score 

H
u

m
an

 S
et

tl
em

en
ts

 

Urban Areas 

MapBiomas 2021 LULC 

map (See Souza et al., 

2020 for MapBiomas 

data) 

Score 10 for urban areas 

and 0 for all others LULC 

classes. 

20 

Population Density 
IBGE 2022 Brazilian 

Demographic Census 

Scores increase linearly, 

starting with 0 for 0 

hab/km² and reaching 10 

for 1000 hab/km² or more. 

H
u
m

an
 L

an
d
 U

se
 C

h
an

g
es

 

LULC degree and 

permanence of hu-

man land transfor-

mation 

MapBiomas 2021 LULC 

map 

Different scores for each 

LULC class, ranging from 

0 to 10. 

10 
Land alterations 

from damming 

MapBiomas 2021 LULC 

map 

Scores decrease as the dis-

tance to dams increases. 

(Scores vary based on dis-

tance intervals and dam 

size classes). 

Mining land altera-

tions 

MapBiomas 2021 LULC 

map 

Scores decrease as dis-

tances to mining areas in-

crease (Scores vary based 

on distance intervals). 

H
u
m

an
 A

c-

ce
ss

 

Highways and Lo-

cal Roads 

MapBiomas 2023 Infra-

structure Module 

Scores decrease as dis-

tances to roads increase 

(Scores vary based on dis-

tance intervals and types 

of roads). 

10 

E
le

ct
ri

c 
In

fr
as

tr
u
ct

u
re

 

Nighttime Light 

VIIRS Day/Night Band 

(Elvidge et al., 2017), 
and Landsat’s 8 red, 

green and NIR bands 

(USGS, 2021) 

Scores increase linearly as 

nighttime light values in-

crease. 

10 

Transmission Lines 
MapBiomas 2023 Infra-

structure Module 

Scores decrease as dis-

tance to transmission lines 

increases (Scores vary 

based on distance inter-

vals). 

To fully capture the human influences on the periphery of the studied basin, we buffered 

its boundary to 10 km. All spatial data considered in this analysis were projected to the Univer-

sal Transverse Mercator (UTM) system, with the SIRGAS 2000 Datum, zone 23 South, as the 

geodetic reference. Spatial and statistical analyses were performed using the ArcGIS Pro and 

QGIS 3.28.4 Geographic Information Systems (GIS), Google Earth Engine (GEE) and R ver-

sion 4.1.0 (R Core Team, 2025). 
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The following items describe the procedures for obtaining the rasters, including obtain-

ing and processing the datasets and subsequent assignment of scores, followed by the overlay 

procedures and statistical analyses. 

3.2.3. DATASETS, SCORES AND HUMAN PRESSURE RASTERS 

3.2.3.1. Human Settlements 

To map the influence of urban settlements, we used two datasets: the urbanized areas, 

extracted from the 2021 Land Use and Land Cover (LULC) map, and population density, ob-

tained from the results of the 2022 Brazilian Demographic Census conducted by the Brazilian 

Institute of Geography and Statistics (IBGE, 2022).  

The LULC map, also used to produce different datasets (see below), is produced from 

the supervised classification of Landsat satellite images conducted by the MapBiomas project, 

that has been working and expanding since 2015 (Souza et al., 2020) with numerous applica-

tions in conservation and territorial planning projects (Dias et al., 2023; Mas et al., 2019; Rosa 

et al., 2021).  

We used the LULC data collection 8, which is composed of 16 different land use classes 

(MapBiomas, 2021). To adapt it to our case study, we reclassified the original map into nine 

LULC classes as shown in Figure 1.  

Thus, for the dataset referring to urbanized areas, the procedure adopted was a simple 

reclassification of the LULC map, assigning a score of 10 to urban areas and 0 to other land use 

classes. 

Data from the Brazilian 2022 Demographic Census by the IBGE was used for popula-

tion density. The Census results are made available in tabular format, requiring integration with 

the shapefile of census sectors also made available by the IBGE. 1652 census sector polygons 

covered the entire study area including its 10 km buffer. The population density was determined 

by dividing the number of inhabitants per sector by the sector area in sq km.  
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This map of inhabitants per sq km was then converted to a scale ranging from 0 to 10. 

These scores increase linearly, starting at 0 for areas with 0 inhabitants per sq km and reaching 

10 for areas with 1000 inhabitants per sq km and greater (Venter et al., 2016a). The raster for 

human settlement pressures was then obtained by simply summing both datasets using the raster 

calculator. Pixels with summed values exceeding 10 were then assigned the maximum score of 

10. 

3.2.3.2. Human Land Use Changes 

To map overall land use change, we follow the procedure introduced by Woolmer et al. 

(2008) when adapting the HF mapping at a regional scale in North America. We used derived 

from the 2021 LULC map (Figure 1): (1) the degree and permanence of human transformation 

for each LULC class, (2) alterations to hydrology resulting from dams and water reservoirs, and 

(3) alterations on the landscape caused by mining activity.  

The first dataset was obtained from assigning human influence scores to each LULC 

class based on their degree of transformation and persistence (Woolmer et al., 2008). Thus, we 

assigned a score of 10 to urban and mining classes, 7 to annual agriculture, 6 to perennial agri-

culture, 4 to pasture, 3 to forestry and surface water, 1 to wetlands, and 0 to native forest. These 

scores were adjusted to better reflect the landscape characteristics of the Sarapuí River basin 

while maintaining the methodological basis proposed by Woolmer et al. (2008). 

Hydrological changes resulting from dams and water reservoirs represent significant 

human-induced land modifications (Siegmund-Schultze et al., 2018). These changes affect not 

only the immediate flooded area but also a zone that expands with the size of the reservoir 

(Havlíček et al., 2022; Woolmer et al., 2008). We mapped a dam’s influence on human footprint 

according to its Euclidian distance to the dam and the size of its flooded area, as shown in Table 

2. 
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The dams considered in the study were extracted from the surface water class in the 

LULC map and includes small dams for agricultural and animal watering to large reservoirs for 

multiple purposes, such as the Itupararanga reservoir, which was built for public water supply 

(~2.15 m3 s−1 between 2005 and 2018) for about 1 million of people, and power generation 

distributed by a private company (~11m3 s−1) (Barbosa et al., 2021). 

Table 2 - Human Pressure scores used for standardizing the dataset related to dams for 

the Sarapuí River basin Human Footprint assessment. 

Reservoir Size (ha) 
Euclidean Distance (m) 

0 – 500 500 – 1500 1500 – 2500 2500 – 5000 5000 – 10000 

+ 70ha 8 8 – 4 4 – 2 2 – 1 1 – 0 

30 – 70ha 6 6 – 3 3 – 1.5 1.5 – 0.75 0.75 – 0 

10 – 30ha 4 4 – 2 2 – 1 1 – 0 0 

- 10ha 1 0 0 0 0 

To implement the scoring system outlined in Table 1, we initially created four Euclidean 

distance maps, each corresponding to a specific size class. We then generated 15 maps, one for 

each of the score ranges with values greater than zero in Table 2, assuming linear relationships 

between the score value and distance to the dam. These 15 maps were then aggregated by raster 

sum using raster calculator, with the maximum score limited to 10 and cells with no data as-

signed a value of 0.  

Finally, the last dataset in Human Land Use Change refers to mining, which changes 

topography, watercourses and topsoil, and may serve as a source of water and air pollution 

(Cocheci et al., 2019; Woolmer et al., 2008).  

This dataset is also derived from the 2021 Land Use and Land Cover (LULC) map. We 

extracted the mining areas, calculated the Euclidean distance to their boundaries, and assigned 

scores based on Table 2. Similar to the previous dataset, we used linear functions to match the 

distance range values with the corresponding human pressure score range (Table 3). 

Table 3 - Human Pressure scores used for standardizing the dataset related to mining for 

the Sarapuí River basin Human Footprint assessment. 

Euclidean Distance (m) 0 - 500 500 - 1500 1500 - 2500 2500 - 5000 5000 - 10000 

Score 8 8 - 4 4 - 2 2 - 1 1 - 0 
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Once the datasets related to human land use changes were obtained, the final representa-

tive raster was generated by simply summing the three datasets in the raster calculator and 

setting the resulting raster's overall human pressure to a maximum score of 20. 

3.2.3.3. Human Access 

Human footprint mapping on broader scales considers highways, railways, and water-

ways as human access (Mu et al., 2022; Sanderson et al., 2002; Venter et al., 2016b). However, 

our study area only has highways and local roads, including state highways with the highest 

traffic flow and local paved or unpaved roads with the lowest traffic. The latter are generally 

managed by municipalities (Figure 1).  

The human access data, available in vector format (shapefile), were sourced from the 

infrastructure module of the MapBiomas platform (2023), aggregating spatial data from various 

Brazilian government agencies, including the IBGE and the National Department of Transpor-

tation Infrastructure (DNIT). We applied minor corrections through on-screen scanning of up-

dated high-resolution images from Google Earth .  

Subsequently, three maps were generated based on Euclidean distances to each highway 

category, with human pressure scores assigned as per Table 4. Like other distance maps, we 

assumed a linear relationship between the score value and the distance range. 

Table 4 - Human Pressure scores used for standardizing the dataset related to human ac-

cess for the Sarapuí River basin Human Footprint assessment. 

Human Access 
Euclidean Distance (m) 

0 - 90 90 - 500 500 - 1000 1000 - 3000 3000 - 5000 

State Highway 10 8 – 6 6 – 4 4 – 1 1 – 0 

Local Road (Paved) 8 6 – 4 4 – 2 2 – 0 0 

Local Road (Unpaved) 6 – 4 4 – 2 2 – 0 0 0 

Finally, the raster for human access was obtained by combining the three standardized distance 

rasters using the raster calculator, and setting the maximum score for the final raster to 10 

3.2.3.4. Electrical Infrastructure 

Mapping electrical infrastructure provides a proxy for population distribution and is 

correlated with human settlement and resource exploitation patterns (Watson and Venter, 



 

99 
 

2019a). To capture the influence of electrical infrastructure as a source of human pressure, we 

used two datasets: (1) remote sensing data of nighttime lights and (2) power transmission lines. 

To generate the Nighttime Lights Raster (NLR) on a scale consistent with our approach, 

we adopted the methodology proposed by Román et al. (2019) to increase the resolution of the 

Day/Night Band (DNB) image obtained by the Visible Infrared Imaging Radiometer Suite 

(VIIRS) sensor. 

To do this we used two data sources:  DNB images, which provide nighttime reflectance 

information at a coarse spatial resolution (500 meters); and a 30-meter spatial resolution optical 

imagery obtained from the Landsat 8 satellite, offering detailed observations of the built envi-

ronment layout (Román et al., 2019). We used the annual average of monthly cloud-free DNB 

composite images from 2021 made available by the Earth Observation Group of the Payne 

Institute for Public Policy by Colorado School of Mines (Elvidge et al., 2017), and the annual 

median for 2021 of the red, green, and near-infrared bands of the Landsat 8 satellite duly pro-

cessed and made available in reflectance values by the U.S. Geological Survey (USGS, 2021) 

In this context, the methodology to increase the resolution of the DNB image is simple 

and requires images from the Normalized Difference Vegetation Index (NDVI) and Normalized 

Difference Water Index (NDWI), both generated from Landsat 8 imagery, in addition to the 

DNB band imagery from VIIRS (Román et al., 2019). 

The two sets of images were obtained from cloud processing using the Google Earth 

Engine (GEE) platform. Equations 1, 2, and 3 represent the methods for obtaining NDVI, 

NDWI, and the normalized nighttime reflectance raster (NNRn). Equation 4 represents the 

method for obtaining the nighttime lights raster (NLR), which is a function of the normalized 

nighttime reflectance raster and NDVI. 

𝑁𝐷𝑉𝐼 =  
𝜌𝑁𝐼𝑅 −  𝜌𝑅𝑒𝑑

𝜌𝑁𝐼𝑅 +  𝜌𝑅𝑒𝑑
                                                                                            𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 1. 
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Where, 𝜌𝑁𝐼𝑅 and 𝜌𝑅𝑒𝑑 are the surface reflectance of near-infrared and red bands respec-

tively. 

𝑁𝐷𝑊𝐼 =  
𝜌𝐺𝑟𝑒𝑒𝑛 −  𝜌𝑁𝐼𝑅

𝜌𝐺𝑟𝑒𝑒𝑛 +  𝜌𝑁𝐼𝑅
                                                                                      𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 2. 

Where, 𝜌𝐺𝑟𝑒𝑒𝑛 and 𝜌𝑁𝐼𝑅 are the surface reflectance of green and near-infrared bands re-

spectively. 

𝑁𝑁𝑅𝑛 =  
𝐷𝑁𝐵

𝐷𝑁𝐵𝑚𝑎𝑥
                                                                                                      𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 3. 

Where, DNB and DNBmax are, respectively, the surface reflectance of VIIRS Day/Night Band 

and the maximum value for the VIIRS Day/Night Band reflectance in the study area (in this 

case 84.8503 nW.cm-2.sr-1). 

𝑁𝐿𝑅 =  
𝑁𝑁𝑅𝑛 − 𝑁𝐷𝑉𝐼

𝑁𝑁𝑅𝑛 + 𝑁𝐷𝑉𝐼
                                                                                              𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 4. 

As a last step for this dataset, we removed the influence of pixels related to surface water 

that can be confused with nighttime reflectance; these were identified based on the NDWI re-

sults, where pixels above 0.2 were identified as water bodies and assigned the value of 0 in the 

nighttime lights dataset (Román et al., 2019). The resulting raster was then standardized to the 

human pressure scale with values ranging from zero to ten using a linear function. 

In addition to NLR, we used data from the MapBiomas infrastructure module to account 

for the human pressure caused by transmission lines in the raster representing Electrical Infra-

structure impacts. Using shapefiles of transmission lines crossing our study area, we computed 

the Euclidean distance to these lines and applied a linear decay function, assigning a score of 3 

at 0 meters from the lines, decreasing to 0 at 3000 meters. 

Finally, the electrical infrastructure raster was obtained by summing the NLR and the 

transmission lines raster, with a maximum score capped at 10. 

3.2.4. Human Footprint Map 
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The Human Footprint map was obtained by overlaying the four human pressure rasters 

(Human Settlements, Human Land Use Changes, Human Access, and Electrical Infrastructure), 

where the resulting pixel score refers to the sum of the human pressure rasters, with a theoretical 

maximum score of 50. 

To understand the behavior of each human pressure raster, we calculated simple statis-

tics such as the maximum, minimum, mean, median, and standard deviation of the scores and 

visually analyzed the distribution of score frequencies using density graphs. The same descrip-

tive analysis was also conducted on the final Human Footprint raster. 

To determine which human pressure rasters have the greatest influence on the human 

footprint in the basin, we performed a pixel-by-pixel correlation analysis between all input and 

output rasters. This analysis also allowed us to assess whether the proxies correlate, indicating 

overlapping pressures from different sources. 

3.2.5. Implications for Landscape Management 

To evaluate the potential application of the Human Footprint map in environmental 

management strategies, we first categorized the HF raster into five classes (i.e. very low, low, 

medium, high, and very high) using the natural breaks method. 

Next, utilizing very high-resolution imagery (2m) from the China-Brazil Earth Re-

sources Satellite (CBERS-04A), we analyzed the results at the river basin scale by visually 

examining different regions of the watershed, identifying HF patterns, and assessing their im-

plications for integrated watershed management.  

The imagery used in this study was acquired on June 30, 2021, aligning with the other 

input datasets, and was freely provided by the National Institute for Space Research (INPE, 

2021). We used Level-4 processed images with radiometric and geometric corrections already 

applied, obtained from the Wide Scan Multispectral and Panchromatic Camera (WPM) sensor 

onboard the CBERS-04A satellite. This sensor provides 8-meter resolution images for the 



 

102 
 

visible spectrum (Red, Green, and Blue) and the Near-Infrared (NIR) bands, as well as 2-meter 

resolution images for the panchromatic band. To generate the 2-meter resolution color compo-

site, we applied the pan-sharpening technique following the methodology described by Silva 

and Costa (2023). 

This analysis allowed us to explore how the HF map can support evidence-based deci-

sion-making, guide conservation and restoration efforts, and inform public policies to balance 

environmental sustainability with socioeconomic demands. 

Additionally, we discussed how this approach can enhance land-use planning by iden-

tifying key areas under human pressure, thereby enabling targeted interventions to mitigate 

negative impacts and promote ecosystem resilience. 

3.3. RESULTS AND DISCUSSION 

Our results represent the first Human Footprint (HF) mapping at the watershed level in 

Brazilian terrestrial environments. In this context, we emphasize that the availability of high‐

resolution spatial data is a fundamental factor for developing baseline territorial studies and 

supporting decision‐making processes. Our study's use of high-resolution (30 m) data enables 

a more detailed detection of human pressures than global assessments that typically employ 

coarser resolutions (Sanderson et al., 2002; Watson and Venter, 2019). This enhanced spatial 

resolution is particularly advantageous for identifying localized human activity hotspots, 

thereby informing more targeted conservation and management strategies at the watershed 

level. 

Figure 2 demonstrates the level of detail obtained in each human pressure raster. As 

expected, the raster for human settlements exhibits more pixels with higher scores in regions 

close to urban centers (Figure 2a). Most pixels in the basin have low human settlement scores 

(Figure 2a1), with a mean of 0.66, a median of 0.14, and a coefficient of variation (CV) of 1.89. 
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This is due to the predominantly agricultural character of the basin, where only 2.58% 

of the landscape is classified as human settlements (Figures 1, 2a, and 2a1). 

 

Figure 2 -Human pressure rasters (a - d) and their respective density plots (a1 – d1) in the 

Sarapuí River basin, São Paulo state, Brazil. a and a1: human settlements. b and b1: hu-

man land use changes. c and c1: human access. d and d1: electrical infrastructure.  
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It is also evident in Figure 2a that, in the basin headwaters, particularly in the munici-

pality of Piedade, there is a more evenly distributed human presence between rural and urban 

environments. This pattern is primarily attributable to the characteristics of local agricultural 

activity, which is marked by small, family-owned farms (approximately 77% in 2017, see Pal-

meira et al., 2020) primarily cultivating onions, potatoes, artichokes, pumpkins, khaki, sweet 

potatoes, strawberries, and other horticultural crops (Mello et al., 2017).  

Palmeira et al. (2020) state that 56% of the municipality's population resides in rural 

areas, distributed across approximately 84 rural neighborhoods. As visually confirmed in Figure 

2a, this spatial configuration culminates in increased human pressure resulting from these set-

tlements. 

Schneider and Costa (2013), in their socio-environmental and productive diagnosis of 

the region's agroecosystems, found that the production system for these crops follows a con-

ventional agricultural model, characterized by intensive use of synthetic fertilizers and pesti-

cides, a heavy reliance on fossil fuels, and significant pressures on natural resources. Similarly, 

Américo et al. (2017), while evaluating land-use conflicts in permanently preserved areas under 

the Native Vegetation Protection Law (Federal Law n° 12.651/2012), identified that although 

the municipality maintains a significant portion of its preserved area covered by native forest, 

improper land use persists, with pastures and agriculture exerting considerable pressure on the 

landscape. 

However, the socio-environmental scenario described by Schneider and Costa (2013) 

has likely evolved over the past decade, driven partly by public policies aimed at forest resto-

ration and conservation following the implementation of Law n° 12.651 in 2012, as demon-

strated by Américo et al. (2017). Furthermore, there is significant potential for adopting im-

proved agricultural practices and transitioning from conventional production to agroecological 

models. Given the high prevalence of family-run farms, smaller property sizes, and diversified 
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regional production, local managers have a unique opportunity to develop public policies pro-

moting nature conservation and food security. 

Regarding the raster of human land use changes, this layer exhibits a broader range of 

scores (0–20) than the other human pressure rasters; however, most pixels attain HF scores 

below 10. This raster also presents the highest mean (5.34), median (5.16), and variability (SD 

= 2.97). A distinct cluster of human pressure is evident in the eastern region of the basin, near 

the urban centers of Salto de Pirapora (within the basin) and Votorantim (adjacent to the basin). 

This region is additionally impacted by extensive mining activity, which is primarily 

focused on cement production and concentrated near the urban perimeter of Salto de Pirapora. 

Furthermore, the area is influenced by the Itupararanga reservoir, which, although located out-

side the basin, lies within 10 km and significantly influences the region. Woolmer et al. (2008), 

in a regional analysis of the Human Footprint along the eastern border between Canada and the 

United States, similarly noted that mining and hydrological alterations due to damming sub-

stantially increase the human footprint in their areas of influence, even in regions with moderate 

or low population density. 

The raster corresponding to human access had the highest mean, median, and standard 

deviation (3.42, 3.03, and 2.83, respectively; see Figure 2c1). Clusters with the highest scores 

are located at road intersections, especially in urban and peri-urban areas (Figure 2c). This ob-

servation reinforces the importance of high-resolution data, particularly for capturing the pres-

ence of unpaved rural roads and differentiating between highways and local roads. A higher 

density of roads is also observable in the basin headwaters, notably at the intersection of two 

high-traffic highways in Piedade, intermingled with several paved and unpaved local roads 

connecting the multiple rural neighborhoods. 

We found slightly higher mean and median values for the raster representing electrical 

infrastructure (Figure 2d) than those in the human settlement raster (1.19 and 0.84, respectively, 
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as shown in Figure 2d1). However, this layer predominantly comprises pixels with low human 

pressure scores (below 4) and lacks clusters of high human pressure, even in urbanized areas. 

High-score pixels are so infrequent that they are not discernible in the density graph (Figure 

2d1). 

The Human Footprint (HF) map obtained for the Sarapuí River basin (Figure 3a) reveals 

human pressure scores ranging from 0 to 47, with an average score of 10.61, a median of 9.68, 

and a standard deviation of 6.06. The distribution of scores is right-skewed, with a concentration 

of values between 0 and 20 (Figure 3b). Studies such as those by Sanderson et al. (2002), 

Woolmer et al. (2008), Venter et al. (2016), and Tapia-Armijos et al. (2017) suggest that this 

score range encompasses areas with varying degrees of human influence, from those with min-

imal human impact, considered “wilder” (<4), to areas categorized as experiencing less (<10) 

or moderate (<20) human impact. 

Given the significant portion of the basin with HF scores below 20, we emphasize the 

Sarapuí River basin's considerable potential for conservation. This also presents opportunities 

for forest restoration actions, as many regions classified as experiencing lower human impact 

are not currently forested. However, these areas' relatively lower disturbance levels provide 

favorable conditions for ecological processes essential to successful forest regeneration. As 

highlighted in previous studies, human-induced disturbances remain one of the primary threats 

to ecosystems in the early stages of recovery (Borda-Niño et al., 2020). 

The urban centers of Piedade and Salto de Pirapora exhibit the highest concentrations 

of Human Footprint, corresponding to the largest populations in the basin, 59,970 and 43,748 

inhabitants, respectively (IBGE, 2022). Moreover, the municipality of Salto de Pirapora is no-

tably impacted by high-intensity mining operations located near its urban perimeter (Figures 1, 

2a, 2b, and 4). In contrast, the human impact in Piedade is more spatially distributed, driven by 

a combination of high rural population density and an extensive network of roads. This pattern 
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results in more diffuse and widespread human-induced pressures across the region (Figures 1, 

2a, 2c, and 4). 

 

Figure 3 – a: Human Footprint map. b: Human Footprint density plot.  Sarapuí River 

basin, São Paulo state, Brazil. 

Correlation analysis revealed weak correlations between the human pressure rasters, 

with correlation coefficients ranging from 0.18 to 0.31, and moderate to strong correlations 
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between the human pressure rasters and the human footprint map, with coefficients ranging 

from 0.46 to 0.75 (Table 5). 

Table 5 – Correlation matrix among the human pressure rasters and the human foot-

print map. Sarapuí River basin, São Paulo state, Brazil. 

Rasters 
Human 

Settlements 

Human 

LULC 

Changes 

Human 

Access 

Electrical 

Infraestructure 

Human 

Footprint 

Map 

Human 

Settlements 
1     

Human LULC 

Changes 
0.31 1    

Human Access 0.31 0.27 1   

Electrical 

Infraestructure 
0.26 0.18 0.21 1  

Human 

Footprint 
0.65 0.75 0.74 0.46 1 

Table 2 clearly illustrates the patterns observed in the human pressure rasters (Figure 2) 

and the HF map (Figure 3). The most significant contributions to the overall Human Footprint 

arise from LULC changes and human access pressures. These factors exhibit a widespread spa-

tial influence across the basin, particularly in areas associated with agricultural activities and 

road networks.  

In contrast, pressures related to human settlements are more concentrated in urban areas 

and regions with higher population density, which limits their overall contribution to the HF 

values. Finally, the influence of electrical infrastructure pressures remains the least prominent, 

reflecting the predominantly agricultural character of the Sarapuí River basin and the lower 

density of electrical infrastructure across the landscape. 

To better understand the extent of the Human Footprint (HF) across the landscape and 

to facilitate comparisons with the very high-resolution imagery used for evaluating the results, 

the HF map was categorized into five classes based on natural breaks in pixel values (see Figure 

4). The landscape is predominantly characterized by medium to very low HF values, with less 
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than 15% of the area exhibiting high or very high HF scores. This pattern again highlights the 

Sarapuí River basin’s considerable potential for nature conservation and forest restoration ini-

tiatives. 

Notably, the class with the highest proportion in the landscape (low HF, 35.33%) also 

demonstrates the lowest variability (SD = 1.30). In contrast, the class with the smallest propor-

tion (very high HF, 3.24%) presents the highest variability (SD = 4.00). This variation arises 

from the mix of land use and land cover (LULC) classes that compose areas with very low HF 

values. The lowest scores are typically associated with forested regions, while slightly higher 

values are observed in silviculture, pastures, and agriculture areas. However, these areas main-

tain an overall low HF due to their distance from the road network and low population density. 

 

Figure 4 – Human Footprint map categorized by the HF values natural breaks. Sarapuí 

River basin, São Paulo state, Brazil. 

Figure 4a provides a detailed depiction of areas with very low Human Footprint (HF), 

characterized by the predominance of native forest vegetation, but also includes the potential 



 

110 
 

for less impactful land uses such as silviculture, primarily with Eucalyptus spp. and Pinus spp. 

In the area shown in Figure 4b, the role of native vegetation in maintaining the very low HF 

class is evident; however, adjacent agricultural lands are classified as having low HF. This 

landscape typifies a basin region where the agricultural matrix predominates, and forest habitats 

are highly fragmented (see Chapter II). 

Public policies promoting forest conservation and restoration are highly recommended 

for these regions. Payment for Ecosystem Services (PES) programs have proven effective in 

achieving additional ecosystem service provision and delivering socio-economic benefits 

(Börner et al., 2017). Such programs are considered strategic for watershed management, par-

ticularly in balancing environmental conservation with human development goals (Rigonato et 

al., 2023). 

Figure 4c illustrates a common scenario in the basin's headwaters, where there is a com-

bination of high rural population density, extensive road networks, and intensive agricultural 

activity. This combination results in a significant concentration of medium and high HF class 

pixels, with lower HF values associated with native forest cover and higher HF values corre-

sponding to urbanized areas, often located in rural neighborhoods that have developed along 

major highways. 

There is a clear opportunity to develop public policies to reduce human pressures on the 

landscape in these contexts. Incentivizing biodiversity-friendly land cover, such as agroforestry 

systems, presents a promising strategy. These systems not only enhance biodiversity and eco-

system service provision but also improve the income of smallholder farmers, offering a sus-

tainable alternative to conventional agriculture (Arroyo-Rodríguez et al., 2020). Agroforestry 

aligns well with the agricultural practices predominant in the headwaters of the basin, which 

are primarily focused on horticultural crops (Gori Maia et al., 2021; Gonçalves et al., 2021; 

Padovan et al., 2022). 
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The scenario illustrated in Figure 4d exemplifies a recurring phenomenon in the basin, 

where clusters of high and very high HF emerge in planned neighborhoods along high-traffic 

highways but at a considerable distance from municipal urban centers. The combination of built 

environments, population density, electrical infrastructure, and proximity to major roads gen-

erates significant human pressures in these areas. Nevertheless, these regions are often charac-

terized by high-end residential developments, where environmental best practices, such as 

maintaining green areas and protecting riparian vegetation are mandatory following current en-

vironmental legislation. 

Finally, Figure 4e highlights the regions classified as having very high HF, primarily 

concentrated in the urban centers of the basin's municipalities. Given the convergence of high 

scores for all human pressure proxies analyzed in these areas, this distribution aligns with ex-

pectations. In addition to the urbanized zones, clusters of very high HF were also observed in 

mining areas, particularly those adjacent to Salto de Pirapora, further amplifying the HF in the 

municipality's urban area due to the mining operations' sphere of influence. 

Tapia-Armijos et al. (2017) highlight that the interactions between humans and the land-

scape are complex, but understanding these dynamics through spatial tools like Human Foot-

print (HF) analysis is a powerful approach to improving land management. Our high-resolution 

mapping enabled a level of detail far superior to that found in global datasets (Venter et al., 

2016a; Mu et al., 2022), demonstrating significant potential for its incorporation into environ-

mental planning at the watershed scale. This is particularly important given the current lack of 

spatial analyses that effectively quantify and map areas under the influence of human-induced 

disturbances. This remains a critical gap in watershed-level management and conservation ef-

forts but has been overcome thanks to the development of spatial analyses such as the HF as-

sessment. 

3.4. CONCLUSIONS 
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Adapting the Human Footprint assessment framework to the watershed scale yielded 

highly satisfactory results. The availability of spatial data with high resolution, spatially and 

temporally, was a key factor contributing to its strong performance, highlighting the importance 

of high-quality spatial data across various aspects of our territory to develop comprehensive 

and informative analyses. 

At our scale of analysis, we found that the human-induced pressures driving the Human 

Footprint are primarily related to settlement and access, which correspond to areas with the 

highest concentration of people and where human movement is most prevalent. Furthermore, 

the study area demonstrates significant potential for forest conservation and restoration, along-

side the need for public policies that promote sustainable agricultural practices in regions with 

high rural populations. Such policies can help mitigate human impacts while promoting food 

security, diversifying production, combating rural depopulation, and providing ecosystem ser-

vices such as water, biodiversity, and pollination. 

For future steps in mapping the Human Footprint in watersheds, we see the need to 

incorporate more significant levels of detail, such as distinguishing between pressures exerted 

by different agricultural production systems and integrating temporal aspects to assess the dy-

namics of the Human Footprint within the landscape. This approach may provide valuable in-

sights to validate actions aimed at reducing human pressure and identify emerging pressure 

hotspots, their causes, and potential mitigation measures. We hope this framework will contrib-

ute to environmental and territorial planning and be adapted and applied to other watersheds. 
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4. CHAPTER IV 

A MULTICRITERIA APPROACH TO PRIORITIZE FOREST RESTORATION AR-

EAS AIMING AT THE STRUCTURAL AND FUNCTIONAL ENHANCEMENT IN 

HUMAN-MODIFIED LANDSCAPES 

 

Abstract 

Forest restoration in human-modified landscapes requires strategic prioritization to balance 

ecological recovery with socioeconomic constraints while optimizing resources and outcomes, 

being a key strategy for reversing biodiversity loss, mitigating climate change, and enhancing 

ecosystem services. However, its success is constrained by many of biophysical, ecological, 

climatic, and anthropogenic factors that interact across spatial and temporal scales. The com-

plexity of these variables presents significant challenges for restoration planning, demanding 

structured approaches that can integrate diverse sources of spatial information. In this context, 

this study proposes a spatially explicit decision-making framework based on Multicriteria De-

cision Analysis (MCDA) to prioritize areas for forest restoration in a transitional watershed of 

the Atlantic Forest–Cerrado ecotone, Brazil. The proposed framework integrates six spatial cri-

teria (i.e. Human Footprint, Connectivity Probability, Drainage Density, Slope, Soil Erodibility, 

and Mean Annual Precipitation), selected based on a meta-analysis of works that aim to prior-

itize areas for forest restoration within the scope of MCDA approaches. The resulting prioriti-

zation map reveals spatial heterogeneity in restoration suitability, with high-priority areas pre-

dominantly located in regions of low anthropogenic pressure and high ecological potential. The 

methodological approach presented here demonstrates the potential of MCA to support trans-

parent and replicable decision-making processes in forest restoration planning. Furthermore, 

the results offer valuable inputs for territorial management, public policy design, and imple-

menting Payment for Ecosystem Services (PES) programs, contributing to more strategic and 

effective ecological restoration actions. 

 

Keywords: Forest restoration;  Multicriteria Decision Analysis (MCDA); Human-modified 

landscapes;  Spatial optimization; Restoration Planning.
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4.1. INTRODUCTION 

Forest restoration efforts play a fundamental role in landscape regeneration processes 

and the maintenance of Ecosystem Services (E.S.). They are widely recognized as one of the 

most promising and powerful strategies to address global challenges such as climate change 

and biodiversity loss (Brancalion et al., 2025). This recognition has grown significantly over 

the past decades, bringing forest restoration to the forefront of global discussions (Lamb, 2018). 

As a result, it has become a key component of various international commitments, including 

the Bonn Challenge, which aims to restore 350 million hectares by 2030 (Bonn Challenge, 

2014), and the U.N. Sustainable Development Goals (SDG, 2015), where Goal 15 emphasizes 

restoring degraded landscapes to achieve a "land-degradation neutral world" by 2030 (Lamb, 

2018). 

Coordinating forest restoration initiatives to fulfill structural and functional roles within 

the landscape is essential (Vettorazzi and Valente, 2016). This includes enhancing connectivity 

and genetic flow and providing soil and water protection within the landscape However, achiev-

ing successful outcomes remains a significant methodological challenge, largely due to the 

complexity of the landscape characteristics that must be taken into account (Höhl et al., 2020). 

Given the substantial human and financial resources required for large-scale forest res-

toration projects (Lamb, 2018), it is evident that approaches must be developed to select resto-

ration areas in an integrated manner, considering the landscape's biophysical, ecological, cli-

matic, and anthropogenic characteristics. Furthermore, structuring a decision-making process 

that enhances efficiency and accuracy in planning and implementing these actions is crucial. 

In this context, structured decision-making processes within Multi-Criteria Decision 

Analysis (MCDA) have demonstrated significant potential (Cavalcante et al., 2022; Cecílio et 

al., 2021; Valente et al., 2021). This spatial analysis approach prioritizes areas based on bio-

physical, ecological, climatic, and anthropogenic aspects of the landscape, spatially represented 
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to form a set of maps that integrate the decision-making process as decision factors (criteria 

and constraints) (Drobne and Lisec, 2009; Esmail and Geneletti, 2018). According to Vetto-

razzi and Valente (2016), its key advantage lies in aggregating spatial criteria while considering 

their relative importance to the study objective. 

According to Esmail and Geneletti (2018), a successful MCDA application should begin 

with a clearly defined decision-making context, including an explicit objective and identifying 

key stakeholders involved in the process. The next step involves identifying landscape charac-

teristics influencing the dynamics of the process under study and their representation through 

spatial criteria, which serve as indicators of the suitability level of each criterion for achieving 

the desired objective. 

However, as these authors note, MCDA applications in environmental contexts are often 

subject to setbacks from inadequate structuring. This may arise due to an unrepresentative set 

of criteria, an excessive or unbalanced number of spatial criteria, or insufficient attention given 

to critical steps such as criteria normalization, which is essential to ensure that each criterion is 

represented on a standard scale for analysis (Malczewski and Rinner, 2015). 

Therefore, for an accurate prioritization of areas within the MCDA framework, meth-

odological rigor must be complemented by a solid conceptual understanding of the proposed 

objective. In other words, a deep knowledge of the landscape characteristics influencing the 

achievement of the objective is necessary to ensure the decision-making process's assertiveness 

and efficiency. 

Thus, in prioritizing areas for forest restoration, criteria selection requires a comprehen-

sive understanding of the ecological factors that drive successful restoration and the anthropo-

genic factors that significantly influence its outcomes. 

Nonetheless, determining which locations can be restored most effectively remains a 

significant gap in restoration science (Brancalion et al., 2016; Höhl et al., 2020; Lamb, 2018). 
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However, it is known that the solution involves catalyzing the ecological succession process 

(Borda-Niño et al., 2020), thereby promoting the reestablishment of ecological functions while 

simultaneously reducing implementation costs. 

In the context of MCDA-based approaches aimed at forest restoration, the selection of 

spatial criteria should accurately represent the landscape's ecological, biophysical, and socio-

economic dynamics. A systematic evaluation of habitat connectivity, forest fragmentation, hy-

drological processes, erosion risk, and anthropogenic pressures, among other landscape attrib-

utes, is necessary. The effectiveness of the prioritization depends on the semantic precision of 

spatial criteria, ensuring that each criterion is conceptually relevant and methodologically ro-

bust in its representation to achieve the objective. 

Recent results (see Chapter I) indicate that spatial criteria focusing on human disturb-

ances, ecological processes, hydrology, soil and erosion, and topography predominate in prior-

itizing areas for forest restoration, in contrast there is a gap in the explicit integration of socio-

economic and policy-driven criteria, which are fundamental for ensuring long-term restoration 

success. 

Additionally, there is a lack of ecological criteria that effectively perform their spatial 

representation in MCDA-based approaches, particularly in dynamic and fragmented land-

scapes. Criteria such as Euclidean distance to habitat patches are commonly used; however, in 

these environments, where smaller distances between patches prevail, such spatial criteria tend 

to be overly broad, reducing prioritization efficiency. 

In this context, this study aimed to structure a decision-making process for forest resto-

ration that promotes structural and functional transformations in the landscape, enhancing the 

success of restored areas. Based on a critical meta-analysis of structured decision-making pro-

cesses within MCDA reported in the literature (Chapter I), we structured our decision-making 

process by identifying best practices and proposing two new approaches for spatializing spatial 
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criteria: one for ecological criteria, considering habitat connectivity (Chapter II) instead of sim-

ple Euclidean distance, and another incorporating the socioeconomic characteristics of the in-

tervention area through human footprint mapping (Chapter III), which also integrates aspects 

related to human-induced disturbances. 

In this context, this study proposes an integrated MCDA-GIS approach to prioritize ar-

eas for forest restoration. The proposed framework aims to bridge methodological gaps by con-

sidering the relative influence of multiple criteria and evaluating their sensitivity and impact on 

the results. Thus, this research contributes to the technical enhancement of prioritization anal-

ysis and its practical application in public policies and local restoration strategies. 

4.2. MATERIAL AND METHODS 

4.2.1. CONCEPTUAL MODEL 

The forest restoration prioritization framework presented in this study was structured 

within the context of MCDA analysis, with particular attention to the spatial criteria that com-

pose the criteria set. The objective was to guarantee that the spatial representation of each cri-

terion reflected its ecological relevance and potential contribution to the effectiveness of resto-

ration initiatives. The framework also ensured that the influence of each criterion on the delin-

eation of priority areas was weighted according to its relative importance. 

To achieve this, we based our approach on a meta-analysis (Chapter I) that reviewed 24 

scientific papers reporting similar decision-making processes with the same objective. Thus, 

this analysis indirectly incorporated the contributions of 83 authors and an even more signifi-

cant number of experts and practitioners consulted in these decision-making processes. 

The following sections detail the study area and the steps and procedures for structuring 

our framework. Finally, we present a scenario analysis based on the identified priority areas to 

provide a broader understanding of the opportunities for restoration within the studied basin. 

4.2.2. STUDY AREA 
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The Sarapuí River basin (Figure 1), spanning nine municipalities in São Paulo state, 

Brazil, lies in a transitional ecotone between the Atlantic Forest and Cerrado biomes, offering 

a heterogeneous landscape critical for ecological restoration. Originally dominated by Dense 

Ombrophilous Forest (IBGE, 2012), the basin now exhibits a fragmented mosaic of forest rem-

nants (23.68% coverage) embedded in an agricultural-pastoral matrix (41.37% agriculture, 

18.25% pasture), with urban areas occupying 2.59% of the territory (MapBiomas, 2021). These 

remnants are concentrated in the southern uplands, characterized by steep slopes, higher eleva-

tions, and cooler Cfb-climate zones (Alvares et al., 2014), adjacent to the Serra do Mar Envi-

ronmental Protection Area. 

 

Figure 2 - Location map and land use/land cover of Sarapuí River basin, São Paulo 

state, Brazil. 

Source: LULC adapted from MapBiomas (2021), collection 8. 

Anthropogenic pressures, driven by proximity to urban centers like Sorocaba and São 

Paulo’s metropolitan region, have historically fueled deforestation for agriculture and pasture 
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(Calaboni et al., 2018), leaving forest patches restricted mainly to less accessible terrain. Key 

infrastructure, such as the SP-270 highway, exacerbates fragmentation, while soil variability, 

Latosols in forested uplands, and Gleysols in low-lying areas (Mello et al., 2017) influence 

restoration potential. The basin’s humid subtropical climate (Cfa/Cfb) further supports diverse 

revegetation strategies. 

Proximity to legally protected areas, including Jurupará State Park and Itupararanga 

Reservoir APA (Environmental Protection Area), underscores opportunities to enhance con-

nectivity through restoration. This dynamic interplay of biophysical gradients, land-use lega-

cies, and socio-economic drivers positions the Sarapuí basin as a strategic model for prioritizing 

restoration in transitional biomes under anthropogenic stress. 

4.2.3. CRITERIA SET 

4.2.3.1. SELECTION AND SPATIALIZATION 

To address the complex task of prioritizing areas for forest restoration, the set of criteria 

was identified to fulfil two fundamental objectives: (i) selecting criteria that support regenera-

tive processes in the target environments, and (ii) incorporating those through which future 

forest cover can perform mitigating or protective functions within the post-intervention land-

scape (see Chapter I). Furthermore, care was taken to ensure that the spatial criteria were con-

ceptually consistent with their intended role in the decision-making process, accurately reflect-

ing the semantic rationale underlying their selection. 

Accordingly, we ensured that our criteria adhere to six fundamental premises for the 

effective functioning of GIS-MCDA approaches, which are often overlooked in environmental 

and conservation decision-making contexts (Esmail and Geneletti, 2018). As outlined by Mal-

czewski (2000), these premises are: (1) spatial criteria must be understandable and measurable, 

meaning that their level in a given decision problem indicates the degree to which the associated 

objective is achieved; (2) the criteria set must be complete, covering all relevant aspects of the 

problem and adequately indicating the extent to which the overall objective is fulfilled; (3) the 
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criteria set must be operational (i.e., they can be meaningfully used in the analysis); (4) the 

criteria set must be decomposable (i.e., the performance of an alternative on one attribute can 

be evaluated independently of its performance on other attributes); (5) the criteria set must be 

non-redundant (to avoid issues of double counting); and finally, (6) the criteria set must be 

minimal (the number of attributes should be kept as small as possible). 

Furthermore, our criteria set aimed to address common issues related to spatial repre-

sentation to optimize their representativeness and efficiency within the decision-making pro-

cess. As demonstrated in Chapter I, spatial criteria associated with human-induced disturb-

ances, ecological factors, hydrology, and pedology, although widely acknowledged as funda-

mental for restoration prioritization, often suffer from inefficient spatialization. One of the main 

reasons for this inefficiency is the reliance on simple Euclidean distance metrics for represen-

tation (e.g., distance to roads or proximity to forest patches) or the use of spatial data generated 

within the framework of Boolean logic applied to thematic maps, where values are represented 

discretely rather than continuously (e.g., soil types). This approach can significantly affect pri-

oritization outcomes, as reported by several authors (Malczewski, 2000; Eastman et al., 2020). 

Finally, the criteria set also sought to incorporate socio-economic landscape character-

istics, a factor widely recognized as crucial for the planning of forest restoration efforts (Höhl 

et al., 2020; Lamb, 2018), yet rarely integrated into decision-making processes for restoration 

prioritization (see Chapter I). 

As a result, we defined six spatial criteria to guide the decision-making process. The 

selection was based on criteria representing ecological, anthropogenic, hydrological, pedologi-

cal, rainfall regime, and socio-economic aspects of the resident population. 

We propose two alternative criteria spatialization approaches to address common issues 

reported regarding spatial criteria that are often spatialized based on Euclidean distances (e.g., 

proximity to habitat areas or watercourses). First, to represent the ecological criterion, we 
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propose using the landscape ecology index Probability of Connectivity (PC), as defined by 

Saura and Pascual-Hortal (2007). This index is based on the habitat availability concept, in-

terpatch dispersal probabilities, and graph structures and will be detailed in the following sec-

tions. 

We also propose using drainage density instead of proximity to watercourses for the 

hydrological criterion. This choice is particularly relevant given the dendritic nature of the 

drainage network in our study area (Morales and Valente, 2023), which would result in an 

overly extensive spatial criterion if proximity to the drainage network were considered, an issue 

already reported by authors such as Valente and Vettorazzi (2009) and Vettorazzi and Valente 

(2016) in similar situations. 

Additionally, considering the importance of two fundamental aspects often overlooked 

or superficially addressed in decision-making processes, human-induced disturbances and so-

cio-economic factors, we propose using the Human Footprint map adapted to the watershed 

scale developed in Chapter III. The Human Footprint mapping efficiently integrates landscape 

features associated with human-induced disturbances, such as proximity to roads and highways, 

infrastructure developments, and high human mobility areas, as well as aspects like population 

density and economic activities (Woolmer et al., 2008; Venter et al., 2016; Watson and Venter, 

2019). This approach incorporates the concept of distancing from human disturbances while 

also considering the spatial distribution of human settlements and their impacts, two critical 

factors for the success of forest restoration efforts. 

The selected environmental criteria and their data sources are presented in Table 1, fol-

lowed by a description of the procedure used to obtain each spatial criterion and the justification 

for their inclusion in the decision-making processes. 

All spatial data considered in this analysis were projected to the Universal Transverse 

Mercator (UTM) system, with the SIRGAS 2000 Datum, zone 23 South, as the geodetic 
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reference. Spatial and statistical analyses were performed using ArcGIS Pro, QGIS 3.28.4, 

Google Earth Engine (GEE), TerrSet liberaGIS Geospatial Monitoring and Modeling System, 

and R version 4.1.0 (R Core Team, 2025). 

Table 1 – Criteria Set and Data Sources used to prioritize areas for forest restoration in 

the Sarapuí River basin, São Paulo state, Brazil. 

Spatial Criteria Data Sources 

Human 

Footprint 

Land Use and Land Cover Map (MapBiomas, 2021); Brazilian 

Demographic Census (IBGE, 2022); MapBiomas (2023) Infrastructure 

Module; VIIRS Day/Night Band (Elvidge et al., 2017); and Landsat’s 8 

red, green and NIR bands (USGS, 2021). See Chapter III and Souza et al., 

(2020) for MapBiomas data. 

Probability of 

Connectivity 
Land Use and Land Cover Map (MapBiomas, 2021). See Chapter II. 

Drainage 

Density 

Digital Elevation Model (DEM) from the ALOS (Advanced Land 

Observing Satellite) PALSAR (Phased Array L-Band Synthetic Aperture 

Radar) sensor, obtained by the Alaska Satellite Facility (ASF, 2021). See 

Morales and Valente (2023). 

Slope 

Digital Elevation Model (DEM) from the ALOS (Advanced Land 

Observing Satellite) PALSAR (Phased Array L-Band Synthetic Aperture 

Radar) sensor, obtained by the Alaska Satellite Facility (ASF, 2021). See 

Morales and Valente (2023). 

Soil Erodibility High-resolution soil erodibility map of Brazil (Godoi et al., 2021). 

Average 

Annual 

Precipitation 

CHIRPS (Climate Hazards Group InfraRed Precipitation with Stations) 

precipitation time series from 1991 to 2021. (See Funk et al., 2015) 

a) Human Footprint  

The Human Footprint (HF) criterion was incorporated to address anthropogenic pres-

sures critical for ensuring restoration resilience and mitigating human-induced disturbances. 

Adapted from Sanderson et al. (2002), this criterion integrates four proxies (i.e., Human Settle-

ments, Land Use Changes, Human Access, and Electrical Infrastructure) standardized to 0–10 

scales (see Chapter III). High-resolution data (30 m/pixel), including MapBiomas LULC 

(2021), IBGE population density (2022), road networks, and VIIRS nighttime lights (2021), 

were overlaid to generate a composite HF map (max score = 50). 
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The HF map identifies gradients of human pressure, prioritizing areas distant from 

roads, urban centers, and intensive agriculture while integrating socio-economic factors (e.g., 

population density and mining impacts). This approach avoids oversimplified Euclidean dis-

tance metrics by holistically capturing disturbance drivers (e.g., proximity to infrastructure, 

land use legacies) that threaten restoration success (Venter et al., 2016; Tapia-Armijos et al., 

2017). Low HF zones (35.3% of the basin) align with restoration opportunities in fragmented 

agricultural or silviculture areas, whereas high HF regions (e.g., urban areas and mining zones) 

require targeted mitigation. By embedding HF into the criteria set, we address both Human-

induced disturbances and socio-economic barriers, ensuring restored forests persist under an-

thropogenic stress. 

b) Probability of Connectivity  

The spatial criterion for representing the ecological aspect, which aimed to enhance spe-

cies dispersal, gene flow, and ecological resilience, was operationalized using the Probability 

of Connectivity (PC) index (Saura and Pascual-Hortal, 2007). This graph theory-based metric 

evaluates the likelihood of two randomly placed individuals inhabiting interconnected habitat 

patches, incorporating patch areas, interpatch dispersal probabilities, and total landscape area. 

As detailed in Chapter II, the spatialization of this criterion employed a conservative 

approach: Euclidean distances between patches and a dispersal probability (Pᵢⱼ) of 0.5 for max-

imum 200-meter gaps. Graph theory principles underpinned the analysis, where habitat patches 

(nodes) and potential connections (links) were modeled to align landscape structure with eco-

logical functionality (Frazier and Kedron, 2017; Martensen et al., 2017). 

The workflow was implemented in Graphab 2.8.1 (Foltête et al., 2021), generating con-

nectivity networks for the Sarapuí River Basin. PC values were interpolated into continuous 

surfaces, log-transformed to deal with the skewed distribution, and mapped to visualize spatial 

connectivity patterns. 
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c) Drainage Density  

This spatial criterion is intended to bring the concept of prioritizing regions with more 

natural drainage channels to the decision-making process. This approach aligns with what is 

observed in the literature and aims to promote the establishment of riparian vegetation in the 

watershed, which is beneficial for soil protection, reduced runoff, water infiltration, improved 

water quality, and ecological enrichment. 

Additionally, utilizing this metric in prioritization decision-making processes aims to 

improve the method's accuracy, considering the shortcomings of spatialization alternatives like 

Euclidean distance to the drainage network, which can result in a map with a predominance of 

fragile pixels, particularly in naturally well-drained areas. The hydrographic network generated 

for the basin was produced by Morales and Valente (2023) and rectified based on topographic 

maps from the Geographical and Cartographic Institute of the State of São Paulo (IGC) and 

current images from the Sentinel 2A and CBERS 04A satellites. 

The spatial criterion was then spatialized by implementing the Kernel density function 

of the drainage channels, resulting in a continuous surface where each cell represents the density 

of drainage channels in Km/Km². 

d) Slope  

The inclusion of slope in the criteria set is because this landscape feature carries im-

portant aspects when aiming for forest restoration. One crucial benefit of forest cover is its 

protective role in steep regions, which can help prevent landslides, erosion, and soil loss 

(Valente et al. 2021; Cosimo et al. 2021). Moreover, prioritizing these areas for forest restora-

tion can also have a positive social impact, as they are often considered marginal for practical 

activities. 

As economic sectors, including agriculture (Calaboni et al. 2018; Borda-Niño et al. 

2020), gradually abandon these regions (Aide et al. 2013; Sánchez-Cuervo and Aide 2013; 
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Sloan et al. 2016), there is an opportunity to leverage them for forest restoration initiatives. The 

criterion was spatialized using the DEM Digital Elevation Model produced by Morales and 

Valente (2023) for the Sarapuí River basin, which was generated from high-resolution images 

captured by the ALLOS Satellite and its PALSAR sensor. In a GIS environment, slope values 

(%) were obtained from interpolation as a function of altitude values. 

e) Soil Erodibility  

The inclusion of this spatial criterion in the set is driven by conservation and protective 

intentions, aiming to prevent or mitigate erosion processes in the basin by increasing forest 

cover on more erodible soils. The USLE`s (Universal Soil Loss Equation) K factor is a consol-

idated variable in soil management and conservation science, which is being developed to rep-

resent the intrinsic propensity of that soil to erosion. 

Its spatialization was carried out using the High-Resolution Soil Erodibility Map of Bra-

zil produced by Godoi et al. (2021). It is available in raster format with 250 meters per pixel 

spatial resolution. This raster was converted into a regular point grid, with each point represent-

ing the centroid of a cell and retaining its corresponding soil erodibility value. This grid was 

then used to spatialize the criterion through Empirical Bayesian Kriging (Gribov and Krivo-

ruchko, 2020), resulting in a continuous K factor raster expressed in 𝑡.ℎ𝑎.ℎ.ℎ𝑎−1.𝑀.𝐽.−1.𝑚𝑚−1, 

with a spatial resolution of 30 meters per pixel. 

f) Average Annual Precipitation  

The insertion of spatial criteria related to rainfall in processes of prioritizing areas for 

forest restoration is observed on several occasions, especially in tropical regions where rain-fall 

is a critical factor in watershed management (Oliveira et al. 2013). This criterion is intended to 

prioritize areas of intense rainfall, aiming to protect the soil, reduce runoff, and increase water 

infiltration into the soil profile, besides favoring the establishment of regions restored by 

providing more excellent water supplies. 
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Spatial criteria regarding rainfall can be challenging to obtain, and the lack or scarcity 

of data is a constant problem for their inclusion in decision-making processes (Oliveira et al. 

2013). In this context, data from the CHIRPS (Climate Hazards Group InfraRed Precipitation 

with Stations) precipitation time series were used, which has been available for a large part of 

the planet since 2014 (Funk et al. 2015) and has been widely tested and evaluated worldwide 

(Rivera et al. 2018; Cavalcante et al. 2020; Shen et al. 2020), demonstrating whether a viable 

source of data to spatialize precipitation data. 

The CHIRPS dataset was produced by blending precipitation estimates based on infra-

red cold cloud duration (CCD) observations calibrated using Tropical Rainfall Measuring Mis-

sion (TRMM) Multi-Satellite Precipitation Analysis (MSPA) with in situ station data from a 

variety of sources, including national and regional meteorological services (Rivera et al. 2018). 

Offering a spatial resolution of 0.05° (approximately 5 Km) and several temporal scales 

(monthly, decadal, pentanal, or daily time steps) makes CHIRPS favorable for analyzing pre-

cipitation variations at small basin scales (Rivera et al. 2018). 

Thus, the average annual rainfall for the watershed was obtained from a 30-year time 

series (1991 - 2021) of daily observations of CHIRPS rainfall data. Using the Google Earth 

Engine (GEE) platform, the CHIRPS database was accessed, the rainfall data was grouped by 

year and added together, and the simple average of annual rainfall was later calculated. All 

calculations are done at the pixel level, and subsequently, the image is exported to be analyzed 

locally. 

Finally, the resulting image was transformed into a regular grid point, represented by 

the centroid of each cell with its appropriate rainfall value. Such a grid was used to spatialize 

the criterion based on Ordinary Kriging (Oliveira et al. 2013), resulting in a continuous rain-

fall raster expressed in mm/year. 

g) Restrictions  
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The restrictions imposed on our land-use class analysis are not included in forest resto-

ration actions within this project's scope. These classes are: (1) forests, since restoration actions 

are not implemented in areas already covered by native forest; (2) urban areas, because forest 

restoration under this project's scope does not include urban interventions; (3) mining areas, as 

these regions represent large-scale, long-term mining operations that are not expected to cease 

their activities; and (4) surface waters. The four mentioned land-use classes were extracted from 

the LULC map and were used to create Boolean masks in all processes, thereby excluding the 

pixels corresponding to these areas from all analyses. 

4.2.3.2. EVALUATION AND FUZZY MEMBERSHIP 

One of the key features of MCDA-based analyses is the use of normalization techniques 

to standardize criteria to a standard scale. This process ensures the equitable consideration of 

different criteria values in decision-making, assuming spatial homogeneity of preferences (Mal-

czewski and Rinner, 2015). Fuzzy membership functions are commonly employed to transform 

the range of original criteria values into a priority scale from zero to one. The selection of an 

appropriate fuzzy membership function depends on the spatial distribution characteristics of the 

criteria in conjunction with the decision-making context. 

However, this critical step is often overlooked in MCDA analyses, as Malczewski 

(2000) and Esmail and Geneletti (2018) mentioned. Among the key shortcomings reported by 

these authors, which critically affect the prioritization, are the lack of a prior assessment of the 

original spatial criteria values (Esmail and Geneletti, 2018) and the frequent practice of evalu-

ating all cells within the study area without excluding areas restricted from prioritization (Mal-

czewski, 2000). 

According to Malczewski (2000), conducting a descriptive analysis of each spatial cri-

terion, while excluding restricted cells, is an essential step before selecting fuzzy membership 
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functions and defining the corresponding crisp values. Such an approach helps ensure the nor-

malized criteria map accurately represents the ideal range of values for prioritization. 

Therefore, an individual analysis was conducted to standardize each spatial criterion, 

focusing on its distribution and relevance to the study objective. Subsequently, the appropriate 

fuzzy membership functions were applied using the 'Fuzzy Set Membership Function' tool from 

the Decision Support Module of TerrSet Libera GIS Geospatial Monitoring and Modeling Sys-

tem. After completing this process, the normalized criteria underwent a descriptive statistical 

analysis, including minimum, maximum, mean, median, and standard deviation values and an 

assessment of their distribution. An integrated pixel-to-pixel correlation analysis was performed 

among all spatial criteria using the 'r.covar' algorithm available in GRASS within QGIS 3.28. 

These procedures enabled a comprehensive evaluation of the characteristics and func-

tionality of each spatial criterion, leading to the definition of the membership functions and 

crisp values of each criterion as well It also allowed the evaluation of correlations between 

spatial criteria, which is essential to prevent the use of redundant criteria in the decision-making 

process. 

4.2.3.3. INFLUENCE ANALYSIS AND WEIGHT DEFINITION 

After applying the fuzzy membership functions, obtaining the standardized spatial cri-

teria, and conducting a joint evaluation of the criteria set via correlation analysis, we assigned 

weights to each spatial criterion for prioritization. 

In this context, the weight assignment was also informed by the meta-analysis results 

presented in Chapter I. We adopted the ranking of criteria importance identified by quantifying 

each criterion group's contribution to the total number of spatial criteria in the analyzed deci-

sion-making processes (see Chapter I, Figure 3). 

The initial approximation of weights was based on the relative contributions of each 

criteria group. However, as recommended by authors such as Malczewski (2000), Malczewski 
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and Rinner (2015), and Esmail and Geneletti (2018), MCDA-based analyses for area prioriti-

zation perform best when using the smallest number of criteria necessary to achieve the objec-

tive, thereby avoiding redundancies and the inclusion of non-representative criteria. Our frame-

work adheres to this principle by reducing the number of selected spatial criteria compared to 

the broader categories identified in the literature while ensuring their representation in decision-

making. 

To achieve this, we proposed representative spatial criteria that, in some cases, integrate 

multiple previously identified categories. The Human Footprint criterion incorporates contri-

butions from categories related to human-induced disturbances, socio-economic aspects, and 

land use and land cover (LULC). The Probability of Connectivity integrates contributions from 

ecological criteria, protected areas, and LULC. Meanwhile, Drainage Density and Slope ac-

count for contributions related to hydrological and topographic categories, respectively, as well 

as areas of environmental protection (due to Brazilian legislation that safeguards steep terrains 

and areas near watercourses; see Brazilian Federal Law No. 12,651/2012). 

Thus, the first approximation of weights was defined, as shown in Table 2. The relative 

contribution of socio-economic and disturbance-related criteria was assigned to the Human 

Footprint, which also received half of the contribution from the LULC category. The contribu-

tion of ecological criteria was allocated to the Probability of Connectivity, which also received 

the other half of the LULC contribution and one-third of the contribution from the protected 

areas category. Drainage Density and Slope were assigned the contributions of the hydrological 

and topographic criteria, respectively, along with one-third of the contribution from the pro-

tected areas category. Finally, Soil Erodibility received the contribution from the soil/erosion 

category, and the Average Annual Precipitation criterion was assigned the contribution from 

the climatic criteria category. 
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Table 2 First approximation of the weight for the spatial criteria considered in the deci-

sion-making process of forest restoration in the Sarapuí River basin, São Paulo state, Bra-

zil. 

Spatial Criteria Weight 

Human Footprint 0.2718 

Probability of Connectivity 0.2259 

Drainage Density 0.1715 

Slope 0.1570 

Soil Erodibility 0.1304 

Average Annual Precipitation 0.0435 

Following this initial approximation, we evaluated the influence of each spatial criterion 

on our prioritization map. This step allows us to identify spatial criteria that are either overes-

timated (i.e., exerting more significant influence than their assigned importance) or underesti-

mated (exerting less influence than their assigned importance), enabling appropriate compen-

sation when necessary. 

Thus, to analyze the influence of spatial criteria, we used a one-at-a-time approach that 

explores the influence of the criteria by evaluating the impact of their removal on the final 

prioritization map (Malczewski and Rinner, 2015), aiding in verifying and calibrating criteria 

weight (Vanderley-Silva and Valente, 2023). 

The implementation followed a structured process. First, the spatial criteria were aggre-

gated using their initially assigned weights. Then, a correlation analysis was conducted between 

the spatial criteria and the first prioritization map obtained. The criterion with the highest cor-

relation (i.e., the most influential) was identified and removed from the next aggregation round, 

with its weight redistributed equally among the remaining criteria. This process was iteratively 

repeated until only the last pair of spatial criteria remained, ultimately revealing the criterion 

with the lowest correlation with the prioritization map (i.e., the least influential). 

This analysis aimed to verify whether the assigned weight-based ranking of importance 

was reflected in the final results, ensuring consistency with the influence ranking obtained 
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through the one-at-a-time analysis. After completing this analysis, the weights were adjusted 

accordingly, allowing the aggregation process to proceed. 

To perform the adjustment, we conducted a series of simulations in which varying per-

centages (5%, 10%, 15%, and 20%) were subtracted from the weights of spatial criteria whose 

influence was found to exceed their relative importance in the decision-making process, as 

identified through correlation analysis. The subtracted weights were then redistributed to the 

least correlated criteria with the one from which the weight was removed. At the end of each 

simulation, a new correlation analysis was performed between the resulting prioritization map 

and the spatial criteria, and the adjustment outcomes were subsequently evaluated. 

4.2.4. PRIORITIZATION 

4.2.4.1. WEIGHTED LINEAR COMBINATION (WLC) 

After obtaining the compensated weights for each spatial criterion, we proceeded with 

their aggregation and the subsequent evaluation of the prioritization map. For aggregation, we 

applied the Weighted Linear Combination (WLC) method, the most commonly used approach 

in MCDA-based spatial analyses (Malczewski and Rinner, 2015). 

According to these authors, the WLC model consists of a map combination procedure 

that assigns a set of criterion weights, 𝑊1, 𝑊2, … , 𝑊𝑛 to the 𝑖-th decision alternative (location) 

and combines these weights with the corresponding criterion (attribute) values, 𝐶1, 𝐶2, …, 𝐶𝑛, 

(i = 1, 2, …, n), as follows: 

𝑆 =  ∑ 𝑊𝑖 𝑥 𝐶𝑖                                                                                      𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 4. 

Where, 𝑆 = Adequacy / 𝑊𝑖= Final weight compensated for criterion i / 𝐶𝑖 = criterion score in 

factor i. 

After aggregation, we conducted a Sensitivity Analysis (SA) to assess the robustness of 

the final prioritization map. For this purpose, we once again employed one-at-a-time approach, 

this time varying the weights of the criteria individually by 10% (with two increments, one 
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above and one below the original weight) while keeping the others constant. The sensitivity 

measure for a factor (Si) is defined as the proportion of its variance (i.e., the variance of the 

pixel values for each criterion) relative to the total variance of the prioritization map (Si = Vi/Vt), 

as described by Eastman (2015) and Peñacoba-Antona et al., (2021).  

According to Chen et al. (2009), the procedure enables multiple simulations to quantify 

how weight changes systematically affect the final results. Through this process, it was possible 

to identify which criteria have the greatest influence on the variability of the outcome, as well 

as to visualize the spatial dynamics of these changes and assess the robustness of the model. 

The simulations used the MCE (Multi-Criteria Evaluation) decision support module within the 

TerrSet IDRISI Geospatial Monitoring and Modeling System. 

4.2.4.2. PRIORITY CLASSES 

After obtaining the prioritization map and assessing its robustness, we evaluated the 

output by calculating its descriptive statistics and subsequently conducted the zoning of priori-

tization classes. To this end, the classes were defined based on the natural breaks’ method, 

considering the frequency distribution of pixel values. Five priority classes were established: 

very low, low, medium, high, and very high priority for forest restoration. 

4.2.5. RESTORATION SCENARIOS 

4.2.5.1. INTERSECTIONS AND OPPORTUNITIES WITH LAND USE 

To evaluate restoration scenarios and opportunities across the landscape, we calculated 

the proportion of each land use and land cover class not subject to the restrictions with-in each 

prioritization class. This allowed us to identify each class's most abundant land use and land 

cover categories. Furthermore, we performed a top-rank analysis based on the cells with the 

highest prioritization values, overlaying these scenarios on the LULC map to pin-point con-

flicting land uses and identify opportunities for the most suitable cells in our prioritization map. 

Accordingly, we analyzed these three scenarios by ranking cells corresponding to the top 1%, 

5%, and 10% of prioritization values. 
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4.3. RESULTS AND DISCUSSION 

The initial results in structuring the decision-making process for forest restoration in the 

Sarapuí River basin consist of the spatial criteria selected to integrate the MCDA. Figure 2 

presents the spatial criteria for the basin in their original scales. Based on these rasters, we 

conducted a descriptive analysis of each criterion, along with an interpretation of their relevance 

to the objective of the analysis. These evaluations were particularly important for the subse-

quent step, which involved applying fuzzy membership functions to standardize the spatial cri-

teria on a standard priority scale (0-1). 

The Human Footprint map (Figure 2a) shows the predominance of regions experiencing 

low to moderate human influence (HF score < 20), with areas considered to have high and very 

high influence representing only 11.29% and 3.24% of the landscape, respectively. This pattern 

reinforces the high potential of the basin for forest restoration initiatives, as lower levels of 

human-induced disturbances are favorable for the success and development of restored areas 

(Tapia-Armijos et al., 2017; Borda-Niño et al., 2020). 

The map excerpt presented in Figure 2a highlights distinct clusters of high human influ-

ence in the northern portion of the basin, particularly along major roads such as the SP-250, 

which connects the cities of Itapetininga and Sorocaba the two major urban centers in the re-

gion. Elevated levels of human pressure are also evident near urban centers within the basin, 

especially in the Salto de Pirapora and Piedade municipalities. Notably, Piedade exhibits more 

broadly distributed human impacts across urban and rural areas, reflecting its significant popu-

lation in these zones (see Chapter III and Palmeira et al., 2020). Within the decision-making 

framework, areas experiencing intense human pressure are considered unsuitable for restoration 

and should therefore be avoided from prioritization. 

The Probability of Connectivity (PC) map (Figure 2b) was derived from the log-trans-

formed PC surface obtained in Chapter II. This spatialization proved consistent with the patch-
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level results and demonstrates high potential for use in biodiversity conservation, forest resto-

ration and integrated watershed management programs. Especially in MCDA-based ap-

proaches, the continuous spatial representation and linearity of the PC metric are valuable char-

acteristics that enhance the efficiency of prioritization in this kind of analysis (Malczewski, 

2000; Malczewski and Rinner, 2015; Esmail and Geneletti, 2018).  

The Drainage Density (Figure 2c) is consistent with the spatial distribution of the drain-

age network described by Morales and Valente (2023), showing a greater abundance of drain-

age channels in regions where first to third-order streams are more prevalent, typically located 

in the upper slopes of the basin. Jones et al. (2022) state that upper slope areas are critical in 

water infiltration and contribute to water flow towards lower slopes and valley floors. These 

landscape positions warrant special attention in forest restoration planning, as reforestation ef-

forts in such areas can significantly enhance infiltration, percolation, and moisture retention, 

ultimately contributing to improved watershed hydrology and the functioning of the water cy-

cle. 

The Slope (Figure 2d) is characterized by predominantly flat to gently undulating ter-

rain, with a mean and median of 11.94% and 10.97%, respectively. Although escarpments are 

present, they are minimally representative of the landscape, occurring only in isolated locations 

at the southern headwaters of the basin. With a predominance of pixels exhibiting slopes below 

45%, its spatial distribution also indicates a limited extent of Permanent Preservation Areas 

(PPAs) due to the Slope, as defined by current Brazilian legislation (see Federal Law No. 

12.651/2012). 
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Figure 2 – Spatial Criteria Set (original scale) and restrictions. a: Human Footprint (HF 

Scores); b: Probability of Connectivity (Log-Transformed PC values); c: Drainage Density 
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(Km/Km²); d: Slope (%); e: Soil Erodibility (Mg.ha.h.ha-1.MJ-1.mm-1); and f: Annual Aver-

age Precipitation (mm/m²). Sarapuí River basin, São Paulo state, Brazil. 

The predominance of gently undulating to flat terrain within the basin suggests a poten-

tial for land-use conflicts when allocating areas for restoration, as flatter regions are generally 

more conducive to large-scale agricultural activities (Borda-Niño et al., 2020). 

Soil erodibility (Figure 2e) ranged from 0.0238 to 0.0319 Mg.ha.h.ha-1.MJ-1.mm-1, with 

a mean value of 0.0270, indicates a predominance of medium erodibility soils in the basin, 

according to the classification proposed by Mannigel et al. (2002) for soils in the State of São 

Paulo. Soils with high erodibility (between 0.030 and 0.0450 Mg.ha.h.ha-1.MJ-1.mm-1, as per 

Mannigel et al. (2002) were found only in the headwaters in the extreme south of the basin. 

Although medium erodibility predominates in the basin, as highlighted by Coelho et al. 

(2024), proper land management practices, that combine mechanical and vegetative erosion 

control techniques and a usage aligned with its suitability, are essential to prevent soil and en-

vironmental degradation. The authors also emphasize the importance of evaluating erodibility 

in conjunction with other environmental factors, such as rainfall regime and topography, since 

even soils with medium or low erodibility may be prone to erosion depending on these factors 

and land use and management characteristics. 

Regarding spatial representation, average annual precipitation (Figure 2f) ranges from 

1,083.21 to 1,403.79 mm/year, with a mean of 1,240.21 mm/year and a median of 1,230.05 

mm/year. The low standard deviation (59.14 mm/year) and the narrow rainfall range of just 

320.58 mm/year between the wettest and driest areas suggest limited spatial variability in pre-

cipitation across the basin. 

Nearing et al. (2013) point out that significant changes in rainfall regimes are generally 

not observed at the spatial scales commonly used in MCDA-based prioritization methodologies, 

such as the watershed level. However, incorporating rainfall as a criterion in the decision-mak-

ing process remains essential, given its interaction with physical landscape characteristics like 
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soil erodibility and slope. This consideration is particularly important in restoration prioritiza-

tion, where future forest cover is expected to contribute to the ecological and conservation-

oriented management of soil and water resources. 

The correlation matrix among spatial criteria (Table 3) generally indicates low-magni-

tude correlations, suggesting that the criteria are mainly independent. The Human Footprint 

presented weak negative correlations with most other criteria, particularly with Drainage Den-

sity and Probability of Connectivity. These results suggest that areas with higher human pres-

ence exhibit lower landscape connectivity and drainage density levels. Meanwhile, Slope 

showed weak correlations with all other criteria, reinforcing its relative independence within 

the dataset. 

Table 3 – Correlation matrix among all the spatial criteria (original scale). Sarapuí River 

basin, São Paulo state, Brazil. 

Spatial 

Criteria 

Human 

Footprint 

Probability 

of 

Connectivity 

Drainage 

Density 
Slope 

Soil 

Erodibility 

Average 

Annual 

Precipitation 

Human 

Footprint 
1      

Probability of 

Connectivity 
-0.1722 1     

Drainage 

Density 
-0.2380 0.3229 1    

Slope -0.0353 0.1542 0.1672 1   

Soil 

Erodibility 
0.1656 0.2459 0.0486 0.1726 1  

Average 

Annual 

Precipitation 

0.0526 0.2880 0.0375 0.2268 0.6214 1 

The highest positive correlation observed was between Average Annual Precipitation 

and Soil Erodibility, suggesting that areas with higher rainfall tend to have soils more suscep-

tible to erosion, possibly due to increased surface runoff. The Probability of Connectivity 

showed moderate positive correlations with both Soil Erodibility and Precipitation, reflecting 
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the influence of environmental factors on landscape structure and connectivity. All remaining 

correlations were below 0.3, indicating a lack of strong redundancy among the selected criteria, 

supporting their integration in a multi-criteria evaluation approach. 

Following the spatial representation and evaluation of the spatial criteria and the corre-

lation analysis, we proceeded to standardize the criteria onto a standard suitability scale ranging 

from zero to one. To achieve this, we applied linear fuzzy membership functions, adjusting the 

crisp values of each criterion to ensure their representativeness and relevance in the decision-

making process. 

We used a decreasing linear function for the Human Footprint criterion, as we aimed to 

prioritize areas under lower human pressure for forest restoration. Accordingly, the crisp value 

corresponding to the highest priority was set at 0.22 (i.e., the lowest pixel value), while the crisp 

value of 24.79 was assigned the lowest priority. 

Although the maximum Human Footprint value reaches 41.61 (Figure 4a), values above 

20 are relatively infrequent. Thus, including the entire range in the fuzzy function would result 

in an excessively broad standardized criterion, reducing its efficiency in prioritization. There-

fore, we selected 24.79 as the upper crisp value, as it marks the threshold for the class defined 

as “very high human influence,” according to the findings presented in Chapter III. This ap-

proach ensures that the spatial criterion adequately reflects its intended concept (i.e., prioritizing 

areas under lower human influence) within the decision-making process. 

We applied an increasing linear fuzzy membership function for the Probability of Con-

nectivity. In this case, we aimed to prioritize areas with higher connectivity within the land-

scape, favoring immigration and colonization processes that are fundamental for restoring bio-

diversity in degraded environments (Watts and Hughes, 2024). As highlighted by the authors, 

habitat restoration efforts should be aimed at extending and linking source populations to 
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increase population sizes, reduce the risk of local extinctions, maximize colonization benefits, 

and accelerate the realization of biodiversity restoration outcomes. 

It is important to recognize that alternative standardization strategies may be more ap-

propriate in landscapes undergoing recent fragmentation, where the surrounding matrix remains 

largely forested and retains a relatively high degree of connectivity. In such contexts, prioritiz-

ing areas with intermediate connectivity potential may yield more ecologically meaningful re-

sults. A suitable methodological approach involves using a Gaussian fuzzy membership func-

tion, wherein the inflection point representing the highest priority is determined using a cen-

trality metric, such as the mean or median, depending on the underlying data distribution. The 

lower and upper bounds, corresponding to the lowest priority values, are defined based on the 

minimum and maximum values of Probability of Connectivity (PC). This approach allows for 

a more nuanced prioritization that reflects the transitional nature of the recently fragmented 

landscape. 

In our case, we applied an increasing linear membership function using the minimum 

and maximum values from the original distribution of the criterion. The lowest priority (value 

of zero) was assigned to the minimum PC value (-25.09), while the highest priority (value of 

one) was assigned to the maximum value (-0.50). 

For the Drainage Density criterion, we defined the minimum (0.18) and maximum 

(5.28) observed values as the crisp limits of an increasing linear fuzzy membership function. 

This standardization emphasized selecting areas with higher drainage density, thereby priori-

tizing portions of the landscape characterized by a greater concentration of watercourses over 

those with sparser hydrographic networks.  

For the slope criterion, due to the predominance of flat terrain across the basin and a 

skewed distribution concentrated below 25%, it was necessary to define a threshold for identi-

fying higher-priority areas during the standardization process. An increasing linear fuzzy 
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membership function was applied to standardize this spatial criterion, with limits set at 0% and 

30% slope, where priority increases proportionally with slope. 

The 30% threshold was selected based on the distribution of pixel values in the slope 

raster (Figure 2d) and considering factors such as the unsuitability of areas with this level of 

steepness and above for extensive agricultural activities (IBGE, 2013), as well as the tendency 

for such areas to be abandoned, as reported by Barlow et al. (2016). It is also important to 

highlight those prioritizing areas above 30% slope represents a significantly more restrictive 

condition than that established by Federal Law No. 12.651/2012, which designates slopes 

greater than 45° (100%) as Permanent Preservation Areas (PPAs) and classifies areas between 

25° (46.63%) and 45° (100%) as restricted-use zones. 

Finally, an increasing linear fuzzy membership function was applied to both Soil Erod-

ibility and Average Annual Precipitation, using their minimum and maximum values as crisp 

thresholds. For Soil Erodibility, the lower and upper bounds were set at 0.0238 and 0.0319 

Mg.ha.h.ha-1.MJ-1.mm-1, respectively. For Average Annual Precipitation, the minimum and 

maximum values were defined as 1,083.21 mm/year and 1,403.79 mm/year. This standardiza-

tion approach emphasizes selecting areas exhibiting higher soil erodibility and greater rainfall 

intensity, which are more susceptible to erosive processes. 

 Figure 3 presents the spatial criteria after applying fuzzy membership functions, thereby 

standardized to a common prioritization scale ranging from zero (lowest priority) to one (high-

est priority).  
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Figure 3 – Spatial Criteria Set (standardized scale) and restrictions. a: Human Footprint; 

b: Probability of Connectivity; c: Drainage Density; d: Slope; e: Soil Erodibility; and f: 

Annual Average Precipitation. Sarapuí River basin, São Paulo state, Brazil. 
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This standardization process led to significant shifts in the spatial representation and 

interpretability of the original data. In their raw form (Figure 2), the spatial criteria exhibited 

diverse value ranges and distribution patterns, often limiting direct comparison due to differ-

ences in units and scales. By transforming these criteria using fuzzy membership functions 

(Figure 3), each dataset was normalized according to its conceptual relevance to forest restora-

tion, enabling consistent integration within the multicriteria framework. The transformation 

also allowed the prioritization logic to be more explicitly reflected in the spatial distribution of 

values, enhancing the decision-making potential of each criterion. 

Notably, areas under lower human pressure were clearly emphasized in the standardized 

Human Footprint map through a decreasing linear function, which effectively inverted the pri-

oritization logic by assigning higher suitability values to areas with lower anthropogenic dis-

turbance. In contrast, regions exhibiting higher ecological connectivity were reinforced through 

an increasing linear function applied to the Probability of Connectivity criterion. Similarly, in-

creasing fuzzy functions for Drainage Density, Soil Erodibility, and Average Annual Precipi-

tation highlighted areas of greater ecological sensitivity and relevance.  

A particularly notable transformation was observed in the Slope criterion. While the 

original slope map was predominantly characterized by flat to gently undulating terrain, apply-

ing a fuzzy membership function with an upper threshold of 30% substantially redefined the 

spatial pattern by assigning higher priority values to steeper areas. This adjustment reflects the 

increased ecological and hydrological relevance of such zones in restoration planning. Overall, 

the fuzzy standardization process ensured conceptual consistency across the various criteria and 

enhanced their discriminatory power to identify priority areas for effective forest resto-ration. 

The application of fuzzy membership functions also influenced the statistical relation-

ships among the spatial criteria, as evidenced by the comparison between the pre- and post-

standardization correlation matrices (Tables 3 and 4). In the original scale, most correlations 



 

148 
 

were weak or moderate, with the highest positive correlation observed between Average Annual 

Precipitation and Soil Erodibility (r = 0.6214), suggesting a tendency for more erodible soils to 

occur in areas with higher rainfall.  

Additionally, the Human Footprint criterion showed weak to moderate negative corre-

lations with ecological and hydrological variables such as Drainage Density and Probability of 

Connectivity, indicating that areas with intense human influence tend to be less connected and 

less hydrologically structured. 

Table 4 – Correlation matrix among all the spatial criteria (standardized scale: 0-1). 

Sarapuí River basin, São Paulo state, Brazil. 

Spatial 

Criteria 

Human 

Footprint 

Probability 

of 

Connectivity 

Drainage 

Density 
Slope 

Soil 

Erodibility 

Average 

Annual 

Precipitation 

Human 

Footprint 
1      

Probability of 

Connectivity 
0.1599 1     

Drainage 

Density 
0.2301 0.3336 1    

Slope 0.0274 0.1571 0.1784 1   

Soil 

Erodibility 
-0.1719 0.2542 0.0440 0.1764 1  

Average 

Annual 

Precipitation 

-0.0621 0.2961 0.0475 0.2276 0.6369 1 

After the fuzzy transformation, although the general structure of relationships among 

criteria was preserved, important correlation magnitude and direction shifts were observed. The 

most prominent change occurred in the Human Footprint criterion, which presented positive 

correlations with all other criteria in the standardized scale, a direct result of applying a de-

creasing fuzzy function that inverted the direction of the original values.  

Consequently, what was previously interpreted as a negative association with ecological 

and environmental factors became a positive alignment in the prioritization context. 
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Additionally, the correlation between Precipitation and Soil Erodibility remained strong (r = 

0.6369), reinforcing the intrinsic environmental relationship between these variables, while cor-

relations among the other criteria generally remained weak to moderate.  

This preservation of low redundancy among criteria in the fuzzy scale supports their 

continued suitability for integrated analysis. At the same time, the observed shifts highlight how 

standardization not only enables comparison but also realigns the data to reflect decision-mak-

ing priorities more effectively. 

After standardizing the criteria set, we conducted an influence analysis to determine the 

ranking of spatial criteria based on their impact on the prioritization map. The results of this 

analysis are presented in Table 5, which shows the correlation coefficients between each spatial 

criterion and the aggregated output at the end of each iteration. It is important to note that the 

previously most correlated criterion was removed from the analysis in each iteration, and its 

weight was evenly redistributed among the remaining criteria. 

Table 5 – Influence analysis results for spatial criteria on the aggregation results. Corre-

lation coefficients obtained in each round (1 to 5) and the average correlation for each 

criterion (x̅). Sarapuí River basin, São Paulo state, Brazil. 

Spatial Criteria WLC1 WLC2 WLC3 WLC4 WLC5 WLCx̅ 

Human Footprint 0.59 0.61 0.70 - - 0.63 

Probability of Connectivity 0.67 - - - - 0.67 

Drainage Density 0.57 0.55 0.58 0.52 0.74 0.59 

Slope 0.53 0.62 - - - 0.57 

Soil Erodibility 0.34 0.38 0.44 0.81 - 0.49 

Average Annual Precipitation 0.38 0.42 0.46 0.75 0.69 0.54 

From the influence analysis, we derived a ranking that allowed us to compare the order 

of importance with the order of influence, as presented in Table 6. This comparison reveals an 

inversion in the influence ranking relative to the importance ranking between the Human Foot-

print and the Probability of Connectivity, as well as between Soil Erodibility and Average An-

nual Precipitation. 
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Table 6 –Criteria set ranking in order of importance for the decision-making process and 

their influence on the output. Sarapuí River basin, São Paulo state, Brazil. 

Rank Importance Influence 

1 Human Footprint Probability of Connectivity 

2 Probability of Connectivity Human Footprint 

3 Drainage Density Drainage Density 

4 Slope Slope 

5 Soil Erodibility Average Annual Precipitation 

6 Average Annual Precipitation Soil Erodibility 

Notably, the spatial criteria that exhibited an inversion between importance and influ-

ence occupy the first and last positions in the ranking and are also those with the smallest initial 

weight differences (Table 2). Additionally, the central tendency measures of their distributions 

(means and medians) are higher for the most influential criteria in both cases (Figure 4), indi-

cating a considerable frequency of high-priority pixels for these criteria (Probability of Con-

nectivity and Average Annual Precipitation) compared to those deemed more important (Hu-

man Footprint and Soil Erodibility). 

Moreover, it is important to consider that Average Annual Precipitation is moderately 

correlated with Soil Erodibility (r = 0.6369), a value significantly higher than the other corre-

lations within the criteria set. This relation likely increased the influence of Average Annual 

Precipitation in the final aggregation map. 

Once the influence ranking was established, we ran simulations in which weights were 

progressively reduced from the most influential criteria (Probability of Connectivity and Aver-

age Annual Precipitation) and redistributed to the criteria least correlated with them, namely 

Human Footprint and Slope. The results of this analysis for the four scenarios (with weight 

reductions of 5%, 10%, 15%, and 20%) are presented in Table 7. 

Table 7 – Adjusted criterion weights and correlation coefficients (r) between environmen-

tal criteria and the prioritization map for the four evaluated scenarios. Sarapuí River ba-

sin, São Paulo state, Brazil. 

Spatial Criteria 
WLC5% WLC10% WLC15% WLC20% 

Weight r Weight r Weight r Weight r 
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Human Footprint 0.2785 0.60 0.2853 0.61 0.2920 0.61 0.3033 0.63 

Probability of 

Connectivity 
0.2146 0.65 0.2033 0.64 0.1920 0.65 0.1715 0.59 

Drainage Density 0.1715 0.56 0.1715 0.56 0.1715 0.56 0.1715 0.55 

Slope 0.1637 0.54 0.1705 0.55 0.1772 0.56 0.1885 0.58 

Soil Erodibility 0.1304 0.34 0.1304 0.33 0.1304 0.32 0.1304 0.31 

Average Annual 

Precipitation 
0.0413 0.37 0.0392 0.37 0.0370 0.36 0.0348 0.35 

As the adjustments became more intense (15% and 20%), distortions emerged in the 

expected order of criterion influence, particularly concerning the Slope criterion, which began 

to exhibit an influence more significant than or equivalent to that of Drainage Density. This fact 

contradicts the initial hierarchical logic of importance. Such an inversion is undesirable, espe-

cially considering that drainage density represents a fundamental hydrological factor for guid-

ing restoration efforts in critical areas such as riparian zones. In contrast, although relevant, the 

slope has less spatial representativeness within the basin. 

Additionally, scenarios involving more significant weight reduction for the Probability 

of Connectivity criterion (as in the 15% and 20% adjustments) tended to weaken its ability to 

adequately represent the ecological functionality of the landscape, particularly by reducing its 

contrast with the Human Footprint criterion. This contrast is desirable, given that both criteria 

occupy the upper extremes of the importance hierarchy.  

Even after the applied adjustments, this high influence exerted by the Probability of 

Connectivity can be partially explained by its moderate correlations with the other components 

of the criteria set (ranging from r = 0.15 to r = 0.33). Although these correlations are not par-

ticularly strong, their recurring presence reinforces the central role of ecological connectivity 

as an integrative criterion capable of broadly reflecting landscape structure and functionality. 

This behavior aligns with the nature of the index used, which incorporates both habitat availa-

bility and potential movement between patches (Saura and Pascual-Hortal, 2007), attributes 

influenced by the landscape matrix's biophysical and spatial characteristics. 
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In the case of the Average Annual Precipitation criterion, its higher-than-expected in-

fluence primarily results from its strong correlation with Soil Erodibility (r = 0.6369), suggest-

ing an association between areas with higher precipitation and soils more susceptible to particle 

loss. This association underscores the need to consider the combined effects of climate and soil 

in restoration planning, particularly in tropical regions where intense rainfall accelerates erosive 

processes (Coelho et al., 2024). Thus, the increased influence of this criterion, though not in-

tended initially, represents a response of the model to the basin's specific environmental condi-

tions, which impart greater practical relevance to the interactions between variables. 

These observations do not indicate flaws in the model; instead, they reveal inherent 

characteristics of the landscape and the selected criteria. The existence of associations between 

correlated criteria, such as Precipitation and Erodibility, or between Connectivity and the bio-

physical attributes of the matrix tends to reinforce specific prioritization patterns. In contexts 

like the Sarapuí River basin, characterized by high environmental heterogeneity and intense 

anthropogenic pressure, such patterns should be interpreted as legitimate manifestations of on-

going ecological dynamics, which multi-criteria analysis seeks to capture and incorporate into 

the decision-making process. 

Using the weights obtained from the 10% adjustment presented in Table 7, we produced 

a forest restoration prioritization map for the Sarapuí River Basin (Figure 4). The application 

of our prioritization model resulted in a continuous gradient of suitability values for forest res-

toration. The spatial distribution of these values reveals a marked heterogeneity across the ba-

sin, with high and very-high priority areas predominantly concentrated in the southern and 

southwestern regions. In contrast, lower-priority areas are mainly associated with the central-

northern zones.  

The prioritization values range from 0.12 to 0.88, and the distribution exhibits a near-

normal pattern with closely aligned central tendency measures (mean = 0.51 and median = 
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0.52). This behavior indicates that the final aggregation is not biased toward any specific spatial 

criterion. 

  

Figure 4 – Forest Restoration Priority Map for the Sarapuí River Basin (Continuous 

Scale). São Paulo state, Brazil. 

The continuous prioritization map offers not only a reliable spatial representation of 

areas with restoration potential but also highlights the value of integrating multiple environ-

mental and anthropogenic criteria to capture the complex dynamics of the landscape. Notably, 

the smooth gradient produced by this approach delineates transitional zones that may benefit 

from tailored intervention strategies.  

This level of spatial nuance is critical for informing targeted restoration efforts that aim 

to enhance ecological connectivity, mitigate anthropogenic pressures, and account for socioec-

onomic constraints. These findings align with the recommendations of Malczewski and Rinner 

(2015) and are further supported by the contributions of Tapia-Armijos et al. (2017) and Borda-
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Niño et al. (2020), who emphasize the importance of integrative, context-sensitive approaches 

in spatial decision-making for ecosystem restoration. 

To further evaluate the robustness of the decision-making process, a sensitivity analysis 

was performed to assess the influence of individual criteria on the final prioritization outcome. 

This analysis quantified both the absolute and proportional variations in the output resulting 

from incremental adjustments (±10%) in the weights assigned to each criterion. The results, 

summarized in Table 8, reveal the relative sensitivity of each criterion, providing insights into 

their respective contributions to the overall prioritization. Criteria with higher sensitivity values 

exert greater influence on the spatial distribution of priority areas, underscoring their critical 

role in shaping restoration decisions. 

Table 8 – Sensitivity Analysis Results for the Forest Restoration Prioritization Map of the 

Sarapuí River Basin, São Paulo State, Brazil. 

Spatial Criteria Variance Sensitivity Sensitivity (%) 

Human Footprint 1020.82 0.175 17.5 

Probability of Connectivity 974.96 0.167 16.7 

Drainage Density 976.75 0.168 16.8 

Slope 1001.79 0.172 17.2 

Soil Erodibility 999.85 0.172 17.2 

Average Annual Precipitation 850.54 0.146 14.6 

Total 5824.72 1 100 

The analysis revealed that pixel value variation in the final aggregation map, indicative 

of the model's sensitivity to changes in criterion weights, ranged from 14.6% to 17.5%. This 

relatively narrow range confirms the overall stability and robustness of the aggregated prioriti-

zation output. It suggests that the final map does not disproportionately reflect any single crite-

rion, despite variations in their initial relative weights, thereby supporting the methodological 

soundness of the multi-criteria integration. 

The consistent sensitivity values reinforce the reliability of our MCDA-GIS framework 

in heterogeneous landscapes such as the Sarapuí River Basin. By ensuring that no single crite-

rion disproportionately influences the outcome, our approach provides a balanced assessment 
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that captures the intrinsic ecological processes (e.g., connectivity as reflected by the Probability 

of Connectivity) and anthropogenic pressures (as represented by the Human Footprint). More-

over, the sensitivity analysis contributes to validating our method’s robustness, enhancing con-

fidence in its applicability for strategic decision-making in restoration planning. 

Building on these results, we divided the basin into five distinct priority classes based 

on natural breaks in the distribution of the continuous prioritization values. This zonation ena-

bled us to evaluate forest restoration scenarios by comparing the established priority classes 

with the current land-use and land-cover patterns. In doing so, our approach not only identifies 

areas with high ecological restoration potential but also explores potential land-use conflicts 

across the various priority classes. 

Figure 5 presents the categorized prioritization map, which segments the basin into five 

classes ranging from very low to very high restoration potential, alongside three restoration 

scenarios that consider the top 1%, 5%, and 10% of pixels with the highest suitability values. 

The figure further illustrates the spatial intersection between these high-priority zones and the 

existing land uses, providing a detailed view of land-use conflict dynamics among the five pri-

ority zones. 

Annual agriculture is the primary category across all priority zones due to its predomi-

nance in the landscape matrix. Nonetheless, it is noteworthy that the proportion of silviculture 

increases as the restoration priority escalates, whereas pasture areas are more prevalent in the 

intermediate priority classes. In silviculture's case, 45.8% of the top 1% of prioritized pixels 

and 32.9% of the pixels within the very high-priority class are under forestry management.  

The observed conflict in these high-priority regions poses a more significant threat since 

forestry cultivation generally requires less stringent biophysical conditions than annual agricul-

ture (i.e. slope, soil fertility, and proximity to roads and infrastructure). These characteristics 
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have contributed to the widespread recommendation of silviculture as a viable land-use alter-

native for reforestation in areas unsuitable for annual cropping (EMBRAPA, 2012). 

 
Figure 5 – Forest Restoration Priority Classes (a), land use conflict in the different priority 

classes (b), and prioritization scenarios (c, d, and e) for the Sarapuí River Basin. São Paulo 

state, Brazil. 

Although pasture lands are more dominant in the medium and high-priority classes, 

these regions also display significant potential for forest restoration. This scenario is particu-

larly relevant because the majority of these pasture areas are unproductive and degraded; when 

restoration initiatives are promoted in these areas, they not only have the potential to improve 

ecological functionality but may also generate income for rural producers through mechanisms 

such as payments for ecosystem services and carbon credit negotiations. 

4.4. CONCLUSIONS 

The site prioritization for forest restoration in this study represents a comprehensive and 

methodologically sound solution, both conceptually and technically. This framework addresses 

critical gaps in restoration planning by successfully integrating spatial criteria that promote 
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ecological processes, avoid human-induced disturbances, and account for socio-economic as-

pects in target areas while enhancing the capacity of restored forest cover to fulfill mitigation 

and protective functions in the post-intervention landscape. 

Incorporating Probability of Connectivity, Human Footprint mapping and Drainage 

Density effectively filled methodological gaps previously identified in similar decision-making 

processes. These criteria captured ecological relevance, human-induced disturbances, socio-

economic dimensions, and hydrological processes, contributing to a more holistic spatial rep-

resentation. Their conceptual suitability and technical robustness support their continued use in 

Multicriteria Decision Analysis (MCDA) conservation and restoration planning frameworks in 

human-modified landscapes. 

Despite the predominance of agriculture in the matrix, the prioritization scenarios re-

vealed that silviculture represents a conflicting land use in high-priority areas. In contrast, pas-

turelands emerge as promising opportunities for restoration, particularly in regions classified as 

medium to high priority. Often degraded and unproductive, these areas also offer potential for 

socio-economic gains through mechanisms such as Payment for Ecosystem Services (PES) and 

carbon credit initiatives. 

Overall, the proposed framework demonstrated replicability and robustness, offering a 

practical and scalable approach for spatial decision-making. The set of criteria and their hierar-

chical structure are recommended for application in similar contexts, particularly in tropical 

forest landscapes undergoing intense anthropogenic pressures. This work contributes to the 

broader goal of aligning forest restoration initiatives with ecological functionality, social rele-

vance, and territorial resilience principles. 
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CONCLUDING REMARKS 

The present Thesis proposed an integrated approach to support spatial decision-making 

in human-modified landscapes, prioritizing forest restoration areas. Throughout this research, 

it became clear that effective restoration planning cannot be limited to the simple reforestation 

of degraded areas. Instead, it must incorporate a deeper understanding of landscape functional-

ity, land use legacy, ecological processes, and human pressures. This study demonstrates that a 

robust decision-making process for restoration must be conceptually sound and methodologi-

cally rigorous, integrating ecological, biophysical, and socioeconomic criteria within a spatially 

explicit framework. 

Chapter I revealed a fragmented and often inconsistent application of spatial criteria in 

restoration prioritization studies. While disturbance-related and ecological criteria were fre-

quently employed, there was a notable lack of consensus regarding the selection and standard-

ization of these criteria. Standard metrics, such as simple Euclidean distances to forest frag-

ments, were shown to be inadequate for representing landscape processes in dynamic and frag-

mented landscapes. Moreover, the limited incorporation of social and economic dimensions 

into decision frameworks highlighted a critical gap in the literature. In response to these issues, 

this study proposed using the Probability of Connectivity (PC) as a more robust ecological cri-

terion and adapting the Human Footprint metric to capture anthropogenic pressures and socio-

economic dynamics at the river basin scale. These elements offer a more comprehensive basis 

for spatial decision-making in restoration efforts. 

Building upon these insights, Chapter II applied the concepts to the Sarapuí River Basin, 

where a spatiotemporal analysis over 35 years revealed complex patterns of land use and forest 

cover change. Such dynamics were only observable through the explicit combination of spatial 

and temporal scales, enabling the differentiation of gain, loss, and stability events at the patch 

level. These findings go beyond simple comparisons of two static maps, offering a more 
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nuanced understanding of the temporal legacy of habitat patches. Notable phenomena identified 

using the proposed methodology include the simultaneous occurrence of patch aggregation and 

fragmentation and the rejuvenation of forest cover. The spatialization of the Probability of Con-

nectivity further enabled the identification of functional connectivity hotspots, highlighting the 

metric's potential for incorporation into conservation and restoration decision-making processes 

at the watershed scale. This approach addresses the methodological weaknesses identified in 

Chapter I, particularly the limitations of Euclidean distance-based metrics for representing eco-

logical aspects of landscapes. These findings underscore the need for restoration strategies re-

sponsive to landscape dynamics and prioritizing connectivity as a pathway for ecological re-

covery. 

Moving forward, Chapter III advanced the methodological contributions of this research 

by adapting the Human Footprint methodology, initially developed for global assessments, to 

a watershed-scale application suitable for local decision-making. This adaptation provided a 

detailed spatial diagnosis of human pressures, integrating land use, access, infrastructure, and 

socioeconomic variables. The resulting maps highlighted areas of high anthropogenic impact, 

serving as critical tools for identifying constraints and opportunities for restoration. By demon-

strating the feasibility of incorporating socioecological complexity into spatial decision frame-

works, this chapter addresses a significant limitation in the literature regarding structured deci-

sion-making processes in environmental contexts. 

Finally, Chapter IV synthesized these findings into a robust and replicable Multicriteria 

Decision Analysis (MCDA) framework for restoration prioritization. The proposed model in-

tegrates ecological (e.g., PC), biophysical (e.g., slope, erodibility, precipitation), and anthropo-

genic (e.g., Human Footprint) criteria while also addressing methodological challenges such as 

the over-reliance on Euclidean distance metrics in fragmented and hydrologically complex 

landscapes. The inclusion of drainage density as a criterion exemplifies the model's attention to 
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landscape-specific processes, particularly in overcoming the limitations of simple distance-

based metrics in well-drained areas. 

A critical component of the framework was evaluating spatial criteria prior to normali-

zation, including analyses of distributions, ranges, and the ecological meaning of each variable. 

This careful pre-processing step ensured that the normalization process preserved the integrity 

and comparability of the data, directly contributing to the efficiency and reliability of the deci-

sion-making process. Additionally, the model incorporated correlation analyses to identify and 

address potential redundancies among criteria, refining the variable set and enhancing the 

framework's robustness. The weights assigned to each criterion were informed by an extensive 

review of the scientific literature, ensuring a theoretically grounded and contextually relevant 

prioritization framework. This rigorous weighting approach further reinforces the model's trans-

parency and replicability. 

The resulting prioritization maps offer a practical and scientifically sound tool to guide 

restoration efforts, supporting allocating limited resources to areas with the highest potential 

for ecological recovery. This framework has clear applications in public policy, conservation 

programs, watershed management, and Payment for Environmental Services (PES) initiatives, 

demonstrating its value as a decision-support instrument for integrated and effective landscape 

management. 

In summary, this Thesis demonstrates that effective restoration planning requires more 

than a collection of spatial datasets. It demands a careful conceptualization of what each crite-

rion represents, a critical reflection on its ecological and social relevance, and a methodological 

framework that is transparent, adaptable, and grounded in the dynamics of the landscape. Inte-

grating ecological connectivity, anthropogenic pressures, and landscape-specific characteristics 

into a single decision framework represents a significant contribution to landscape restoration, 
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addressing longstanding gaps in the literature and offering a replicable model for diverse envi-

ronmental contexts. 

This work reaffirms that forest landscape restoration is a key strategy for achieving the 

2030 Agenda for Sustainable Development Goals, promoting biodiversity conservation, climate 

change mitigation, and the resilience of social-ecological systems. It is hoped that the methods, 

reflections, and insights presented here will inspire future research, guide practical applications, 

and inform the development of more effective, context-sensitive restoration policies. 


