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Abstract

Road infrastructure development in Sub-Saharan Africa (SSA) is rapidly expanding, creating both
economic opportunities and ecological challenges that require urgent attention from researchers and
policymakers. This dissertation investigates how road networks fundamentally alter socio-ecological
systems across multiple scales throughout SSA. The research employs systematic literature synthesis,
spatial analysis, and decision-support modeling to understand these complex interactions.

A systematic literature review of 255 peer-reviewed studies focusing on road impacts in Sub-Saharan
African contexts reveals a highly fragmented research landscape, with 95% of studies examining either
socio-economic or environmental impacts in isolation rather than considering their interconnected
nature. This disciplinary divide limits comprehensive understanding of infrastructure-driven change and
constrains effective policy development.

Empirical spatial analysis across Tanzania demonstrates that road infrastructure exerts 8-16 times
greater influence on land-use change than proximity to protected areas, challenging traditional
conservation planning approaches that emphasize static boundaries. Forest loss patterns follow a
distinctive U-shaped relationship with road distance, with the highest deforestation occurring both near
roads (38.5%) and in remote areas (38.4%), while intermediate zones show lower impacts (23.1%). Spatial
spillover effects between zones account for 28% of deforestation variance, confirming that landscape
changes transcend administrative and ecological boundaries.

Focusing on Tanzania's Greater Serengeti Ecosystem, geospatial analyses reveal dramatic post-2015
acceleration in agricultural expansion (112% increase), settlement growth (15% increase), and forest
degradation (76% increase) concentrated near road transportation corridors. These findings
demonstrate that current buffer zone management strategies are insufficient to address the cascading
impacts of road development.

To address these complex trade-offs, an integrated decision-support framework was developed
combining Multi-Criteria Decision Analysis (MCDA) with Bayesian Belief Networks (BBN) and
incorporating stakeholder preferences from 30 regional experts. Applied to four proposed road routes in
the Greater Serengeti, results show that conservation-compatible options deliver 60% higher long-term
sustainability while serving 70% of the population with 291% greater per-capita efficiency compared to
conventional connectivity-maximizing approaches.

This research contributes to a Multi-Scale Spatial Dependency Framework that advances theoretical
understanding of road infrastructure-landscape interactions and introduces the concept of "dynamic
resistance zones" for adaptive conservation planning. By integrating ecology, spatial analytics, and
stakeholder values, the study provides practical tools for guiding sustainable road infrastructure
development in biodiversity-rich regions under accelerating development pressures.



Zusammenfassung

Die Entwicklung der StraRReninfrastruktur in Subsahara-Afrika (SSA) expandiert rasant und schafft sowohl
wirtschaftliche Maoglichkeiten als auch 6kologische Herausforderungen, die dringend Aufmerksamkeit
von Forschern und Politikern erfordern. Diese Dissertation untersucht, wie Strallennetze
soziookologische Systeme auf mehreren Ebenen in ganz SSA grundlegend verdndern, indem sie
systematische Literatursynthese, raumliche Analyse und Entscheidungsunterstiitzungsmodellierung
verwendet, um diese komplexen Wechselwirkungen zu verstehen.

Eine systematische Literaturrecherche von 255 peer-reviewten Studien, die sich auf
StraBenauswirkungen in subsaharischen afrikanischen Kontexten konzentrieren, offenbart eine
hochgradig fragmentierte Forschungslandschaft, wobei 95% der Studien entweder soziobkonomische
oder umweltbezogene Auswirkungen isoliert betrachten, anstatt ihre miteinander verbundene Natur zu
berlicksichtigen. Diese disziplindre Spaltung begrenzt das umfassende Verstdandnis infrastruktur-
getriebener Veranderungen und schrankt die effektive Politikentwicklung ein.

Empirische rdumliche Analysen in ganz Tansania zeigen, dass StraReninfrastruktur 8-16-mal grofSeren
Einfluss auf Landnutzungsdanderungen ausibt als die Ndhe zu Schutzgebieten, was traditionelle
Naturschutzplanungsansatze herausfordert, die statische Grenzen betonen. Waldverlustmuster folgen
einer charakteristischen U-férmigen Beziehung zur Strafenentfernung, wobei die hochste Entwaldung
sowohl in der Ndhe von StralRen (38,5%) als auch in abgelegenen Gebieten (38,4%) auftritt, wahrend
Zwischenzonen geringere Auswirkungen zeigen (23,1%). Raumliche Spillover-Effekte zwischen den Zonen
sind flr 28% der Entwaldungsvarianz verantwortlich und bestatigen, dass Landschaftsveranderungen
administrative und 6kologische Grenzen (iberschreiten.

Mit Fokus auf Tansanias Greater Serengeti Okosystem offenbaren geospatiale Analysen eine dramatische
Beschleunigung nach 2015 bei der landwirtschaftlichen Expansion (112% Zunahme), dem
Siedlungswachstum (15% Zunahme) und der Walddegradation (76% Zunahme), konzentriert in der Nahe
von StralRentransportkorridoren. Diese Erkenntnisse zeigen, dass aktuelle Pufferzonen-
Managementstrategien unzureichend sind, um die kaskadierenden Auswirkungen der
StraRenentwicklung zu bewaltigen.

Um diese komplexen Trade-offs anzugehen, wurde ein integriertes
Entscheidungsunterstitzungsframework entwickelt, das Multi-Kriterien-Entscheidungsanalyse (MCDA)
mit Bayesianischen Belief-Netzwerken (BBN) kombiniert und Stakeholder-Praferenzen von 30 regionalen
Experten einbezieht. Angewendet auf vier vorgeschlagene StraBenrouten im Greater Serengeti zeigen
die Ergebnisse, dass naturschutzkompatible Optionen 60% hohere langfristige Nachhaltigkeit liefern,
wahrend sie 70% der Bevolkerung mit 291% groRRerer Pro-Kopf-Effizienz im Vergleich zu konventionellen
konnektivitats-maximierenden Ansdtzen bedienen.

Diese Forschung tragt ein Multi-Scale Spatial Dependency Framework bei, das das theoretische
Verstandnis von Stralleninfrastruktur-Landschaftsinteraktionen vorantreibt und das Konzept der
"dynamischen Widerstandszonen" fiir adaptive Naturschutzplanung einfiihrt. Durch die Integration von
Okologie, rdumlicher Analytik und Stakeholder-Werten bietet die Studie praktische Werkzeuge zur
Anleitung nachhaltiger StraBeninfrastrukturentwicklung in biodiversitatsreichen Regionen unter
beschleunigten Entwicklungsdricken.
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Chapter 1: Introduction and Motivation

1.1 Background

Sub-Saharan Africa faces a critical challenge in balancing development needs with conservation goals.
The region is experiencing massive infrastructure expansion that directly intersects with globally
significant biodiversity conservation priorities. Driven by economic integration efforts and international
investment, over 25 million kilometers of new roads are projected by 2050, with much of this growth
concentrated in 33 major development corridors (Laurance et al.,, 2017). These infrastructure
developments traverse ecologically sensitive regions that support exceptional biodiversity, provide vital
ecosystem services, and sustain the livelihoods of over one billion people (African Development Bank,
2018). Understanding how road networks reshape these socio-ecological systems has become both
urgent and essential for sustainable development planning.

The motivation for this research emerges from a fundamental gap in how road infrastructure impacts are
understood and managed across Africa. While extensive research documents road effects globally,
systematic analysis reveals that existing studies suffer from critical limitations that constrain effective
planning and policy development. Most significantly, research remains fragmented between disciplinary
silos, with socio-economic and environmental impacts examined in isolation rather than as
interconnected components of complex socio-ecological systems (Biber-Freudenberger et al., 2025).

Road infrastructure impacts have been extensively documented across diverse geographical contexts,
revealing consistent patterns of landscape transformation that transcend regional boundaries. In the
Brazilian Amazon, roads serve as primary drivers of deforestation, creating distinctive "fishbone"
patterns of land clearing extending up to 50 kilometers from major highways (Soares-Filho et al., 2014).
Similarly, studies in Southeast Asian forests document how road networks facilitate access for logging,
hunting, and agricultural conversion, leading to rapid habitat fragmentation that threatens regional
biodiversity (Alamgir et al., 2019). African savannas face comparable pressures, where road construction
facilitates human encroachment into wildlife areas, fundamentally altering traditional land-use patterns
and intensifying human-wildlife conflicts (Collinson et al., 2019).

The challenge is particularly acute in Sub-Saharan Africa. Here, population growth, economic transitions,
and climate stressors intersect to create rapidly evolving pressures on land use and resource governance.
Road infrastructure development is essential for rural development and poverty alleviation, providing
access to markets, healthcare, education, and employment opportunities (Berg et al., 2018). However,
the same road infrastructure that enables development also serves as a vector for environmental
degradation, habitat fragmentation, and biodiversity loss (Perumal et al., 2021).

Traditional conservation strategies developed for temperate ecosystems often lack relevance in African
contexts, where infrastructure development frequently outpaces environmental regulation and
institutional capacity for sustainable planning remains limited (Miller-Mahn et al., 2021). The scale and
pace of projected infrastructure expansion raise critical questions about balancing legitimate
development needs with environmental preservation, especially where development intersects with
biodiversity hot-spots and traditional land-use patterns.

Protected areas, while demonstrating effectiveness in forest conservation, show complex spatial
relationships with road infrastructure development that challenge conventional buffer zone approaches.
The assumption that conservation boundaries provide adequate protection fails to account for the
dominant role of transportation networks in organizing landscape transformation. This research
addresses these gaps by examining how roads and protected areas interact to shape land-use patterns,
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revealing that road proximity consistently shows stronger associations with landscape change than
protected area distance.

By addressing these fundamental gaps, this dissertation contributes to a more integrated understanding
of how road infrastructure influences spatial patterns of change, reshapes human-environment
relationships, and creates both risks and opportunities for sustainable development in biodiversity-rich
regions.

1.2 Conceptual Framework

This dissertation develops and applies an Integrated Spatial Dependency Framework that fundamentally
re conceptualizes transportation-environment interactions by treating road networks as spatial
organizing systems that create enduring templates for landscape transformation. This framework
synthesizes four complementary theoretical domains, each with established foundations in the
literature, to generate new insights about complex spatial processes operating across multiple scales and
time periods.

Spatial Dependency Theory, developed by Anselin (1988), expanded by LeSage, and Pace (2009),
provides the foundation for understanding how infrastructure development decisions create cascading
effects across landscapes through spillover processes, spatial auto correlation, and threshold dynamics.
Unlike traditional models that treat spatial units as independent, this framework recognizes that land-
use decisions are highly interdependent across space, with activities in one location directly influencing
decisions in neighboring areas through shared labor markets, coordinated resource extraction, and
cascading market effects. The theory enables quantification of these dependencies using spatial
econometric methods to reveal transformation mechanisms often hidden in conventional analyses.

Infrastructure Ecology Theory, conceptualized by Forman and Alexander (1998) and extended by van
der Ree et al. (2015), treats transportation networks as persistent spatial templates that organize and
channel landscape change across multiple scales and periods. Rather than viewing roads as simple
conduits, this perspective recognizes infrastructure as creating "spatial organizing principles" that
establish accessibility gradients, economic opportunity structures, and governance challenges that
persist long after initial construction. These principles operate through distinct spatial domains with
different dominant mechanisms: direct accessibility effects near roads, enforcement dynamics in
intermediate zones, and informal network development in remote areas.

Socio-ecological Systems Theory, advanced by Ostrom (2009) and applied by Liu et al. (2007),
emphasizes the interconnected nature of human and natural systems while recognizing that
infrastructure serves as the primary mechanism linking social and ecological processes across landscapes.
This framework explicitly models feedback between development, human activities, environmental
changes, and governance responses to capture system dynamics often missing from sectoral approaches.
The theory acknowledges that impacts emerge from complex interactions between biophysical
conditions, socio-economic drivers, institutional arrangements, and stakeholder preferences rather than
simple additive effects.

Decision Science Theory, grounded in the foundational work of Keeney and Raiffa (1976) and advanced
through structured decision-making approaches by Gregory et al. (2012), addresses how multiple
stakeholders with diverse and often conflicting preferences can navigate complex trade-offs under
fundamental uncertainty about future conditions. This framework provides methodological innovations
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for integrating stakeholder values with uncertainty quantification through participatory Multi-Criteria
Decision Analysis combined with probabilistic Bayesian Belief Networks (Figure 1.1).

Theoretical Foundations

(Anselin 1988; (Forman & Alexander 1998; (Ostrom 2009; (Keeney & Raiffa 1976,
LeSage & Pace 2009) van der Ree et al. 2015) Liu et al. 2007) Gregory et al. 2012)
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Figure 1.1: Multi-scale spatial dependency framework illustrating the interconnections between
theoretical foundations, spatial domains, empirical applications, and policy innovations.

Building upon these established theoretical foundations, this research contributes to the Multi-Scale
Spatial Dependency Framework as a modified synthesis that integrates insights from each domain. This
framework predicts that infrastructure impacts manifest through complex, non-linear spatial patterns
characterized by spillover effects, threshold dynamics, and adaptive responses that challenge traditional
distance-decay models. It further predicts that effective interventions require matching governance
strategies to spatial scales where different mechanisms operate rather than applying uniform
approaches across heterogeneous landscapes.



1.3 Study Area: A Nested Spatial Approach from Continental to Local Scales

This research employs a strategically designed nested spatial approach that systematically progresses
from continental-scale patterns across Sub-Saharan Africa to detailed ecosystem-scale investigation in
Tanzania's Greater Serengeti. This multi-scale design enables comprehensive examination of road
infrastructure impacts across different contexts while maintaining analytical coherence and ensuring
policy relevance at multiple governance levels.

Continental Scale: Sub-Saharan Africa

Sub-Saharan Africa serves as the foundational scale for systematic literature review and comparative
analysis, encompassing 48 countries with diverse ecological, economic, and governance contexts that
provide comprehensive scope for understanding infrastructure impact patterns (Chapter 1). The region
covers approximately 24.3 million square kilometers and hosts over 1.3 billion people, representing one
of the world's most rapidly developing regions with massive infrastructure investment needs.

The continent contains four of the world's 36 biodiversity hot-spots—the Cape Floristic Region, Eastern
Afro-montane, Coastal Forests of Eastern Africa, and Manipulated-Pondoland-Albany—while
simultaneously requiring an estimated $130-170 billion annually in infrastructure investment to meet
development goals (Myers et al., 2000; African Development Bank, 2018). This creates fundamental
tensions between conservation priorities and development imperatives that make Sub-Saharan Africa an
ideal laboratory for understanding road-biodiversity interactions.

Continental-scale analysis reveals important patterns in research distribution, with studies concentrated
in five countries (Ethiopia, South Africa, Nigeria, Kenya, and Tanzania) accounting for 71% of all road
impact research. This geographical bias provides crucial context for understanding knowledge gaps and
research priorities across the region, while highlighting the need for broader geographical representation
in infrastructure impact studies.

National Scale: Tanzania

Tanzania provides the intermediate scale for detailed spatial analysis of forest loss patterns and road
infrastructure effects (Chapter 2), serving as an ideal case study for several compelling reasons. The
country covers 945,087 square kilometers with extraordinary ecological diversity including montane
forests in the Eastern Arc Mountains, extensive miombo woodlands in central and southern regions, and
coastal forests along the eastern seaboard (Burgess et al., 2007).

Tanzania's protected area network covers approximately 40% of terrestrial area based on recent UNEP-
WCMC and IUCN (2025) data, representing one of the most extensive conservation systems globally. This
network includes National Parks under strict protection, Game Reserves with controlled access, Wildlife
Management Areas under community co-management, and Forest Reserves with varying sustainable use
permissions. This diversity of protection regimes enables systematic evaluation of how different
management approaches influence forest loss patterns across spatial scales.

The country serves as a strategic transportation hub linking East African Community countries (Kenya,
Uganda, Rwanda, Burundi) with Southern African Development Community nations (Zambia, Malawi,
Democratic Republic of Congo), making road development a national priority for regional economic
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integration (Development Corridors Partnership, 2019). Tanzania's position within major development
corridors, including the North-South Corridor and East African Corridor, provides insights relevant to
broader regional infrastructure planning.

Tanzania's governance context combines formal protected area management with traditional land-use
systems, creating complex institutional arrangements that influence how road development affects
landscape transformation. The country's experience with participatory forest management, community
conservation initiatives, and tourism-based development provides valuable lessons for sustainable
infrastructure planning in similar contexts across the region.

Ecosystem Scale: Greater Serengeti Ecosystem

The Greater Serengeti Ecosystem represents the focal area for detailed land-use analysis and decision-
support framework development (Chapters 3 and 4), encompassing approximately 30,000 square
kilometers of interconnected protected areas in northern Tanzania. This ecosystem was selected as the
primary focus for two chapters because it exemplifies the complex trade-offs between infrastructure
development and biodiversity conservation that characterize much of Sub-Saharan Africa.

The ecosystem encompasses seven distinct protected areas under different management authorities:
Serengeti National Park (14,750 km?2) managed by Tanzania National Parks under strict protection
guidelines; Ngorongoro Conservation Area (8,292 km?) managed by the Ngorongoro Conservation Area
Authority under a unique multiple-use model allowing traditional pastoralism; three game reserves
(Maswa, lkorongo-Grumeti, Kijereshi totaling 4,500 km?) under Tanzania Wildlife Authority
management; Wildlife Management Areas (Makao, Ikona covering 2,200 km?2) under community co-
management; and Lolindo Game Controlled Area (1,000 km?) with regulated hunting permissions.

This diverse protected area network hosts the world's largest terrestrial mammal migration, with
approximately 1.5 million wildebeest, 200,000 zebras, and 300,000 Thomson's gazelles participating in
annual movements covering over 1,800 kilometers. The ecosystem supports 70+ large mammal species,
500+ bird species, and provides critical habitat for endangered species including African wild dogs,
cheetahs, and black rhinoceros. Carbon sequestration approximates 1 million metric tons annually, while
the area contains two UNESCO World Heritage Sites (Serengeti National Park, Ngorongoro Conservation
Area) and one UNESCO Biosphere Reserve (Dobson et al., 2010; Holdo et al., 2011).

Human populations within and around the Greater Serengeti total approximately 4.6 million people with
annual growth rates of 2.8%, creating increasing pressure for infrastructure development to support
market access, healthcare delivery, and educational services (Estes et al., 2012). Economic activities
include traditional pastoralism, small-scale agriculture, wildlife-based tourism, and natural resource
extraction, with limited road access constraining participation in broader economic opportunities.

The ecosystem faces four proposed road development options that have been debated since 1990, each
presenting different trade-offs between conservation and development objectives. These proposals
provide an ideal natural experiment for testing decision-support frameworks under real-world conditions
with genuine stakeholder interests and measurable ecological and economic consequences.



Spatial Scale Integration and Research Logic

This nested spatial approach serves multiple analytical and practical purposes that strengthen the overall
research program. The continental scale (Chapter 1) establishes the empirical foundation by revealing
patterns in existing research, identifying knowledge gaps, and documenting relationships between
national development contexts and reported road impacts. This broad foundation justifies the need for
more detailed analysis while providing comparative context for subsequent findings.

The national scale (Chapter 2) enables development and testing of the Multi-Scale Spatial Dependency
Framework using comprehensive forest loss data across Tanzania's diverse ecological and governance
contexts. This intermediate scale captures sufficient spatial and institutional variation to identify general
patterns while remaining manageable for detailed analysis. The framework developed at this scale
provides the theoretical foundation for subsequent ecosystem-scale investigations.

The ecosystem scale (Chapters 3 and 4) ope-rationalizes theoretical insights through detailed analysis of
land-use changes and practical application of decision-support tools. This local scale enables
incorporation of stakeholder perspectives, detailed ecological monitoring, and realistic policy scenarios
that demonstrate framework applicability for real-world planning decisions.

The progression from continental - national - ecosystem scales mirrors the hierarchical structure of
governance systems in Sub-Saharan Africa, where international development priorities, national
infrastructure policies, and local land-use decisions interact to shape landscape transformation °utcomes,
This alignment ensures that research findings remain relevant across multiple levels of decision-making
while providing insights that can inform policy development from local to continental scales.

1.4 Research goals and Contributions to the Literature

This research advances understanding of how road infrastructure development shapes landscape
transformation in Sub-Saharan Africa through four interconnected objectives that build systematically
from broad empirical foundations to specific practical applications. The primary research goal is to
develop a comprehensive understanding of road-landscape interactions that can inform sustainable road
infrastructure planning in biodiversity-rich regions.

The first specific research goal synthesizes existing knowledge on road impacts across Sub-Saharan Africa
by systematically reviewing and assessing the distribution, focus, and methodologies of existing studies.
This synthesis identifies prevailing patterns, research gaps, and linkages between environmental and
socio-economic outcomes, providing the empirical foundation for subsequent analyses. The systematic
review addresses the critical need to understand how research approaches have evolved and where
disciplinary integration remains limited.

The second research goal develops and tests a Multi-Scale Spatial Dependency Framework that
conceptualizes how road infrastructure generates spatially structured patterns of landscape change. This
framework moves beyond traditional linear models to capture spillover effects, threshold dynamics, and
the complex influence of protection regimes on forest loss patterns. The framework directly challenges
conventional distance-decay assumptions by demonstrating how infrastructure effects cascade across
spatial scales through mechanisms not captured in existing models.

The third research goal disentangles the relative influences of road proximity versus protected area
boundaries on diverse land-use dynamics including livestock distribution, cropland expansion,
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settlement patterns, and forest fire occurrence. This comparative analysis, conducted across Tanzania's
Greater Serengeti Ecosystem, reveals the dominant drivers of landscape transformation and provides
guantitative evidence for the relative importance of different spatial organizing forces.

The fourth research goal designs an integrated decision-support system that combines Multi-Criteria
Decision Analysis with Bayesian Belief Networks to guide sustainable infrastructure planning. This
framework incorporates stakeholder preferences and uncertainty modeling to evaluate trade-offs in
ecologically sensitive areas, providing practical tools for implementing the theoretical insights generated
through previous objectives, this also uses Serengeti as a study area.

These interconnected objectives address four fundamental research questions that guide the empirical
investigations: What are the dominant patterns of road infrastructure impacts across Sub-Saharan Africa,
and how do these vary spatially and temporally? How do road networks create spatial dependencies in
landscape change patterns, and what mechanisms drive non-linear relationships between road proximity
and environmental transformation? What is the relative magnitude of road versus protected area
influence on key land-use changes, and how have these relationships evolved over time? How can
stakeholder preferences and uncertainty be integrated into decision-support frameworks that optimize
both conservation and development outcomes for infrastructure planning in biodiversity hot spots?

1.5 Structure and organization of the dissertation

This dissertation is organized as four interconnected research components following a deliberate
progression from empirical foundation through theoretical innovation to practical application. The
structure reflects the complex challenge of translating fundamental research insights into actionable
guidance for real world planning while maintaining scientific rigor and stakeholder relevance.

Chapter 1 provides the empirical foundation through systematic review of 255 studies spanning four
decades of road research across Sub-Saharan Africa. This chapter establishes current knowledge states,
identifies systematic research gaps, reveals geographical and methodological biases, and documents
relationships between reported impacts and national development contexts. The analysis reveals that
95% of studies examine either socio-economic or environmental impacts in isolation, providing crucial
justification for the interdisciplinary approaches developed subsequently.

Chapter 2 represents the theoretical core through development and testing of the spatial dependency
framework using forest loss data across Tanzania from 2001-2022. This chapter provides fundamental
theory by documenting U-shaped deforestation patterns that challenge linear distance-decay models,
quantifying spillover effects between spatial zones, and explaining complex mechanisms through three
distinct spatial domains. The approach establishes conceptual foundations essential for all subsequent
analyses.

Chapter 3 tests framework generalizability and practical applicability through analysis of multiple land-
use changes in the Greater Serengeti from 2010-2020. This component bridges theoretical understanding
with management applications by demonstrating substantially stronger road effects compared to
protected area influences, documenting accelerating transformation rates, and identifying development
hot spots requiring urgent intervention.

Chapter 4 ope-rationalizes insights through development of an integrated decision-support framework
combining Multi-Criteria Decision Analysis with Bayesian Belief Networks. Applied to four proposed road
developments in Tanzania's Greater Serengeti, this component demonstrates that conservation-oriented
routes achieve superior long-term sustainability while providing immediate practical guidance and
replicable templates for global application.



The progression creates a complete research program that advances both fundamental understanding
and practical conservation science while addressing urgent needs for evidence-based planning in
biodiversity hot spots worldwide. Each component contributes unique insights while strengthening the
overall framework through systematic integration of empirical patterns, theoretical innovations, and
operational applications.



Chapter 2: Exploring socio-economic and environmental impacts of road infrastructure development
in Sub-Saharan Africa: A systematic literature review

Abstract

Road infrastructure expansion continues transforming Sub-Saharan Africa, yet research remains
fragmented between socio-economic and environmental impact assessments. Through systematic
review of 255 peer-reviewed articles from 6,189 papers (1984-2024) examining road development
impacts, we reveal patterns in research focus, methodological approaches, and documented effects.
Approximately 58% of studies examined socio-economic impacts, 37% investigated environmental
effects, while only 5% investigated both dimensions simultaneously. Geographically, most studies
concentrated in five countries (Ethiopia, South Africa, Nigeria, Kenya, and Tanzania), with 78% published
after 2014. Analysis found significant relationships between foreign direct investment (FDI) and
environmental degradation, with countries experiencing 34% increase in observed negative
environmental road impacts for each standard deviation increase in FDI (B = 0.34, p < 0.05). Countries
with higher Human Development Index scores demonstrated 28% fewer negative environmental
impacts, suggesting development status significantly influences environmental management capacity.
We recommend assessing road effects from interdisciplinary perspectives to better understand road-
induced trade-offs and provide evidence-based planning that minimizes environmental costs while
maximizing socio-economic benefits.

Keywords: Development corridors, Livelihoods, Biodiversity, Accessibility, Impacts

2.1 Introduction

The expansion of road infrastructure across Sub-Saharan Africa (SSA) represents one of the most trans-
formative development initiatives of the 21st century, reshaping both human communities and natural
landscapes (Berg et al., 2018; Perumal et al., 2021; Thorn et al., 2022). Estimates suggest that by 2050,
approximately 25 million kilometers of new roads will be constructed globally, with about 60% of these
developments concentrated along 79 planned development corridors in Africa (Laurance et al., 2017).
This unprecedented infrastructure expansion aims to address increasing transportation demands driven
by population growth and economic development imperatives, particularly in regions where poor
connectivity severely hampers access to markets and essential services (Alamgir et al., 2019; Thorn et al.,
2022). The scale and pace of this infrastructure development raise critical questions about balancing
socio-economic development needs with environmental preservation, especially where infrastructure
development intersects with sensitive ecosystems and traditional land-use patterns (Berg et al., 2018).

Despite extensive research on road infrastructure impacts, a fundamental gap persists in understanding
the balance between accrued socio-economic benefits and underlying environmental costs. While there
are a few literature reviews, such as Perumal et al. (2021) and Collinson et al. (2019), which have focused
on synthesizing the literature on road impacts on the environment in sub-Saharan Africa, there are no
similar studies looking into the socio-economic impacts of roads. Furthermore, no literature review has
attempted to synthesize the existing scholarship on both socio-economic and environmental road
impacts across SSA. The need to understand the cost and benefits of road development in SSA is
particularly relevant in light of the continued road network expansion into previously inaccessible regions
creating new patterns of human-environment interaction (Thorn et al., 2022). Such lack of studies
integrating socio-economic and environmental outcomes of infrastructure development limits
comprehensive policy development that can effectively balance development imperatives with
environmental conservation needs (Juffe-Bignoli et al., 2021).



Africa's population is projected to reach 2.2 billion by 2050, with roughly 41% currently residing in remote
rural areas where inadequate infrastructure stifles economic development and access to essential
services (Collinson et al., 2019). Poor road infrastructure significantly affects agricultural productivity and
market access (Kamau et al., 2023) and creates barriers to rural development and poverty alleviation
(Dumas and Jativa 2024). These challenges are particularly acute in rural agricultural areas where poor
transport accessibility limits access to farm inputs and markets for outputs, as well as increased post-
harvest losses (Shamdasani, 2021). The isolation of rural communities from urban centers further
compounds these challenges, hampering access to education, healthcare, and employment
opportunities while limiting the potential for economic diversification and technological adoption
(Nakamura et al., 2020).

Governments, international donors, and private investors increasingly prioritize road infrastructure
development, viewing it as a catalyst for improved mobility and broader economic transformation
(Laurance et al., 2017). The current infrastructure deficit in Africa, estimated between $68 billion and
$108 billion, has led to heavy reliance on external funding, particularly from China and international
financial institutions (Laurance et al., 2015; Thorn et al., 2022). This financing landscape has created
complex dynamics in project selection, implementation, and governance (Mdller-Mahn, 2020; Miiller-
Mahn et al.,, 2021). Development corridors often reflect national development priorities and
international strategic interests, sometimes prioritizing resource extraction routes over local connectivity
needs (Damania et al.,, 2018). Furthermore, concerns about debt sustainability, governance
transparency, and long-term development impacts have emerged as critical considerations in roads
financing (Dean et al., 2019).

The development imperative frequently generates complex tensions with environmental conservation
goals, particularly where road projects intersect with biodiversity hotspots and essential ecosystems
(Ament et al., 2023; Kuncoro et al., 2024). These areas often provide crucial ecosystem services and
support unique wildlife populations, making them particularly vulnerable to road-related disturbances
(Wilson and Primack, 2021). The environmental impacts of road development extend far beyond
immediate construction effects, catalyzing secondary development, land-use changes, and resource
exploitation patterns that fundamentally alter ecological systems (Ament et al., 2023). Research has
documented various effects including habitat fragmentation, wildlife mortality, and changes in species
distribution patterns (Paterson et al. 2021, Collinson et al. 2019), with impacts often extending far
beyond the immediate road corridor (Hopcraft et al., 2015a).

The temporal and spatial scales of road impact present significant challenges for assessment and
management (Karlson et al., 2014). While some effects manifest immediately during construction, others
emerge gradually over decades, creating complex patterns of social and ecological change (Barrientos et
al., 2021; Wang et al., 2024). Environmental impacts often include increased hunting pressure, invasive
species spread, and altered hydro-logical patterns that can extend far beyond the immediate road
corridor (Collinson et al., 2019). Similarly, socio-economic changes may evolve over time as communities
adapt to new connectivity patterns, market access opportunities, and development challenges (Walelign
et al., 2019). These multi-dimensional impacts require assessment approaches that account for both
immediate and long-term effects across different spatial scales.

Current methodological approaches often fail to capture these complex interactions between social and
ecological systems. Studies typically focused on either quantitative economic indicator (Aggarwal, 2018;
Shamdasani, 2021) or environmental metrics (Ascensdo et al., 2016), rarely examining how these
dimensions’ influence each other. The lack of standardized assessment frameworks complicates cross-
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study comparisons and meta-analyses, limiting our ability to understand the conditions under which road
development produces different outcomes (Engert et al., 2024; Suprayoga et al., 2020). Additionally,
most research focuses on short-term impacts, failing to capture the long-term evolutionary dynamics of
road-induced changes (Biber-Freudenberger et al., 2025; Sawada, 2015).

In the context of this ongoing debate about the mixed effects of infrastructure development, we conduct
a systematic literature review of relevant studies published between 1984 and 2024. With literature
spanning three decades, we show how the narratives and interest in the topic have evolved over the
years and provide impulses for the future discourse in road infrastructure development in SSA. By looking
at the frequency of reported road-related effects, we identify effects that have received disproportional
attention and those that have been neglected in past studies. We also model the linear relationship
between country-specific socio-economic indices, such as Gross Domestic Product (GDP), Human
Development Index (HDI) and environmental indices, such as Environmental Performance Index (EPI),
with the frequency of the reported road-induced impacts. Furthermore, we give an account of the
spatiotemporal distribution of existing literature concerning road impacts in SSA and give an overview of
the most common data and methods used. We synthesize the overarching messages from the reviewed
literature and identify fundamental methodological and research gaps. We aim to understand how
narratives and research focus have evolved, map the spatiotemporal distribution of existing literature,
and evaluate the relationship between reported impacts and national development indicators.
Specifically, we address three key questions:

How have research narratives and priorities regarding road infrastructure impacts in SSA evolved over
four decades, and what does this reveal about changing approaches to road development?

What patterns emerge in the spatiotemporal distribution of road impact studies in SSA, and how have
methodological approaches varied across contexts and time?

How do reported impacts correlate with country-specific socio-economic indices (GDP, HDI) and
environmental performance (EPI), and what insights does this provide for future infrastructure
development?

Our analysis employs multiple complementary approaches to address these questions. We first examine
the spatiotemporal distribution of existing literature, identifying both geographical coverage and
methodological patterns. Through comprehensive content analysis, we enumerate reported impacts,
while quantitative analysis examines relationships between national development indicators and these
impacts.

This review seeks to bridge critical gaps in understanding road infrastructure impacts in SSA. By
synthesizing findings across disciplines and suggesting a framework for more integrated assessments, we
aim to inform research methodology and policy development. Our findings have significant implications
for sustainable road expansion in Sub-Saharan Africa, potentially leading to more balanced approaches
that better serve both development needs and environmental conservation.
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2.2 Material and Methods

2.2.1 Search strategy and selection criteria

Our systematic search strategy focused on publications from SSA published between January 1, 1984,
and May 30, 2024. We selected 1984 as our starting point because it marked the beginning of scholarly
interest in examining road infrastructure impacts based on earlier studies such as Collinson et al. (2019).
This period also reflects an era when most SSA countries experienced increased international investment
in road networks. Furthermore, this temporal scope of four decades offers a sufficient window to observe
how research approaches and understanding of road impacts have evolved.

Our search development began with creating a comprehensive test library containing 30 key references
identified through expert consultation and preliminary literature searches. Using this test library, we
iteratively refined our search terms in Web of Science™ and PubMed until achieving greater than 90%
retrieval of these benchmark papers, carefully balancing specificity and sensitivity as recommended by
Senerth et al. (2024). The final search string combined primary terms related to road infrastructure,
including "road*," "infrastructure*," and "transport*," with secondary terms covering both socio-
economic and environmental impacts using Boolean operators and wildcards (See Appendix A.1 for a list
of the search terms used).

To ensure comprehensive coverage while maintaining academic rigour, we established specific eligibility
criteria for study inclusion. We focused on peer-reviewed journal articles published in English that
presented primary research conducted within SSA. Studies had to provide clear empirical evidence of
road infrastructure impacts, whether socio-economic, environmental, or both. We specifically excluded
conference proceedings, policy briefs, book chapters, and grey literature to maintain consistency in
academic quality standards.

Three independent reviewers conducted a systematic screening process in three consecutive stages
between November 24, 2023, and May 30, 2024. The screening process had a strong inter-reviewer
agreement at each stage, with, first of all, vetting of titles and abstracts and subsequently sharing the
relevant publications for full-text evaluation. Weekly consensus meetings resolved disagreements, with
a fourth senior reviewer consulted for persistent ambiguities. Finally, we selected a total of 255 articles
that met all inclusion criteria and passed quality assessment (Figure 2.1).
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Figure 2.1: PRISMA flow diagram illustrating the steps followed to select articles. All peer-reviewed articles were obtained
from Web of Science and Scopus, followed by a screening to remove duplicates and articles that did not meet the
inclusion criteria. This diagram is based on McKenzie et al. in 2020.

** indicates the number of articles removed after the screening stage.
2.2.2 Data collection and analysis

To determine the frequency of impacts reported, we categorized both the socio-economic and
environmental impacts as positive and negative, resulting in four key variables. The coding of these
impacts followed an iterative process, where we grouped the reported impacts thematically based on
their frequency of mention. We then analyzed the linear relationship between the frequency of reported
impacts per country and several secondary data indicators that describe the socio-economic and
environmental context.

The Human Development Index (HDI), published by the United Nations Development Programme (UNDP,
2023), serves as a comprehensive measure of human development achievement. This composite index
evaluates three fundamental dimensions: health, measured through life expectancy at birth; education,
assessed by both mean years of schooling and expected years of schooling; and standard of living,
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quantified by Gross National Income per capita. The HDI calculation employs a geometric mean of
normalized indices for each dimension, producing values on a scale from zero to one.

Foreign Direct Investment (FDI), as measured by the Organization for Economic Co-operation and
Development (OECD), captures the value of cross-border investments where entities establish lasting
interests and significant influence in foreign economies. This measurement encompasses both inward
and outward investment flows, including equity capital, reinvestment of earnings, and inter-company
debt. The OECD also tracks Gross Domestic Product (GDP), which represents the total monetary value of
all finished goods and services produced within a country's borders during a specific period. GDP
calculations can follow three approaches: expenditure (sum of all final spending), production (sum of all
value added), or income (sum of all incomes generated by production) (Table 2.1).

The Environmental Performance Index (EPI), developed through collaboration between Yale and
Columbia Universities, provides a comprehensive assessment of environmental health and ecosystem
vitality. This index utilizes 32 performance indicators spread across 11 issue categories, including air
quality, water resources, biodiversity, climate change, and ecosystem services. Through standardization
and aggregation of data from various sources, the EPl generates country scores ranging from zero to 100.

Given the varying temporal dimensions of these indicators, we employed a 10-year average spanning
2012-2022 as a comparable proxy for each variable. We supplemented this analysis by extracting
information on publication years and specific countries of study to evaluate the spatiotemporal
distribution of reviewed articles. Furthermore, we collected and analyzed information regarding the data
collection techniques utilized in each study. This standardization approach enabled us to conduct
meaningful comparative analyses while accounting for the diverse methodologies and time frames
present in different national reporting systems.

For data processing and analysis, we used R software version 4.3.1 (R Core Team, 2023) in combination
with the dplyr package for data manipulation and ggplot2 for graphical representation (Wickham, 2016;
Wickham et al., 2023). First, we explored the distribution of studies across SSA countries over time and
then synthesized information on the frequency of road impacts reported. To investigate the linear
relationship between the frequency of the reported road impacts per country and the contextual
secondary variables, that is, GDP, FDI, HDI and EPI (Table 2.1), we applied Poisson distribution within the
Generalized Linear Models (GLM) framework using the glm () function from the stats package (R Core
Team, 2024). To address over-dispersion concerns, we assessed the Poisson GLMs with the performance
package in R (Lidecke et al., 2021). We observed over-dispersion in all variables and refitted all models
using a negative binomial distribution using the glm. nb () function from the MASS package in R. The best
model was chosen based on Akaike's Information Criterion corrected for small samples (AlCc) using the
MuMIn package (Dormann et al., 2018). The visreg and grid packages (Breheny and Burchett, 2017) were
used for visualization.
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Table 2.1: Environmental and socio-economic indicators included in the generalized linear model (GLM) as
potential predictors for the number of reported road socio-economic and environmental effects

Variable Description Data source

GDP - Gross Domestic Product | National level estimates (Annual % | World Bank
growth change between 1961-2022)—
aggregated based on 2015 prices in US
dollars.

FDI - Foreign direct investment | Equity for both net inflows and outflows | World Bank

(current USS) (based on % of GDP between 1970-2022)

HDI - Human Development Index | National average statistical data (2010- | United Nations
2011)- Development Programme

(UNEP)

EPI - Environmental Performance | Scaled index of 1-10, with 10 showing | Socio-economic Data and

Index Change high environmental protection (Available | Applications Center
records since 1950-2022). (SEDAC)

2.3 Results

2.3.1 Distribution and Trends in Road Impact Studies across Sub-Saharan Africa (SSA)

The initial database searches yielded 6,189 papers, with 4,748 from PubMed and 1,441 from Web of
Science. Following the screening process, we selected 255 articles of studies focusing on 45 countries in
SSA. The analysis revealed significant geographical concentration, with five countries accounting for 71%
of all studies reviewed: Ethiopia (n=43), South Africa (n=41), Nigeria (n=41), Kenya (n=29), and Tanzania
(n=27). This concentration reflects varying research capacities and national priorities in infrastructure
development assessment.

The distribution of research focus shows distinct national patterns (Figure 2.2A). Nigerian studies
predominantly examined environmental health impacts and road safety concerns, particularly urban air
pollution, soil contamination, and traffic accidents. These studies documented significant increases in
respiratory health issues in communities along major road corridors and identified a 40-60% increase in
accident rates following road improvements. South African research prioritized biodiversity
conservation, with 22 studies employing longitudinal monitoring approaches to track road impacts on
wildlife populations and habitat connectivity. Ethiopian studies concentrated on socio-economic
development due to roads in rural areas, with 18 studies examining how road access influenced
agricultural market participation, while 15 studies documented changes in community access to
healthcare and education.

Research output has shown remarkable growth over the study period, with distinct phases in both
volume and focus (Figure 2.2B). The period from 1984 to 1999 produced 22 studies (8.6%), primarily
examining immediate economic impacts through basic survey methodologies. From 2000 to 2013, output
increased modestly to 34 studies (13.3%), introducing more complex environmental assessment
approaches. The most significant growth occurred between 2014 and 2024, yielding 199 studies (78.1%)
characterized by increasingly complex methodological frameworks and growing attention to impact
interactions.
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Figure 2.2: Spatiotemporal patterns in road impact research in Sub-Saharan Africa. (A) Number of publications per SSA
country over the study period (B) Trend of number of publications focusing on either environmental or socio-
economic road impacts, or both since 1984 and 2024.
Most research on road impacts has primarily focused on either socio-economic or environmental factors,
with only a few studies considering both. Since 2000, there has been a gradual increase in studies
assessing road impacts. However, our analysis reveals that 58% of the research was dedicated to
assessing the socio-economic impacts of road development in SSA, while 37% predominantly
investigated environmental effects as only 5% of studies analyzed both environmental and socio-
economic impacts simultaneously.

The publication landscape showed significant concentration in established transportation and
environmental journals. Transportation Research Record had the most publications, with 11% of the
articles (n=28) focusing on quantitative assessment methodologies and engineering impact analysis. The
Journal of Transport Geography followed with 9.4% (n=24), emphasizing spatial development patterns
and accessibility analysis, particularly through GIS applications. Transportation Research Part A: Policy
and Practice contributed 7.5% (n=19) of studies concentrating on economic modelling and policy
implications. Environmental Impact Assessment Review published 6.7% (n=17) featuring methodological
advances in impact assessment, while the African Journal of Ecology produced 5.9% of the articles (n=15)
that focused on biodiversity impacts. Together, these five journals accounted for 40.4% of all
publications, with the remaining 152 papers distributed across 59 journals spanning disciplines from
public health to agricultural economics.

2.3.2 Data types and assessment methods

The methodological approaches in road impact assessment have evolved considerably, with our review
identifying 23 distinct approaches employed across various studies (Figure 2.3A). For socio-economic
assessment, we found that questionnaires were the predominant method, 27.1% (n=69) for data
collection, showing increasing complexity in design and implementation. Early questionnaires focused
on basic economic indicators, while recent studies incorporated more nuanced measures of social
change, including household adaptation strategies and community perceptions of environmental
changes.

Regarding data type, we found most studies relied on quantitative datasets (Figure 2.3B). Approximately
21.2% (n=54) of studies relied on spatial data, geographic information systems and remote sensing to
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conduct spatially explicit analyses. These studies have particularly benefited from the increasing sources
of high-resolution spatial datasets that are often available across countries and over the years, hence
supporting cross-scale analyses, including time series and change detection of both socio-economic and
environmental phenomena. For example, Damania et al. (2018) used spatial data on forest loss to assess
the influence of road development in the Congo forest.

Approximately 14.5% (n=37) of studies relied on primary field data and ground-truthing to investigate
localized effects of roads, for instance, on soil compaction and the impact of vehicular traffic on air quality
or noise pollution. The temporal evolution of these approaches shows increasing methodological rigour,
with standardized sampling protocols and longer monitoring periods becoming more common after
2014.
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Figure 2.3: (A) Number of articles that employed the various methods to investigate the impacts of roads. Notably, some road
impacts have been studied using different methods. For instance, GIS modelling has been used in socio-economic
and environmental impact studies, while camera traps have been used in studying environmental impacts only.
(B) The trend of data types used in evaluating the effects of roads from 1984 to 2024.

2.4 Road impacts

Our analysis revealed 37 direct and indirect effects of roads, as visualized in Figure 1.4. The negative

effects outnumbered the beneficial effects for both socio-economic and environmental impacts. Among

the 23 categories of socio-economic effects documented, 14 were negative, while 9 were positive.

Likewise, out of the 14 environmental effects reported, 9 were negative, while 5 were positive. However,

regarding occurrences or mentions, positive socio-economic effects were mentioned more often than

negative socio-economic impacts. In general, more studies focused on assessing roads' socio-economic
impacts, with the majority reporting positive impacts. Studies assessing road-related environments have
increased in the past decade, with most reporting more negative impacts than benefits.
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2.4.1 Socio-economic impacts

Of the 255 articles reviewed, 146 delved into the socio-economic effects of roads, reporting various
positive and negative effects (Figure 2.4A). A total of 174 instances of positive effects contrasted with
155 instances of negative effects documented. Positive socio-economic effects identified across
numerous articles included job diversification (n=41), enhanced access to essential social services, such
as hospitals and schools (n=41), improved productivity due to better access to agricultural inputs and
markets (n=31), and improved mobility for rural communities within and between villages (n=29).
Notable negative socio-economic effects studied include increased soil contamination (metal
contaminations) subsequently affecting livelihoods, air pollution from vehicle emissions and pollution
(n=59) attributed to respiratory illnesses, increased risk of accidents due to reckless driving and the
proliferation of motorbikes (n=48), reduced agricultural productivity (n=21), and overexploitation of rural
natural resources that benefit urban populations more, thereby widening the income disparity gap (n =
16).

The socio-economic effects recorded were heterogeneous, with some studies underscoring externalities
such as unhealthy competition for resources as those households with capital often take advantage of
new road-related opportunities as compared to poor households. This has, for instance, seen increased
cases of land speculation, which further marginalizes the poor and negatively affects rural livelihoods
(Bryceson et al., 2008). Moreover, others indicated that enhanced access to remote areas resulted in the
extraction of natural resources vital for local communities' livelihoods and cultural heritage (Perumal et
al., 2021; Thorn et al., 2022). While some articles acknowledge employment opportunities during road
construction and maintenance phases, limited attention has been devoted to workforce displacement
from agriculture as individuals migrate or transition to other sectors (Selod and Shilpi, 2021). Issues such
as harassment during road construction, exploitation of locals by construction firms, and disease spread
like HIV have mostly been mentioned but not extensively studied in the literature.
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Figure 2.4: (A) Categorization of publications dealing with positive and negative socio-economic and environmental effects of
roads. (B) Temporal patterns- number of publications addressing the different categories of road impacts from
1984 to 2024.

18



2.4.2 Environmental impacts

Our analysis documented 292 instances of adverse environmental impacts contrasted with 41 positive
outcomes, indicating a significant imbalance in environmental outcomes. Habitat fragmentation was the
most extensively documented impact, examined in 42.3% of the articles (n=41). These studies revealed
that road networks typically reduced habitat patch sizes by 30-50% within a 5-kilometer corridor of new
roads. The fragmentation effects proved particularly severe in forest ecosystems, where edge effects
extended 2-3 kilometers from road margins, affecting microclimate conditions and species composition.
Long-term monitoring studies in protected areas demonstrated that habitat fragmentation led to a 40-
60% reduction in movement patterns for large mammals and a 70-85% decrease in amphibian population
connectivity.

Wildlife mortality patterns were documented in 41.2% of the studies (n= 40), with detailed variation
across ecosystems and seasons. Vehicle-wildlife collisions increased by 40-60% on newly paved roads
compared to unpaved roads, with particularly high mortality rates during animal migration periods.
Detailed monitoring in South African national parks revealed average mortality rates of 2.3 animals per
kilometer per month, with peaks of up to 5.7 animals during seasonal movements. Species-specific
impacts showed that amphibians and small mammals were disproportionately affected, with some
populations experiencing declines of 70-90% within two years of road construction.

Deforestation impacts were examined in 39.2% of the studies (n=38), and consistent patterns of forest
loss were observed extending from road corridors. Remote sensing analyses revealed average
deforestation rates of 2.5-3.5% annually within 3-5 kilometres of new roads, compared to 0.5 -1.0% in
similar but inaccessible areas. This effect was particularly pronounced in regions with weak governance
structures, where road access frequently led to uncontrolled resource extraction and agricultural
expansion. Studies documented that forest loss typically accelerated over time, with rates increasing by
15-25% annually for the first five years after road construction.

2.4.3 The relationship between the countries socio-economic and environmental indicators and the
frequency of the reported road impacts

In our statistical analysis of the linear relationship between the country’s frequency of reported impacts
and various environmental and socio-economic indicators, we found that Foreign Direct Investment (FDI)
had a strong and significant relationship with environmental degradation due to road infrastructure
development. Through careful analysis using Generalized Linear Models (GLMs), we found that for each
standard deviation increase in FDI, countries experienced a 34% increase in reported negative
environmental impacts (B = 0.34, p < 0.05, 95% CI [0.28, 0.40]). This relationship remained robust across
multiple model specifications and proved particularly strong in countries with weaker environmental
governance structures. This finding is key and aligns with our expectation that more FDI drives road
infrastructure development that may consequently cause negative environmental outcomes. We
employed negative binomial regression models to examine relationships between four national
indicators—FDI, Human Development Index (HDI), Gross Domestic Product (GDP), and Environmental
Performance Index (EPl)—and reported road impacts. This methodological choice addressed negative
values in our data-set, particularly in EPI metrics, while effectively managing data over dispersion.

The Environmental Performance Index analysis revealed an important pattern as countries with higher
EPI scores showed increased reporting of both negative (B = 0.41, p < 0.05) and positive (B = 0.38, p <
0.05) environmental impacts. Rather than indicating contradictory effects, this finding suggests that
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countries with stronger environmental governance tend to maintain more comprehensive monitoring
systems, enabling better detection and documentation of all impacts.

Human Development Index demonstrated an inverse relationship with environmental impacts (f =-0.28,
p < 0.05), indicating that countries with higher human development experienced fewer negative
environmental effects from road infrastructure development. This relationship got stronger after
controlling for research capacity (adjusted B = -0.32, p < 0.05), suggesting that development status
influences environmental management capability.

Notably, the relationships between the development measures and the socio-economic impacts,
whether positive or negative, were not statistically significant (Appendix A.2- Table of regression analysis
results). We suppose this is the case as most socio-economic outcomes may depend more on local
implementation contexts and specific project characteristics than national-level development indicators.

2.5 Discussion

Our systematic review of road infrastructure impacts in Sub-Saharan Africa advances the scholarly
understanding of development-environment interactions in several ways. We establish that the
relationship between foreign direct investment and assessed environmental degradation is more direct
and consequential, a finding that aligns with Furtuna and Atis (2024). Countries with high FDI inflows
demonstrated a 34% increase in negative environmental impacts, a relationship that challenges
prevailing assumptions about the capacity of market forces to self-regulate environmental consequences
(Wu and Tham, 2023). This relationship proves particularly notable when compared to previous studies
that suggested more modest correlations between investment patterns and environmental outcomes
(Kharb et al., 2024). Environmental safeguards in infrastructure investment frameworks require
substantial strengthening, particularly in contexts where high FDI coincides with weak institutional
capacity. Our analysis suggests that current safeguard mechanisms fail to adequately protect
environmental assets, especially in countries with lower HDI scores. With observations, therefore,
infrastructure planning should explicitly account for national development contexts, with enhanced
safeguards in countries showing lower HDI scores. Our analysis suggests that institutional capacity
significantly influences project outcomes, indicating the need for differentiated approaches to impact
assessment and mitigation based on national contexts.

The methodological landscape of road impact assessment reveals a critical gap in integrated approaches.
Only 5% of studies examined both socio-economic and environmental dimensions simultaneously, a
proportion significantly lower than the 15-20 % integrated studies reported in comparable reviews of
infrastructure impacts in other developing regions (Shrestha et al., 2022; Zhong et al., 2021). The finding
challenges the narrative of methodological advancement suggested by previous reviews and indicates a
persistent disconnect between different aspects of impact assessment (Perumal et al., 2021).
Furthermore, our temporal analysis reveals that this integration gap has not meaningfully narrowed over
time despite growing recognition of the interconnected nature of road development impacts.

Most significantly, our analysis identifies clear patterns in the evolution of research methodologies that
confirm and challenge existing understanding of impact assessment approaches. While individual
methodological domains show increasing advancement, particularly in the application of spatial analysis
tools and quantitative modelling, these advances have occurred largely in parallel rather than jointly.
This pattern differs notably from methodological trends observed in other regions, where greater cross-
pollination between social and environmental impact assessment approaches has emerged (Scholes et
al. 2013; Kahangirwe and Vanclay 2024; Balansag, Natividad, and Evangelista 2019).
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2.5.1 Road Impact Research in SSA

The temporal and spatial distribution of road impact research reveals interesting patterns of scholarly
attention and methodological development that warrant detailed examination. Research concentration
in Ethiopia, South Africa, Nigeria, Kenya, and Tanzania aligns closely with patterns identified by Perumal
et al. (2021) and Collinson et al. (2019), suggesting persistent disparities in research capacity across the
region. However, our analysis extends beyond these previous findings by demonstrating systematic
variations in research focus by country.

The distribution of research priorities shows distinct national patterns that challenge previous
generalizations about road impact assessment in Sub-Saharan Africa. South African studies emphasize
biodiversity impacts, with 53.7% of studies focusing on ecological consequences, particularly in protected
areas and wildlife corridors. Nigerian research demonstrates a strong focus on pollution and safety
concerns, with 82.9% of studies examining environmental health impacts and accident patterns.
Ethiopian studies prioritize rural accessibility and agricultural development, with 76.8% of research
investigating how road infrastructure influences agricultural productivity and market access. This
variation in research focus reveals how national priorities and institutional capacities shape the
understanding of infrastructure impacts (Sawada, 2015).

The temporal evolution of research activity shows a marked increase after 2014, with 78% of all studies
published in the past decade. While this growth correlates with trends noted by Perumal et al. (2021),
our analysis reveals that increased research activity has not translated into more integrated approaches
to impact assessment. The persistence of methodological silos despite growing research complexit
challenges Dumas and Jativa (2024) assertion that impact assessment approaches are becoming more
holistic. Furthermore, we identify specific gaps in temporal coverage overlooked by previous reviews,
with only 12.4% of studies examining impacts beyond a five-year timeframe.

2.5.2 Methodological Advances

The evolution of research methodologies demonstrates both persistent limitations and significant
innovations in impact assessment approaches. While our findings support the observations of Perumal
et al. (2021) and Dean et al. (2019) about increasing methodological advancement, we identify specific
areas where methods remain underdeveloped. The majority of the reviewed papers (95%) focus
exclusively on either environmental or socio-economic impacts, representing a more significant
methodological constraint than previously recognized in the literature. This limitation proves particularly
concerning, given mounting evidence from other regions about the interconnected nature of
infrastructure impacts, as documented by Alamgir et al. (2019) in their analysis of Asian development
corridors.

The application of advanced spatial analysis tools and longitudinal monitoring approaches, particularly
evident in South African research, indicates methodological advancement beyond what was documented
in previous reviews. South African studies have pioneered the use of integrated spatial modelling
approaches, combining remote sensing data with ground-based monitoring to track both immediate and
long-term impacts of road development. However, the concentration of these advanced approaches in
countries with strong research infrastructure creates potential blind spots in understanding impacts
across different contexts, a limitation not adequately highlighted in previous reviews.

Our analysis reveals significant disparities in the advancement of methodological approaches between
socio-economic and environmental impact assessment. Environmental impact studies show increasing
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use of quantitative methods, with 68% employing advanced spatial analysis techniques and 42%
incorporating long-term monitoring protocols. In contrast, socio-economic impact assessment remains
heavily reliant on cross-sectional surveys and qualitative methods, with only 23% of studies employing
longitudinal approaches. This methodological divide hinders the development of an integrated
understanding of road infrastructure impacts.

2.5.3 Implications for Sustainable Infrastructure Development

The strong relationship between FDI and environmental impacts we found provides the first quantitative
evidence linking investment patterns to environmental outcomes in the infrastructure sector. This
relationship proves particularly concerning given the planned infrastructure expansion of approximately
25 million kilometres of new roads by 2050 across SSA (Laurance et al., 2015), suggesting the potential
for widespread environmental degradation without improved safeguards.

Our analysis reveals that the distribution of both positive and negative impacts varies systematically with
national development indicators. Countries with higher Human Development Index scores demonstrate
fewer negative environmental impacts, suggesting that institutional capacity plays a crucial role in
mediating infrastructure development outcomes. This finding extends beyond previous studies by
demonstrating how national development contexts influence the balance between development
benefits and environmental costs.

The temporal dimension of infrastructure impacts emerges as a critical consideration poorly addressed
in current development frameworks. Our analysis shows that environmental impacts typically intensify
over time, with deforestation rates in road corridors accelerating by 15-25% annually for the first five
years after construction. This pattern of escalating environmental degradation challenges assumptions
about the ability of natural systems to adapt to infrastructure development.

2.5.4 Research Gaps and Future Recommendations

The limited number of integrated studies examining socio-economic and environmental impacts (5% of
reviewed papers) represents a significant opportunity for interdisciplinary approaches in road impact
evaluation in SSA. Future research should prioritize assessing the interconnected road impact
simultaneously by potentially drawing on emerging approaches in systems thinking and complexity
science. Assessments of socio-economic and environmental outcomes should move beyond current
siloed approaches. This integration should extend beyond mere procedural requirements to include
substantive criteria for evaluating the balance between development benefits and environmental costs.
The development of standardized protocols for integrated impact assessment could help ensure more
comprehensive evaluation of infrastructure projects.

The geographical concentration of research in five countries indicates the need for more research in
understudied regions. This gap is significant given major infrastructure developments planned under the
African Union's Agenda 2063. Our analysis shows that Central and West African countries, despite hosting
some infrastructure projects, account for less than 15% of published research. This disparity in research
coverage creates significant risks for evidence-based policy making in these regions. Besides the spatial
dimension, the temporal gaps in impact assessment are a particularly pressing concern. Only 12.4% of
studies examine impacts beyond five years, despite evidence suggesting that many environmental and
social changes manifest over longer time frames. What is completely missing is an assessment of the
long-term socio-economic costs of the environmental degradation caused by road development, which
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may have had positive results in the short term but not in the long run. This short-term focus on impact
assessment creates potential blind spots in understanding the full implications of infrastructure
development decisions. The recent proliferation of spatial data sources, including spatiotemporal
datasets, has a great potential to support assessments to monitor impacts over time, even in data-
challenging regions.

Despite the results of the above exploratory linear models, the following limitations should be noted: (1)
the impacts per country are reported based on the binaries of studies reporting if an impact was recorded
in a study but not the magnitude of the impact. Therefore, it is likely for a certain impact to be reported
in several papers, falsely concluding that the said impact is more severe in a country based on the
frequency of its reporting. For example, different papers can report habitat disruption due to
infrastructure development in Nairobi National Park. All studies taken together may give the impression
that Kenya has more negative environmental impacts although this may not be the case. (2) While the
socio-economic and environmental indicators (HDI, FDI, EPI and GDP) used in the models are national
averages, the road impacts might not be geographically representative for a given country. Roads are not
developed at an equal pace nationally; hence, socio-economic impact evaluations tend to follow
benefiting areas. Similarly, to environmental impacts, several studies focus on certain ecosystems, such
as a specific national park more than other parks or aquatic ecosystems.

While noting the above research trends in SSA for the past four decades, we are cautious not to
generalize our findings as reflective of the entire SSA region. First, we acknowledge that various
extraneous factors, such as a country's political stability, affect research activities and publication
outputs. Not only do politically unstable countries experience slow road developments and, therefore,
no basis to study the impacts, but insecurity limits ground surveys. Secondly, it should be noted that we
limited our review to articles published in English. This restriction potentially affects the spatial
distribution with the appreciation that several West African countries such as Mali, Benin, Togo, Burkina
Faso, Congo and others communicate in French. Therefore, despite retrieving a few studies published in
English from these countries, it is plausible that a majority are published in French and, therefore, not
reviewed here. We are also aware of the existing publication bias, where positive socio-economic
outcomes are more likely to be published than those with insignificant or no impacts. Similarly, negative
environmental impacts are more likely to be published as compared to the rare positive outcomes. These
biases arise from the longstanding general views that roads are good for society’s well-being but bad for
the environment and biodiversity as reported in a meta-analysis of Forster et al. (2023). Nevertheless,
following our rigorous article selection and review criteria, we believe our findings offer an overview of
road impacts scholarship in SSA and can be relied upon to inform future research focus. These insights
can inform more sustainable approaches to infrastructure development that better balance immediate
and long-term development needs with environmental sustainability.
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2.6 Conclusion

This systematic review advances our understanding of how road infrastructure impacts scholarship in
SSA by revealing crucial patterns in the geographic distribution of studies, impacts often studied and
research approaches employed. Ours is the first attempt to quantify the role of indicators such as FDI on
environmental degradation, as we show that countries experiencing higher FDI also tend to report
negative environmental impacts. Furthermore, we note an increasing trend in approaches that rely on
innovative spatial datasets to analyze road impacts at various geographic scales not only in a spatially
explicit manner but also by incorporating the temporal dimension of the studied phenomena. We suggest
that such innovative approaches and datasets should play a role in future research, especially in
understudied countries, especially those facing civil wars, thus limiting field research. By acknowledging
the interconnected nature of environmental and socio-economic road impacts, future studies should aim
to adopt interdisciplinary approaches to overcome the general trend we have seen in our analysis that
roads would often be associated with negative environmental impacts and positive socio-economic
outcomes.

With projections of more road infrastructure development in SSA, the above insights become
increasingly crucial for sustainable development planning. This relationship between development status
and infrastructure outcomes suggests the need for enhanced environmental safeguards in investment
frameworks, particularly in countries with lower institutional capacity. By highlighting both the progress
made and the critical gaps remaining in our understanding of road infrastructure impacts, this review
provides a foundation for more sustainable approaches to infrastructure development in Sub-Saharan
Africa.
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Chapter 3: Multi-Scale Spatial Dependencies in Road-Driven Forest Loss Patterns across Tanzania
Abstract

Road infrastructure development in tropical regions creates complex spatial patterns of deforestation
that challenge traditional distance-decay models. We examined deforestation patterns in Tanzania
between 2001 and 2022, analyzing spatial variations across protected and non-protected areas through
a Multi-Scale Spatial Dependency Framework. We revealed a distinctive U-shaped pattern of forest loss
relative to road proximity in non-protected regions, with deforestation peaking at 38.5% within 2.5 km
of roads, dropping to 23.1% at intermediate distances, and rising to 38.4% beyond 5 km. This pattern
reflects three mechanisms: direct accessibility effects near roads, enforcement in intermediate zones,
and informal access networks enabling remote extraction. Spatial econometric analysis revealed
significant spillover effects (p = 0.28, p < 0.001), with deforestation in one buffer zone increasing forest
loss probability in adjacent zones by 28%. Protected areas demonstrated superior conservation
outcomes (6% vs 15% forest loss), with effectiveness varying by management category. Our zone-specific
governance framework achieves 34% higher conservation effectiveness than uniform approaches. These
findings challenge linear models of infrastructure-driven deforestation and provide a theoretical
framework for understanding complex spatial patterns in tropical forest loss essential for designing
effective conservation policies under global biodiversity targets.

Key words: Deforestation patterns, Spatial econometrics, Road ecology and Spatial spillover effects
3.1 Introduction

Tanzania faces unprecedented challenges balancing infrastructure development with forest conservation
within an increasingly connected global economy (Marisa, 2025). The country serves as a strategic
transportation hub linking East African Community and Southern African Development Community
countries, making road development a national priority for economic integration (Development
Corridors Partnership, 2019; Toit and Burger, 2018). However, recent advances in remote sensing and
spatial analysis reveal that road infrastructure impacts on forest ecosystems in different ways including
paving the way to remote areas and increasing forest exploitation (Ibisch et al., 2016; Kleinschroth et al.,
2019; Laurance et al., 2014; Mtweve et al., 2025).

Tanzania's forests represent globally significant biodiversity repositories, supporting over 10,000 vascular
plant species including 1,120 endemic species, and numerous threatened wildlife taxa while providing
critical ecosystem services including climate regulation and carbon storage (Burgess et al., 2007,
Kideghesho, 2015). The Eastern Arc Mountains alone harbor 27 vertebrate species new to science
discovered in recent decades, while the country's forests contain approximately 2,019 million metric tons
of carbon (Kideghesho, 2015). Tanzania has lost approximately one-third of its forest ecosystems since
the 1980s, with current annual loss rates of approximately 1% (Bodegard, 2014; URT, 2015). Recent
estimates from Global Forest Watch indicate Tanzania lost about 277,000 hectares of natural forest in
2020 alone, equivalent to 139 Mt of CO, emissions (Global Forest Watch, 2024). Between 1990 and 2010,
mainland Tanzania lost 8 million hectares representing an average annual loss of about 400,000 hectares
(FAO, 2020; Kideghesho, 2015). While agricultural activities, logging, fire, and charcoal production are
recognized as primary drivers accounting for over 90% of deforestation (Doggart et al. 2020; Nzunda and
Yusuph 2023), the role of roads as a mediating factor interacting with these drivers remains insufficiently
studied.
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The drivers of deforestation in Tanzania are multifaceted and interconnected, operating across multiple
spatial and temporal scales (Doggart et al., 2020). More than 90% of Tanzania's energy needs come from
biomass sources, primarily firewood and charcoal, placing immense pressure on forest resources
(Lusambo, 2016; MNRT, 2019). Agricultural expansion alone accounts for an annual deforestation rate
exceeding 300,000 hectares of forest and woodland (Doggart et al., 2020). In urban areas, particularly
Dar es Salaam, charcoal serves as the primary energy source for over 61% of households, with the city
consuming approximately half of Tanzania's annual charcoal production (Das et al., 2024). The expansion
of charcoal sourcing radius around Dar es Salaam from approximately 50 kilometers in 1991 to about 170
kilometers by 2005 illustrates growing pressure on increasingly distant forest resources (Ahrends et al.,
2010). Additional research has identified eleven specific drivers of forest degradation, including forest
fires, firewood collection, grazing by domestic and wild animals, carving, pole harvesting, shifting
cultivation, timber extraction, and mining activities (Nzunda and Yusuph 2023).

Recent advances in spatial econometrics reveal that infrastructure impacts operate through complex,
scale-dependent mechanisms rather than simple distance-decay relationships (Busch and Ferretti-Gallon
2017; Velasco et al. 2020). Traditional road ecology models assume linear distance-decay effects where
deforestation decreases monotonically with distance from roads, following classic accessibility gradients
observed in von Thiinen economic models (Angelsen, 2010). However, emerging evidence from tropical
regions suggests spatial dependencies between land-use decisions create more complex patterns
requiring theoretical frameworks that account for non-linear relationships, threshold effects, and spatial
spillovers (Perz et al., 2013). The completion of the Mkapa Bridge over the Rufiji River in 2003, connecting
southern Tanzania with Dar es Salaam, exemplifies how road infrastructure can dramatically alter
accessibility patterns and facilitate large-scale resource extraction in previously remote areas (Milledge
et al., 2007).

We propose a Multi-Scale Spatial Dependency Framework where road impacts manifest through three
distinct spatial domains governed by different socio-economic mechanisms and enforcement capacities.
This framework challenges linear distance-decay assumptions by recognizing that deforestation patterns
reflect complex interactions between accessibility gradients, enforcement effectiveness, and evolving
informal infrastructure networks (Austin et al., 2017; Smith and LeSage, 2004). Near-road zones
extending 0-2.5 kilometers experience direct accessibility effects driving settlement expansion,
agricultural conversion, and formal resource extraction through established transportation networks
(Castella and Phaipasith, 2021). These areas benefit from reduced transportation costs, market access,
and infrastructure services but face intensive development pressure. Intermediate zones from 2.5-5
kilometers demonstrate enhanced enforcement effectiveness creating protective buffer effects despite
maintained accessibility (Stoner et al., 2007). These areas represent an optimal balance where formal
monitoring remains feasible while development pressure is reduced. Remote zones beyond 5 kilometers
are increasingly characterized by informal access networks enabling illegal extraction beyond formal
monitoring capacity, facilitated by motorcycle trails, seasonal roads, and footpaths that extend the
effective reach of extraction activities far beyond formal road networks (William Nyahongo, 2024).

Tanzania's protected area system covers approximately 40% of terrestrial and marine areas according to
recent UNEP-WCMC and IUCN (2025) data, representing one of the most extensive conservation
networks globally. The system has evolved from colonial-era reserves to a comprehensive framework
introduced by the 1998 Forest Policy and 2002 Forest Act, incorporating participatory forest
management and new protected area categories attempting to balance conservation with community
needs (Blomley and Ramadhani, 2010; Mgaya, 2021). Current protected areas operate under various
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management categories with different levels of protection and resource use permissions, ranging from
strictly protected National Parks and Game Reserves to partially protected Wildlife Management Areas,
Game Controlled Areas, and Forest Reserves (Weldemichel, 2022). Recent studies demonstrate that
protected area effectiveness varies significantly with spatial context, management category, and
proximity to infrastructure (Gizachew et al., 2024; Ract et al., 2024), though few studies examine how
road proximity influences conservation outcomes across different protection regimes or how spatial
spillover effects propagate across boundaries.

The Land Degradation Neutrality (LDN) framework, central to the United Nations Convention to Combat
Desertification, requires countries to maintain or enhance land-based natural capital through integrated
spatial planning approaches that balance development needs with environmental conservation (Akhtar-
Schuster et al., 2017; Cowie et al., 2018). LDN Principle 1 stipulates that countries should maintain or
enhance land-based natural capital, while Principle 6 calls for integrated land-use planning mechanisms.
For Tanzania, achieving LDN while expanding transportation infrastructure to support economic
development requires detailed understanding of how road development influences forest loss patterns
across different management regimes and spatial scales (Vilela et al., 2020). This understanding is
particularly critical given Tanzania's role in major development corridors including the North-South
Corridor Africa roads and East African Corridor roads, which connect landlocked countries such as
Burundi, Rwanda, Uganda, Democratic Republic of Congo, Zambia, and Malawi to global markets
(Development Corridors Partnership, 2019).

Recent methodological advances in spatial analysis and remote sensing provide unprecedented
opportunities to understand complex infrastructure-forest interactions (Velastegui-Montoya et al.,
2023). High-resolution satellite imagery, spatial econometric techniques, and machine learning
approaches enable detection of subtle patterns and causal relationships previously obscured by
methodological limitations (Hansen et al., 2013; Linke et al., 2017). However, most studies continue to
employ simplified distance-based models that may systematically underestimate the complexity of
spatial relationships and policy-relevant patterns (Kleinschroth et al., 2019).

This study advances understanding of complex spatial relationships between road networks and forest
loss through three interconnected objectives designed to test and develop our Multi-Scale Spatial
Dependency Framework. First, we assess spatial patterns of forest cover loss across different road
distance zones in both protected and non-protected areas, testing for non-linear spatial relationships
that challenge traditional distance-decay models and identifying threshold effects and discontinuities.
Second, we analyze spatial and temporal distribution of key drivers including forest fires, cropland
expansion, livestock presence, and human settlements, quantifying their interactions with road networks
across multiple spatial scales and examining how these relationships vary over time and across
management contexts. Third, we evaluate spatial spillover effects between road buffer zones using
spatial econometric models, developing mechanistic explanations for observed spatial dependencies and
quantifying how deforestation in one area influences forest loss in neighboring areas. The findings
provide both theoretical advances in understanding infrastructure-forest interactions and practical
frameworks for implementing spatially targeted conservation strategies under evolving global
biodiversity commitments including the Global Biodiversity Framework's 30% protection targets.
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3.2 Methodology
3.2.1 Study Area

This analysis examines forest loss patterns across Tanzania's entire terrestrial area (see Introduction for
comprehensive country context and Figure 3.1), encompassing all 195 districts to capture the full range
of ecological and governance contexts. The study period covers 2001-2022, enabling analysis of long-
term deforestation trends and spatial relationships.
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Figure 3.1: Tanzania’s road network and protected areas (A) and forest cover with forest loss data from 2001 to 2022 (B).
Source: Hansen et al. (2013); UNEP-WCMC and IUCN (2024)

3.2.2 Road Network Data

Road network data were obtained from Tanzania Road Agency (TANROAD) representing the most
comprehensive and authoritative datasets available as of 2024. While this data-set lacks detailed
temporal information on construction dates for individual road segments, it provides significantly higher
spatial accuracy and completeness compared to alternative sources such as OpenStreetMap, which often
under-represents rural road networks in sub-Saharan Africa (European Commission, 2023). We
acknowledge this temporal limitation and treat the road network as static throughout our study period
from 2001-2022, recognizing that this assumption may affect our ability to establish temporal causality
but does not compromise spatial pattern analysis or spillover effect quantification. We validated road
network completeness through comparison with high-resolution satellite imagery and local knowledge
verification in selected regions.

All spatial data were projected to the WGS 84/UTM Zone 36S coordinate system using QGIS version
3.32.3 to ensure spatial accuracy and consistency in area calculations across the large study domain. We
created three road buffer zones based on theoretical accessibility gradients derived from transportation
economics and road ecology literature (Kleinschroth et al., 2019; Laurance et al., 2014): 0-2.5 kilometers
covering 264,624.4 square kilometers representing areas with daily accessibility for resource collection,
market access, and settlement expansion; greater than 2.5-5 kilometers covering 160,664.8 square
kilometers representing intermediate accessibility zones with mixed land-uses and moderate
transportation costs; and greater than 5 kilometers covering 519,797.9 square kilometers representing
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remote areas requiring significant time and effort to access from existing road infrastructure. These
distance thresholds reflect empirical findings from tropical road ecology studies and theoretical
expectations about transportation cost gradients affecting land-use decisions.

3.2.3 Forest Loss Data

We utilized Hansen Global Forest Change version 1.11 datasets (Hansen et al., 2013) to estimate forest
cover loss from 2001-2022, providing globally consistent, high-resolution 30-meter data with reported
overall accuracy of 89.22% and extensive validation across tropical regions. This data-set employs
consistent methodology using Landsat time-series analysis to detect forest cover loss defined as
complete removal of tree cover canopy at pixel level (Chen et al. 2020; Chen and Lin 2018). We extracted
forest cover loss values using Google Earth Engine API following established procedures for large-scale
analysis (Velastegui-Montoya et al., 2023), implementing cloud masking and temporal compositing to
ensure data quality. Annual forest loss data were aggregated to calculate cumulative loss over the study
period and to examine temporal trends across different spatial zones and management categories.

3.2.4 Environmental Socio-economic Data (Burned area/forest fire, Livestock, Settlement and Cropland
distribution)

For environmental and socio-economic drivers, we compiled multi-temporal datasets covering key
variables identified in deforestation literature (Busch and Ferretti-Gallon, 2017). Burned area/forest fire
data were analyzed using MOD44W.006 datasets (Carroll et al., 2017) providing annual burned area
estimates at 250-meter resolution for 2010, 2015, and 2020, resampled to 1 km resolution for
consistency with livestock data. This data-set employs decision tree classifiers trained on MODIS satellite
data and validated with ground measurements, providing reliable estimates of fire-affected areas across
diverse ecological contexts. Land cover data came from MCD12Q1.061 MODIS Global Land Cover Type
datasets (Friedl and Sulla-Menashe, 2022) for settlement and cropland analysis, employing supervised
classification of MODIS Terra and Aqua satellite reflectance data with multiple classification schemes
including International Geo-sphere-Biosphere Programme standards.

We conducted accuracy assessments using 215 randomly selected validation points distributed across
different land cover classes and geographic regions, employing high-resolution Google Earth imagery and
temporal consistency checks to ensure validation quality following established protocols (Congalton and
Green, 2019). Overall classification accuracy achieved 84.6% with class-specific ac-curacies of 82.3% for
cropland, 87.1% for settlement, and 88.9% for forest categories. These accuracy levels meet international
standards for land cover classification and provide confidence in subsequent analyses. Livestock
distribution data were obtained from Gridded Livestock of the World datasets (Gilbert et al., 2022)
providing spatial information at 5 arc-minute resolution, employing Dasymetric Weighting methodology
with Random Forests models to dis aggregate livestock numbers within census polygons based on
environmental and land-use variations
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3.2.5 Data Analysis and Visualization

We implemented an analytical framework designed to address spatial dependencies explicitly rather
than treating them as statistical nuisances, recognizing that spatial auto-correlation in land-use data
often contains important ecological and social information. Initial exploratory analysis employed three-
way Analysis of Variance with years, districts, and road buffer distances as fixed factors, including all two-
way and three-way interaction terms to account for complex combined effects on forest cover loss
patterns (Table 3.1).We assessed data normality using Shapiro-Wilk tests (Shapiro and Wilk, 1965) and
examined residual patterns to ensure model assumptions were met, confirming normal distributions for
all studied drivers after appropriate transformations where necessary.

Table 3.1: ANOVA models for analyzing drivers of forest cover loss

Model Structure Interaction Terms

Model 1 | Settlements ~ years + districts + road buffer distances Years * Districts * Buffer
Model 2 | Croplands ~ years + districts + road buffer distances Years * Districts * Buffer
Model 3 | Livestock ~ years + districts + road buffer distances Years * Districts * Buffer
Model 4 | Forest cover loss ~ years + districts + road buffer distances | Years * Districts * Buffer

Given the inherently spatial nature of our data, we conducted formal tests for spatial auto-correlation
using Moran's | statistic calculated for multiple distance bands to characterize the scale and intensity of
spatial dependencies (Cho, 1983; Cliff and Ord, 1981). The Moran's | statistic quantifies spatial auto-
correlation as | = (n/So) x %; Z; wi; (Xi - X) (X; - X) / Zi (xi - X) 2, where n represents number of observations,
So is the sum of all spatial weights wj;, and X is the sample mean. Results indicated significant spatial auto-
correlation (Moran's | = 0.34, p < 0.001), necessitating spatial econometric modeling approaches that
explicitly account for these dependencies (Anselin, 1988).

We estimated spatial lag models following established spatial econometric methodology (LeSage and
Pace, 2009) to quantify spillover effects between buffer zones using the specification y = pWy + X + ¢,
where y represents the dependent variable (forest cover loss), p is the spatial auto-correlation parameter
qguantifying spillover intensity, W is the spatial weights matrix defining neighbor relationships between
buffer zones, X represents the matrix of explanatory variables including road density, population density,
agricultural suitability, and protected area status, B is the parameter vector, and € represents the error
term. We constructed spatial weights matrices based on buffer zone adjacency with distance decay
weighting, allowing quantification of how deforestation in one buffer zone influences forest loss in
neighboring zones while accounting for distance-based attenuation of effects.

Model selection employed information criteria including Akaike Information Criterion and Bayesian
Information Criterion alongside likelihood ratio tests to identify optimal spatial weights specifications
and lag structures (Burnham and Anderson, 2004). We implemented comprehensive model diagnostics
including residual spatial auto-correlation tests, heteroscedasticity tests, and stability tests to ensure
model adequacy and reliability (Anselin, 1988). Robustness checks included alternative spatial weights
specifications, different buffer zone definitions, and various temporal aggregation schemes to confirm
result stability.
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We employed Bayesian Belief Network analysis (Figure 3.2) using R package bnlearn (Scutari, 2017) to
model complex relationships between variable figures while accommodating non-linear relationships
and uncertainty propagation. BBN methodology enables quantification of direct and indirect effects
through probabilistic inference, providing insights into causal pathways linking road development to
forest loss through intermediate variables (Pearl, 2009; West and Koch, 2014).

Forest Fire

Road Density —® Cropland Deforestation

Settlement

Livestock

Figure 3.2: BBN diagram illustrating the hypothesis used to evaluate the interplay between roads and various drivers, as well
as their collective impact on forest cover loss.

Uncertainty analysis included Monte Carlo simulations with 1,000 iterations for parameter uncertainty
propagation, bootstrap resampling with 500 replications for confidence interval estimation on spatial
patterns, and extensive sensitivity analysis for key methodological assumptions including buffer zone
definitions, temporal aggregation methods, and spatial weights specifications (Saltelli et al., 2007). Cross-
validation procedures employed spatial blocking to account for spatial dependencies (Roberts et al.,
2017), with model performance assessed using multiple metrics including R-squared, root mean square
error, and mean absolute error.

All analyses were conducted in R version 4.3.3 (R Core Team, 2024) employing specialized packages
including spdep for spatial analysis and auto-correlation testing (Bivand and Gebhardt 2000; Bivand, and
GAmez-Rubio 2013), spatialreg for spatial econometric modeling (Bivand and Piras 2015), bnlearn for
Bayesian network analysis (Scutari, 2017), dplyr for data manipulation and processing (Wickham et al.,
2023), ggplot2 for visualization (Wickham, 2016), and sp and sf for spatial data handling (Pebesma, 2016).
Computational workflows were documented and version-controlled to ensure reproducibility and
transparency.
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3.3 Results

Analysis of Tanzania's forest cover loss between 2001-2022 revealed significant and substantial
differences between protected and non-protected areas with highly significant statistical support (F =
245.67, p < 0.001, n? = 0.34). Non-protected forests, initially covering 254,765 square kilometers,
experienced severe losses totaling 15%, equivalent to 38,213.4 square kilometers, with an annual loss
rate of 0.68%. In stark contrast, protected areas demonstrated superior conservation performance,
losing only 6%, equivalent to 7,339.5 square kilometers of their initial 122,325 square kilometer
coverage, with a substantially lower annual loss rate of 0.27% (figure 3.3 Visual, and Appendix B). This
difference in deforestation rates, with a large effect size (Cohen's d = 0.82), indicates that protection
measures reduce deforestation by approximately 60% when controlling for other environmental and
socio-economic variables, demonstrating the critical importance of formal protection status for forest
conservation.
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Figure 3.3: Forest loss in Tanzania from 2001-2022 across three road buffers. A. shows the deforestation rate per year in non-
protected areas (ha/km?), whereas B. presents the deforestation rate in protected areas (ha/km?).

Protection effectiveness varied significantly and systematically across different management categories
(F=178.34, p < 0.001, n? = 0.28), revealing important insights for conservation planning and protected
area design consistent with findings from other tropical contexts (Adams et al., 2023). Partially protected
areas including Wildlife Management Areas and Game Controlled Areas experienced substantially higher
proportional losses averaging 45% with standard error of 2.3%, reflecting the challenges of balancing
conservation objectives with community resource use rights and livelihood needs. In contrast, strictly
protected areas demonstrated markedly superior conservation outcomes, with National Parks showing
only 13% forest loss and Game Reserves achieving 11% loss, both with standard error of 0.9% (Appendix
B.1).

Spatial analysis revealed a distinctive and statistically U-shaped pattern of forest loss in relation to road
proximity, confirmed through statistical testing (Hartigan's dip test for unimodality, D = 0.089, p < 0.001).
This pattern challenges conventional linear distance-decay models that have dominated road ecology
literature for decades (Laurance et al. 2014). In non-protected areas, high loss rates occurred in two
distinct spatial domains: near roads showing 38.5% loss within 0-2.5 kilometers with standard error of
1.7%, and remote areas exhibiting 38.4% loss beyond 5 kilometers with standard error of 1.8%. Between
these high-loss zones, intermediate areas from 2.5-5 kilometers demonstrated significantly lower losses
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of 23.1% with standard error of 1.5%, creating the characteristic U-shaped relationship. This bimodal
distribution pattern remained consistent across temporal periods (repeated measures ANOVA, F =
312.45, p < 0.001, partial n? = 0.43) and spatial contexts represented by different districts (spatial auto-
correlation test, Moran's | = 0.34, p < 0.001), (Appendix B.1) suggesting stable, simultaneous operation
of distinct deforestation processes rather than temporal transitions between different mechanisms.

Protected areas exhibited different spatial patterns (x? test of independence = 567.89, p < 0.001,
Cramer's V = 0.48), providing insights into how formal conservation management interacts with road
proximity effects consistent with other studies of protected area effectiveness (Ract et al., 2024).
Protected areas showed highest losses in intermediate zones reaching 51% with standard error of 2.1%,
moderate losses near roads at 37% with standard error of 1.9%, and minimal losses in remote areas at
only 12% with standard error of 0.8%. This inverted pattern compared to non-protected areas suggests
that protection measures are most effective near roads where enforcement presence is highest and in
remote areas where natural barriers complement formal protection, while intermediate zones may
represent enforcement gaps where protection is less intensive but accessibility remains sufficient for
unauthorized activities.

Spatial econometric analysis provided quantitative evidence for significant spillover effects between road
buffer zones, confirming that deforestation patterns reflect coordinated spatial processes rather than
independent local decisions (LeSage and Pace, 2009). The spatial lag coefficient (p = 0.28, p < 0.001)
indicates that a 1% increase in deforestation within one buffer zone increases the probability of forest
loss in adjacent zones by 0.28%, (Appendix B.3) representing a substantial spatial multiplier effect
consistent with theoretical expectations from spatial economics literature. Additional model coefficients
provide insights into the mechanisms driving these patterns: road density shows a negative relationship
(-0.156, SE = 0.034, p < 0.001) suggesting that areas with established road networks may experience
lower ongoing deforestation rates because accessible forests have already been cleared; population
density demonstrates a strong positive effect (0.423, SE = 0.089, p < 0.001) confirming the importance of
demographic pressure (Busch and Ferretti-Gallon 2017); agricultural suitability shows a moderate
positive relationship (0.267, SE = 0.056, p < 0.001) indicating that biophysical factors influence
deforestation patterns; and protected area status exhibits a strong negative effect (-0.543, SE = 0.078, p
< 0.001) (Appendix B.3) quantifying the conservation benefit of formal protection. Overall model
performance was excellent with R? = 0.76, indicating that our spatial econometric approach explains
approximately three-quarters of the variance in deforestation patterns.

Analysis of variance results indicated significant spatial and temporal variation in forest loss drivers across
all scales examined, revealing complex multi-scale processes underlying observed deforestation patterns
consistent with recent meta-analyses of tropical deforestation drivers (Ferrer Velasco et al., 2020).
Livestock distribution showed significant variation across temporal dimensions (F = 145.977, p < 0.0001,
n? = 0.158), spatial administrative units represented by districts (F = 4.451, p < 0.0001, n? = 0.461), and
road proximity zones represented by buffer zones (F = 42.854, p < 0.0001, n2 = 0.052). Strong interaction
effects between years and districts (F = 2.311, p < 0.0001, n? = 0.187) indicate complex spatiotemporal
dynamics where livestock expansion patterns vary substantially across local contexts and time periods.
Similarly, interactions between districts and buffer zones (F = 2.284, p < 0.0001, n? = 0.183) (Appendix
B.1) highlight the influence of local geographic and socio-economic factors on how livestock distribution
relates to road proximity.
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Cropland distribution patterns were primarily influenced by spatial rather than temporal factors, with
districts showing the highest effect size (F = 20.821, p < 0.0001, n? = 0.729) indicating strong local
geographic control over agricultural expansion patterns (Doggart et al., 2020). Road buffer zones also
showed significant effects (F = 53.987, p < 0.0001, n? = 0.065), though smaller than district effects,
suggesting that local conditions are more important than road proximity for determining agricultural
land-use. Notably, temporal variation in cropland was minimal (F = 0.112, p = 0.738, n? = 0.001),
(Appendix B.3) suggesting that changes in agricultural land-use are driven more by spatial characteristics
such as soil quality, topography, and market access than by year-to-year fluctuations in policy or
economic conditions.

Settlement area patterns exhibited significant variation across districts (F = 4.128, p < 0.0001, n? = 0.343)
and buffer zones (F = 102.845, p <0.0001, n?=0.117), with particularly strong interaction effects between
districts and buffer zones (F = 16875.5, p < 0.0001, n? = 0.998). These findings highlight the dominant role
of infrastructure accessibility and local geographic factors in shaping settlement distribution patterns,
with road proximity effects varying substantially across different regional contexts.

Forest fire patterns demonstrated significant variation across temporal dimensions (F =5.878, p =0.0154,
n? = 0.021), districts (F = 4.849, p < 0.0001, n% = 0.387), and buffer zones (F = 93.554, p < 0.0001, n? =
0.184). Interaction effects were particularly strong between districts and buffer zones (F = 66.554, p <
0.0001, n%=0.291), suggesting that fire occurrence patterns are closely linked to local land-use practices
and management strategies that vary with both road proximity and regional context.

Our Multi-Scale Spatial Dependency Framework identifies three distinct mechanisms operating across
different spatial zones, each characterized by specific drivers, processes, and conservation challenges
consistent with emerging theoretical frameworks in land change science (Ellison et al., 2017). Zone 1,
extending from 0-2.5 kilometers from roads, experiences direct accessibility effects where settlement
expansion accounts for 34% of forest loss attributable to urban growth and infrastructure development,
agricultural conversion represents 28% linked to smallholder farming expansion and commercialization,
and formal resource extraction comprises 23% associated with planned timber harvesting and mining
operations. Infrastructure development in this zone shows strong positive correlations with road density
(r=0.67, p <0.01), indicating that areas with better road access experience more intensive development
pressure and land-use change.

Zone 2, spanning 2.5-5 kilometers from roads, demonstrates enforcement effectiveness and optimal
conservation outcomes through several mechanisms documented in protected area management
literature (Stoner et al., 2007). This zone exhibits reduced deforestation rates of 23% compared to 38.5%
in Zone 1, despite maintaining reasonable accessibility for management activities. Zone 3, representing
areas beyond 5 kilometers from roads, is increasingly characterized by informal access networks that
challenge traditional assumptions about forest remoteness and protection through isolation (Nyahongo,
2024). The use of motorbikes enables rapid access to previously inaccessible areas for resource extraction
activities. Remote charcoal production accounts for 45% of forest loss in this zone, facilitated by informal
transportation networks that can efficiently move products to urban markets despite distance from
formal roads (Schaafsma et al., 2012). Enforcement gaps are evident with only 0.8 patrols per month and
a 23% detection rate for illegal activities, reflecting the challenges of monitoring vast remote areas with
limited resources. Network evolution shows increasing connectivity and complexity organization
enabling deep forest penetration and sustainable illegal extraction operations.

34



Bayesian Belief Network analysis combined with path modeling revealed complex interactions between
road density, land-use changes, and forest cover loss. Road density demonstrated significant
relationships with multiple landscape elements: strong positive associations with livestock numbers (B =
130.05, p < 0.01) and human settlements (B = 25.99, p < 0.01), and significant negative relationships with
cropland (B =-45.17, p < 0.01) and forest fires (B = -56.37, p < 0.01). Path analysis showed that none of
the land-use variables significantly predicted deforestation directly (livestock: B =-0.01 NS; cropland: § =
-0.02 NS; settlement: B = -0.00 NS; forest fire: B = 0.00 NS), and road density itself showed no significant
direct effect on deforestation (B = 0.12 NS), (Figure 3.4) despite the strong effects of road density on
land-use patterns. This finding suggests that road impacts on deforestation operate primarily through
indirect pathways mediated by changes in accessibility and land-use patterns rather than through direct
causal mechanisms

Road density
-45.17*
130.05* | 25.99** Cropland -56.37*
-14.56* 20.02 NS/0.00 NS 0.12 NS
Livestock Settlement | /-0.00Ns Forest fire
-0.01 NS [0.14 NS 0.00 NS
Deforestation

Figure 3.4: Visualization of a Bayesian Belief Network using linear Model Coefficients illustrating how roads influence
cropland, livestock, settlement, forest cover loss and forest fire in Tanzania and the interrelationships among these
factors. NB: *** represents p < 0.001, ** represents p < 0.01 and * p < 0.05, NS: Not significant

Cross-buffer correlation analysis revealed strong relationships in deforestation patterns with correlations
ranging from 0.94-0.98 (p < 0.001), providing quantitative support for our spatial econometric findings
and indicating that forest loss occurs through coordinated processes rather than simple distance-based
progression. Buffer 1 (0-2.5 km) showed correlations of 0.97 with Buffer 2 (2.5-5 km) and 0.94 with Buffer
3 (>5 km), while Buffer 2 demonstrated correlation of 0.98 with Buffer 3.
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3.4 Discussion

Our findings fundamentally challenge the prevailing linear distance-decay paradigm that has dominated
road ecology research for decades (Laurance et al., 2014) by revealing complex, non-monotonic spatial
patterns that require a theoretical framework. The U-shaped relationship we identify demonstrates that
infrastructure impacts operate through multiple, simultaneous pathways rather than single accessibility
gradients, representing a significant theoretical advance in understanding road-forest interactions
(Kleinschroth et al., 2019). This discovery has profound implications for both ecological theory and
conservation practice, as it reveals that traditional models systematically misrepresent the spatial
distribution of deforestation risk and may lead to misallocation of conservation resources.

The significant spatial spillover effects (p = 0.28) provide quantitative evidence that deforestation
decisions are highly interdependent across space, with activities in one location directly influencing land-
use decisions in neighboring areas through mechanisms including shared labor markets, coordinated
extraction operations, and cascading market effects (LeSage and Pace, 2009). This finding aligns with
recent theoretical work on spatial interactions in land-use change (Velasco et al. 2020) but extends it to
the specific context of road-forest interactions across multiple spatial scales, providing the first
guantitative estimate of spillover intensity in tropical deforestation systems. The magnitude of the
spillover effect suggests that local conservation interventions may have substantial landscape-scale
impacts, creating opportunities for strategic targeting of conservation efforts to maximize broader
impacts.

The temporal intensification of the U-shaped pattern, with the differential between near-road and
remote deforestation increasing from 8.3% to 15.2% over the study period, provides evidence for an
evolutionary process where initial road construction triggers immediate near-road deforestation while
simultaneously catalyzing development of informal access networks that gradually penetrate remote
forests (Perz et al., 2013). This temporal dynamic supports theoretical models of induced infrastructure
development and network effects, while revealing previously unrecognized feedback mechanisms
between formal and informal transportation systems. The accelerating remote deforestation component
suggests that road impacts may have longer time lags and broader spatial reach than previously
recognized, with important implications for environmental impact assessment and conservation
planning.

Our Multi-Scale Spatial Dependency Framework provides detailed mechanistic explanations for the
observed spatial patterns through identification of distinct processes operating in different zones. Near-
road zones experience direct accessibility effects that fundamentally alter land-use economics, with road
density strongly correlating with settlement expansion (r = 0.67) and livestock activities (r = 0.72). The
34% of forest loss attributable to settlement expansion in this zone reflects Tanzania's rapid urbanization
trends and infrastructure-led development policies that concentrate population and economic activity
near transportation corridors (Kombe, 2005; Lupala, 2002). High-quality transportation access reduces
costs for agricultural inputs and market access while providing opportunities for non-agricultural
employment, creating powerful incentives for land-use intensification and conversion.

Intermediate zones demonstrate the critical importance of enforcement effectiveness in conservation
outcomes, with the 67% reduction in deforestation illustrating how strategic patrol deployment can
create substantial conservation benefits (Stoner et al., 2007). This zone represents an optimal balance
where formal monitoring remains logistically feasible and cost-effective while sufficient distance from
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roads reduces immediate development pressure. The zone benefits from both accessibility for
management activities including patrol deployment, community engagement, and monitoring
infrastructure, and protective distance from the most intensive land-use pressures associated with road
corridors. This finding has important implications for protected area design and buffer zone management
(Gizachew et al., 2024), suggesting that intermediate zones may offer particularly high conservation
return on investment.

Remote zones reveal the growing importance of adaptive responses to enforcement efforts,
demonstrating how resource extraction actors develop complex strategies to access remote areas using
motorbikes (Nyahongo 2024). These findings challenge static assumptions about forest remoteness and
highlight the dynamic nature of accessibility in contemporary resource extraction systems. The
development of informal access networks represents a form of technological and organizational
innovation that effectively extends the reach of extraction activities far beyond formal transportation
infrastructure, creating new conservation challenges that traditional enforcement approaches may be
poorly equipped to address.

Protected areas demonstrated clear and substantial conservation benefits with 60% reduction in
deforestation rates compared to non-protected areas, providing strong empirical support for formal
protection as a conservation strategy (Gizachew et al.,, 2024). However, the marked variation in
effectiveness across management categories reveals important insights for conservation planning and
protected area design. Strictly protected areas including National Parks and Game Reserves achieved
superior conservation outcomes with 11-13% forest loss compared to partially protected areas with 31-
45% loss, confirming the critical importance of management intensity and resource use restrictions for
effective forest conservation (Adams et al., 2023). This finding supports arguments for strict protection
approaches while also highlighting potential trade-offs between conservation effectiveness and
community engagement or livelihood support.

The differential spatial patterns between protected and non-protected areas provide insights for
improving conservation strategies and protected area management (Ract et al., 2024). Protected areas
showed peak losses in intermediate zones (51%) rather than near roads, suggesting that enforcement
efforts are most effective near access points where patrol presence is highest and monitoring is most
feasible. However, the elevated losses in intermediate zones indicate potential enforcement gaps where
protection may be less intensive despite continued accessibility for unauthorized activities. This pattern
suggests opportunities for strategic enhancement of enforcement efforts in intermediate zones through
targeted patrol deployment, community engagement, or technological solutions.

Our mechanistic understanding enables design of targeted interventions precisely matched to the
specific processes operating in each spatial zone, representing a significant methodological advance
beyond uniform protection strategies that ignore spatial heterogeneity in drivers and processes (Bennun
et al., 2018). Zone 1 strategies focus on sustainable intensification approaches including agricultural
productivity improvements to reduce expansion pressure, planned settlement development to channel
growth in environmentally appropriate locations, and infrastructure optimization to minimize ecological
impacts while maintaining development benefits.

Zone 2 strategies emphasize buffer zone management through enhanced community forest
management initiatives that leverage local knowledge and stewardship capacity (Blomley and
Ramadhani, 2010), combined with strategic patrol deployment that capitalizes on visibility effects and
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deterrent value of enforcement presence. Zone 3 strategies implement remote surveillance approaches
through satellite-based early warning systems for illegal access detection, mobile patrol units specifically
targeting informal trail networks, and technological solutions including acoustic monitoring and camera
trap networks (John et al., 2021).

Our findings have immediate relevance for implementing the Global Biodiversity Framework's Target 3,
which commits countries to protecting and conserving 30% of terrestrial areas by 2030 through systems
of protected areas and other effective area-based conservation measures (UNEP-WCMC and IUCN,
2024). Our zone-specific governance framework demonstrates potential for substantially higher
conservation effectiveness than uniform approaches, with protected areas showing 60% lower
deforestation rates where zone-appropriate management is applied. This understanding is particularly
valuable for countries with limited conservation resources that must prioritize interventions for
maximum impact.

The framework directly supports Land Degradation Neutrality implementation by providing spatially
explicit guidance for maintaining and enhancing forest-based natural capital while accommodating
necessary infrastructure development (Cowie et al., 2018). The zone-specific strategies enable countries
to pursue development objectives while minimizing environmental impacts through strategic planning
that anticipates and mitigates negative effects. This approach aligns with LDN principles of avoiding
degradation of high-value ecosystems while enabling sustainable development in appropriate locations.

Several methodological limitations warrant acknowledgment and provide direction for future research.
The static treatment of road networks prevents direct assessment of temporal causality between road
construction and forest loss, though our spatial econometric approach provides strong evidence for
spatial relationships and spillover effects. Future research should integrate historical road construction
data and employ quasi-experimental designs including regression discontinuity and difference-in-
differences approaches to establish causal relationships more definitively (Miller-Mahn, 2020). The
three buffer zones we employ, while theoretically motivated and empirically validated, represent
discrete categories that may not capture continuous spatial processes. Future work could implement
continuous distance-based analysis, data-driven buffer zone identification, or machine learning
approaches to detect optimal threshold distances.

Our focus on Tanzania provides detailed insights for one important tropical context, but transferability
to other regions requires systematic validation across different ecological, institutional, and socio-
economic contexts. The methodological framework we develop offers tools for such comparative
analysis, though local calibration of distance thresholds, driver relationships, and intervention strategies
will likely be necessary. Climate change impacts on forest ecosystems and accessibility patterns represent
an additional complexity not fully addressed in our analysis, suggesting needs for dynamic modeling
approaches that incorporate projected changes in temperature, precipitation, and extreme weather
events (John et al., 2020).

This study makes fundamental contributions to both deforestation science and conservation practice
that extend well beyond the specific context of Tanzania. We identify and explain a previously
unrecognized U-shaped spatial pattern in road-driven deforestation, providing the first quantitative
evidence that challenges linear distance-decay models that have dominated road ecology research for
decades. This discovery reveals that infrastructure impacts operate through multiple, simultaneous
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mechanisms rather than simple accessibility gradients, fundamentally advancing theoretical
understanding of human-environment interactions in tropical landscapes.

We quantify spatial spillover effects between road buffer zones, demonstrating that deforestation
processes are coordinated rather than independent across space and providing quantitative estimates
essential for landscape-scale conservation planning. The 28% spillover effect we document has profound
implications for conservation strategy, indicating that local interventions create landscape-scale impacts
that must be accounted for in policy design and resource allocation decisions.

We develop a Multi-Scale Spatial Dependency Framework that provides mechanistic explanations for
complex spatial patterns while enabling design of zone-specific governance strategies tailored to local
conditions and processes. This framework represents a theoretical advance that integrates accessibility
effects, enforcement capabilities, and adaptive responses into a coherent model of infrastructure-forest
interactions with broad applicability across tropical regions.

The practical implications are immediate and significant for conservation policy and practice. Our zone-
specific governance framework achieves 34% higher conservation effectiveness than uniform
approaches, providing concrete tools for optimizing limited conservation resources while
accommodating necessary development objectives. For Tanzania specifically, this framework offers
guidance for implementing Land Degradation Neutrality commitments while supporting infrastructure
development essential for economic growth and poverty reduction.

3.5 Conclusion

Our study reveals that road-forest relationships in Tanzania are more complex than previously
understood, with U-shaped deforestation patterns in non-protected areas and negative correlation
between road density and ongoing forest loss. These findings indicate roads influence forest cover
primarily through indirect socio-economic pathways rather than direct effects. Protected areas
effectively mitigate deforestation, with strictly protected zones outperforming partially protected areas,
while simultaneous forest loss across different road buffer zones necessitates multi-scale conservation
strategies.

The varying effectiveness of protection categories underscores the importance of context-specific
approaches. Strictly protected zones demonstrate superior forest conservation outcomes compared to
partially protected areas, yet both show significant spatial variation in deforestation patterns. This
heterogeneity suggests the need for adaptive management tailored to local conditions, with different
protection strategies required for areas experiencing different socio-economic pressures and
accessibility levels. Protected area designation alone is insufficient without corresponding enforcement
measures and engagement with surrounding communities.

As Tanzania develops infrastructure to support economic growth, incorporating forest conservation into
early planning is essential. Strategic environmental assessments should address both direct clearing and
complex indirect effects of roads on land-use change. By implementing targeted conservation
approaches that consider the socio-economic drivers of deforestation, Tanzania can pursue development
while preserving its globally significant forest ecosystems and working toward Land Degradation
Neutrality goals.
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Chapter 4: Interactions Between Road Networks and Protected Areas in Shaping Land-use Change:
Insights from the Greater Serengeti Ecosystem
Abstract

Protected areas reliant on tourism require infrastructure like roads to enhance access and support local
economic growth. Consequently, proximity to roads and protected areas is often viewed as a significant
factor influencing land-use change, potentially compromising ecosystem integrity. This study aimed to
clarify the impacts of road and protected area proximity on land-use changes, including settlement
expansion, livestock distribution, cropland conversion, deforestation, and burned areas.

Conducted in the Greater Serengeti Ecosystem, the analysis focused on a 20 km buffer zone around
protected areas. Using spatial analysis at a 1 km resolution, land-use changes from 2010 to 2020 were
examined. Shapiro-Wilk normality tests were applied, followed by ANOVA for normally distributed data
or Kruskal-Wallis tests for non-normal distributions, with appropriate post-hoc tests and correlation
analysis to assess how distance from roads and protected areas influenced spatial patterns.

The findings indicate that roads, rather than proximity to protected areas, primarily drive land-use
patterns. Development gradients created by roads led to tripled livestock numbers and doubled
settlements within 0-5 km of roadways. Strong negative correlations were observed between distance
from roads and human activities, while the effects of protected areas were weaker and more variable.
Land-use types showed significant increases over time, with cropland expanding dramatically (over 100%
near roads) and changes accelerating after 2015.

This analysis emphasizes the need for distance-based development restrictions around protected areas
and integrated road-conservation planning. The study proposes "dynamic resistance zones," where
development restrictions adapt based on ecological indicators, aiming to mitigate biodiversity loss while
supporting sustainable livelihoods in landscapes adjacent to protected ecosystems.

Keywords: Road ecology, Protected area management, Spatial patterns, Human-wildlife interface,
landscape transformation, Serengeti ecosystem

4.1 Introduction

Road impacts on biodiversity and ecosystem function have been extensively documented across diverse
geographical contexts, revealing consistent patterns of landscape transformation that transcend regional
boundaries (Biber-Freudenberger et al., 2025; Engert et al., 2024; Mtweve et al., 2025). In the Brazilian
Amazon, roads have been identified as primary drivers of deforestation, creating distinctive "fishbone"
patterns of land clearing that extend up to 50 km from major highways (Laurance et al., 2014; Medrano-
Vizcaino et al., 2023). Similarly, studies in Southeast Asian forests have documented how road networks
facilitate access for logging, hunting, and large-scale agricultural conversion, leading to rapid habitat
fragmentation that threatens regional biodiversity (Alamgir et al., 2019). In North American forests, road
development has been linked to altered wildlife movement patterns, increased edge effects, and changes
in predator-prey dynamics that cascade through entire ecosystem communities (Trombulak and Frissell,
2000). African savannas face similar pressures, where road construction facilitates human encroachment
into wildlife areas, fundamentally altering traditional land-use patterns and intensifying human-wildlife
conflicts (Newmark, 2008).
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The ecological footprint of roads typically extends far beyond their physical dimensions, creating what
ecologists have termed "road effect zones" that can impact wildlife movement and ecological processes
at distances of several kilometers (Buss et al., 2024; Feng et al., 2021).

The Greater Serengeti Ecosystem represents one of Earth's most remarkable wilderness areas,
supporting extraordinary wildlife populations and complex ecological processes that have long
captivated global attention (Gorton, 2017; Kaiza-Boshe, 2024). This iconic landscape serves as a critical
refuge for millions of migratory ungulates and supports one of the world's most diverse carnivore
assemblages, making it a cornerstone of global biodiversity conservation efforts. The area attracts
millions of tourists annually, who play a crucial role in the socio-economic development of rural
communities, generating significant revenue streams that support local livelihoods and foster the
development of various infrastructures, including extensive road networks. However, the expanding road
infrastructure near this protected area (PA) presents a significant conservation challenge that requires
balancing human development needs with wildlife preservation objectives (Fyumagwa et al. 2013;
Hopcraft et al. 2015). The ecosystem's complex network of wildlife movements between the Greater
Serengeti, Maasai Mara, and Tarangire-Manyara ecosystems creates seasonal corridors that are
increasingly threatened by road infrastructure development, underscoring the critical importance of
understanding how transportation networks can fundamentally alter these natural patterns and disrupt
the balance of human-wildlife coexistence that has evolved over millennia (Hopcraft et al. 2015).

Since the 1960s, the Serengeti ecosystem has undergone substantial and accelerating transformations,
driven by the systematic expansion of human settlement, intensive agricultural practices, and rapidly
increasing livestock activities that compete directly with wildlife for limited resources (Estes et al. 2012;
Green et al. 2019; Homewood et al. 2001). These anthropogenic changes have intensified pressure on
natural resources throughout the region, creating increasingly complex competing demands between
local community livelihood improvement and biodiversity conservation objectives that often appear
irreconcilable (Estes et al. 2012; Veldhuis et al. 2019; Walelign et al. 2019). The rapidly growing human
population surrounding the ecosystem, which has increased exponentially over the past six decades since
the 1960s, has significantly amplified these pressures, making it essential to develop a comprehensive
understanding of how spatial patterns of human activities relate to road infrastructure development and
protected area boundaries. This demographic pressure, combined with changing economic conditions
and market access, has fundamentally altered traditional land-use patterns and intensified the rate of
landscape transformation (Estes et al. 2012; Veldhuis et al. 2019). The continued expansion of human
activities near protected boundaries has begun to significantly affect wildlife migration patterns, forcing
animals to concentrate in increasingly smaller areas, pushing large herbivore populations deeper into
core protected zones, and triggering cascading ecological effects on soil quality, vegetation structure,
and predator-prey relationships (Hopcraft et al. 2015; Veldhuis et al. 2019).

Protected areas like the Serengeti would probably benefit from more sophisticated management
approaches (e.g. as for biosphere reserves) for the complex interface zones between strictly protected
conservation areas and surrounding multi-use landscapes where human activities predominate (Blanco
et al. 2020). These critical transition zones experience intense and often conflicting pressure from diverse
land-uses, creating potential conflicts between conservation objectives aimed at maintaining ecosystem
integrity and legitimate human needs for economic development, food security, and improved
livelihoods (Hopcraft et al. 2015; Veldhuis et al. 2019). The inherent complexity of these interface areas
is further amplified by their varied stakeholder interests, which range from traditional pastoral
communities with deep cultural connections to the landscape, to agricultural settlements seeking fertile
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lands and market access, to wildlife managers focused on conservation outcomes, and to tourism
operators’ dependent on wildlife viewing opportunities (Fyumagwa et al. 2013; Hopcraft et al. 2015).
Understanding the spatial dynamics of these transition zones, particularly how they are influenced by
roads, and the proximity to protected area boundaries, has become essential for developing effective
ecosystem management strategies and sustainable development planning approaches that can
accommodate multiple objectives while maintaining ecological integrity (Veldhuis et al. 2019; Walelign
et al. 2019).

Existing research highlights the urgent need for studies on the complex impacts of road networks and
the multifaceted influence of protected area proximity on landscape patterns, particularly in regions
where rapid development intersects with globally significant conservation areas (Van der Ree et al. 2015;
Van Der Ree et al. 2011). As numerous studies have demonstrated across different geographical contexts,
traditional approaches to protected area management frequently fail to adequately account for the
complex spatial relationships between road infrastructure development and the subsequent patterns of
human activities that emerge in response to improved accessibility (Bontempi et al. 2023). This critical
knowledge gap becomes particularly urgent in regions like the Serengeti, where rapid human population
growth, expanding economic activities, and accelerating development pressures intersect directly with
globally significant conservation objectives and internationally recognized biodiversity values (Hopcraft
et al. 2015; Veldhuis et al. 2019). The increasing frequency and intensity of human-wildlife conflicts
throughout the region, including widespread crop destruction that threatens food security, livestock
predation that affects pastoral livelihoods, and human casualties that create fear and resentment toward
wildlife, has led to growing reluctance among local communities to support conservation efforts (Angela
et al. 2014; Snyder et al. 2023). This deteriorating relationship between communities and conservation
initiatives further emphasizes the importance of understanding how both road networks and distance
from protected areas fundamentally shape these complex interactions and influence the potential for
sustainable coexistence between human development and wildlife conservation (Sakar et al. 2022).
Against this complex background of competing demands and accelerating change, our research focuses
specifically on the Greater Serengeti Ecosystem to address three fundamental research questions that
are critical for understanding landscape transformation dynamics: (1) How does proximity to roads and
protected areas influence land-use (Livestock, Settlement, Croplands, Forest fire (burned area), and
Deforestation) distribution patterns across the landscape? (2) How have spatial relationships in land-use
evolved and changed over the past two decades? and (3) What are the implications of these observed
patterns for landscape management and conservation planning strategies? Through systematic spatial
analysis and comprehensive statistical modeling approaches, this study provides important empirical
insights into the complex relationships between road development and protected area management that
can inform more effective conservation strategies. Understanding these multifaceted interactions is
crucial for developing evidence-based strategies that can successfully balance legitimate human
development needs with wildlife conservation while maintaining the ecological processes that make this
ecosystem globally significant. Our comprehensive analysis examines how both road networks and
protected area distance create distinct and measurable spatial patterns in human activities, while
carefully considering the broader implications for ecosystem management approaches and conservation
planning frameworks that must operate across multiple scales and accommodate diverse stakeholder
interests.

The successful integration of road development with conservation objectives ultimately depends on
understanding and managing the complex relationships between human activities and natural processes
across landscapes. These insights can help guide the development of more effective policies and
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management strategies that better serve both conservation objectives and human development needs
while maintaining the ecological integrity that makes the Serengeti ecosystem globally significant.

4.2 Methodology
4.2.1 Study area

This study examines land-use change patterns within the Greater Serengeti Ecosystem (see Introduction
for comprehensive ecosystem description and Figure 4.1), focusing exclusively on areas located outside
protected area boundaries. Analysis extends from protected area boundaries outward to 20 km into
surrounding human-dominated landscapes, covering the critical interface zones where conservation and
development pressures intersect.

All analyses were conducted within these buffer zones outside protected area boundaries; ensuring
results reflect the influence of conservation areas and transportation infrastructure on surrounding
landscapes rather than impacts within protected areas themselves.
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Figure 4.1: Road distribution within and around the Greater Serengeti Ecosystem 2025 (Source: Mtweve, 2025).
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4.3 Data Sources and Acquisition

4.3.1 Roads and Protected Areas Data

We obtained road network data and protected area boundaries shapefiles from three authoritative
institutional sources: The Serengeti National Park's Ecology Department; the Ngorongoro Conservation
Area's Planning Office, which oversees land-use planning and infrastructure development within the
conservation area; and the Tanzania Wildlife Authority (TAWA) headquarters in Bunda, which
coordinates management across multiple protected areas in the region. Utilizing data from these
multiple institutions was crucial for ensuring comprehensive coverage and accuracy because our study
area encompasses multiple protected areas managed by different government authorities operating
under distinct mandates: Tanzania National Parks (TANAPA) manages the Serengeti National Park under
strict protection guidelines, the Ngorongoro Conservation Area Authority (NCAA) manages the
Ngorongoro Conservation Area under a unique multiple-use model that allows traditional pastoralism,
and TAWA oversees various game reserves, game-controlled areas, and Wildlife Management Areas that
permit different levels of human activities while maintaining wildlife conservation objectives.

4.3.2 Livestock Data

For livestock distribution pattern analysis, we utilized data from the Gridded Livestock World (GLW v4)
database, a globally standardized data-set that has been extensively validated and provides detailed
information on livestock species distribution and density at 1km spatial resolution (Gilbert et al., 2022).
This database employs advanced modeling techniques that incorporate multiple predictor variables,
including environmental factors such as precipitation and temperature patterns, anthropogenic variables
such as human population density and market access, and production system characteristics that reflect
local farming practices and cultural preferences. We systematically extracted data for three key time
points (2010, 2015, and 2020) focusing specifically on cattle, goats, and sheep populations, which
represent the primary livestock species in the study region and have the greatest potential for interaction
with wildlife populations. The temporal resolution of this data-set allowed us to capture both short-term
fluctuations and longer-term trends in livestock distribution patterns that reflect changing economic
conditions, climate variability, and management practices.

4.3.3 Cropland Data

We systematically extracted cropland information from the MODIS Land Cover Type Yearly Global 500m
dataset (MCD12Q1.061), a comprehensive global land cover product that captures annual and perennial
herbaceous crops grown for human consumption, livestock forage, and increasingly important biofuel
production (Friedl and Sulla-Menashe, 2022). This dataset provides global annual land cover
classifications at 500m resolution from 2001 onwards, offering consistent temporal coverage that
enables analysis of agricultural expansion patterns. To ensure the reliability and accuracy of this dataset
for our specific study area, we implemented a comprehensive ground-truthing validation process using
stratified random sampling with 342 selected sample points distributed across different land-use types,
with particular emphasis on areas where significant cropland changes were detected through preliminary
analysis.

We validated the classification accuracy using random forest classification model trained on commonly
used spectral features including the Normalized Difference Vegetation Index (NDVI), Enhanced
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Vegetation Index (EVI), and Normalized Difference Water Index (NDWI), as well as individual spectral
bands from Landsat imagery. This validation classifier achieved an overall accuracy of 87% with a Kappa
coefficient of 0.84, indicating strong agreement between the MODIS classifications and ground-truth
data. For temporal consistency with our other datasets and to ensure comparative analysis, we used the
cropland data for the years 2010, 2015, and 2020.

4.3.4 Settlement Distribution

We systematically extracted human settlement data from the Global Human Settlement Layer (GHSL)
data-set, a product that provides detailed settlement patterns at 100m resolution for the years 2010,
2015, and 2020, enabling analysis of settlement expansion patterns over our study period (Pesaresi,
2023; Pesaresi et al., 2024). This dataset captures the distribution and extent of built-up surfaces,
expressed in square meters per pixel, showing both total built-up surface area and differentiated non-
residential areas such as commercial and industrial facilities. The data set derives its information from a
combination of high-resolution satellite imagery, comprehensive census data, and other authoritative
geospatial information sources, primarily from the Copernicus Sentinel-2 mission, ensuring consistent
global coverage and temporal comparability.

For our settlement analysis, we followed the standardized procedures described by the European
Commission. Joint Research Centre. (2023), which involves identifying built-up areas through consistent
spectral thresholds and validating these automated classifications against field-verified settlement
locations. We calculated total settlement area (expressed in square kilometers) for each buffer zone,
normalizing these values by the total area of each buffer zone to account for differences in buffer sizes
and enable meaningful statistical comparisons.

4.3.5 Forest Fire Data

We obtained burned area data from the MODIS Burned Area Monthly Global 500m data-set
(MCD64A1.061), which provides consistent global coverage from 2001-2022 with monthly temporal
resolution (Giglio et al., 2021). This data-set represents a significant improvement over earlier versions
through enhanced spatial resolution (500m) and includes various masks to address common challenges
in burned area detection such as terrain shadows, previously burned scars, and persistent cloudiness that
can affect satellite observations.

Our analysis focused specifically on the "Burned Area" band, which provides binary classification of
burned versus unburned areas, and we calculated annual average burned area for our three study years
(2010, 2015, and 2020) to capture inter-annual variability while maintaining consistency with other
datasets. It isimportant to note that this data-set captures all burned areas regardless of vegetation type,
encompassing grassland fires, agricultural burning, savanna fires, and forest fires across the diverse
landscape mosaic. The term "burned area" rather than "forest fire" is used throughout our analysis to
accurately reflect that fire activity includes all types of vegetation fires across the landscape, providing a
comprehensive picture of fire dynamics in this mixed savanna-woodland ecosystem.
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4.3.6 Deforestation Data

We systematically evaluated forest cover change using the Hansen Global Forest Change data-set version
1.10, a global forest monitoring product that covers the period 2000-2024 at 30m resolution and has
been extensively validated across diverse forest ecosystems worldwide (Hansen et al., 2020, 2013). For
our specific analysis, we utilized the "loss" band, which represents the year in which each 30m pixel
transitioned from forest to non-forest state during the period 2000-2020, providing precise temporal
information about deforestation events. For each buffer zone and time point (2010, 2015, 2020), we
calculated the total area of forest lost for the specific year, expressed in square kilometers, to represent
deforestation rates rather than cumulative historical loss. This approach provided a dynamic measure of
forest conversion activity that reflects current pressures rather than historical patterns.

To validate the Hansen data set for our study area, we performed an accuracy assessment using a
stratified random sample of 200 points distributed across different forest types and change categories.
We visually interpreted high-resolution imagery from Google Earth and Sentinel-2 for the years 2010,
2015 and 2020 to verify detected forest loss events. Our validation showed 82% overall agreement with
the Hansen data-set classifications in the study area, with a producer's accuracy of 79% and user's
accuracy of 85% for forest loss detection. These accuracy levels are consistent with regional validation
studies and confirm the dataset's reliability for our analysis (Hansen et al., 2013; Tyukavina et al., 2022).
We selected deforestation as our primary ecological response variable because forest loss represents a
direct and quantifiable measure of habitat conversion that has immediate consequences for biodiversity
conservation and ecosystem function, particularly relevant in this mixed savanna-woodland ecosystem
where forest patches provide critical wildlife habitat and ecosystem services.

Itis important to note that in our usage of the Hansen data set, the term 'deforestation’ refers to the loss
of tree cover for any number of reasons, not exclusively intentional removal by humans. The data-set
captures transition from forest to non-forest states but does not assign causes for these changes.
However, in our study area, research has shown that most forest loss is associated with human activities
such as agricultural expansion and wood harvesting (Kideghesho, 2015).

4.4 Data Processing
4.4.1 Spatial Standardization

To ensure spatial consistency and accuracy across all analyses, we implemented a standardization
protocol by projecting all shapefiles and raster datasets into the EPSG: 32736 coordinate system (WGS
84 / UTM zone 36S), which is the appropriate projection for our East African study area and minimizes
distortion in area calculations. Following the recommendation of statistical best practices for multi-
resolution datasets, we systematically aggregated all datasets to a consistent 1km resolution to avoid
artificially creating detail where it does not exist in the original coarse-resolution data. This resolution
choice was based on several methodological considerations: the coarsest input data-set (livestock data)
has a native 1km resolution, making it inappropriate to analyze at finer resolutions; the buffer distances
being studied operate at 5km intervals making 1km resolution adequate for detecting meaningful
patterns; and this resolution provides a robust analytical framework that balances computational
efficiency with analytical precision while avoiding the methodological problems associated with up-
sampling coarse data to finer resolutions.
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Aggregation procedures were implemented using bi-linear resampling for continuous variables (livestock
numbers, settlement area, cropland coverage) to preserve gradual spatial transitions, and nearest-
neighbor resampling for categorical variables (deforestation events, burned area classifications) to
maintain data integrity and prevent artificial intermediate values during the transformation process. All
metrics were normalized by grid cell area to ensure meaningful comparisons across different spatial
extents and buffer zones.

4.4.2 Buffer Zone Establishment

We systematically established four concentric buffer zones around both road networks and protected
area boundaries using standardized distances: 0-5 km, >5-10 km, >10-15 km, and >15-20 km, which
represent meaningful scales for analyzing infrastructure effects while capturing the range of road
influence documented in previous studies. These buffer zones were carefully created as non-overlapping
regions to enable clear statistical comparison between distance categories without double-counting
areas or introducing spatial auto-correlation artifacts.

To address the issue of differential buffer areas (where outer buffers naturally contain larger total areas
than inner buffers), we implemented comprehensive area normalization procedures. For each buffer
zone, we calculated total area and normalized all land-use metrics by this area to obtain density measures
(e.g., livestock per km?, settlement area per km?, cropland percentage) rather than absolute quantities.
This normalization ensures that observed patterns reflect intensity of land-use rather than simply the
larger absolute quantities expected in larger buffer zones. The buffer shapefiles were processed using
the sf package in R (Pebesma, 2016), with careful attention to ensuring valid geometries through the
st_make_valid function where necessary to prevent computational errors. Road buffers were created
around all roads located outside protected areas to focus on human-dominated landscapes, while
protected area buffers were established around the outer boundaries of all protected areas in the
Greater Serengeti Ecosystem to capture the full range of conservation boundary effects.

4.4.3 Value Extraction and Temporal Assignment

Using R's packages terra (Hijmans, 2020) and exactextractr (Baston, 2019), we implemented extraction
of values from our raster datasets within each buffer zone polygon. The exactextractr package was
particularly important for our analysis as it provides functions for the extraction of raster values using
vector geometries, accounting for partial pixel coverage at polygon boundaries and ensuring accurate
zonal statistics that properly weight pixel contributions.

For temporal consistency across datasets with different observation schedules, we implemented a
systematic temporal assignment protocol. For datasets with exact year matches (Hansen deforestation
data, GHSL settlement data), we used the precise yearly values. For datasets with interpolation
requirements (GLW livestock data available in 5-year intervals, MODIS cropland data), we used nearest-
neighbor temporal assignment to our target years (2010, 2015, 2020).

For each buffer zone and temporal point, we systematically calculated: total area (for normalization
purposes), sum/count metrics (total livestock numbers, settlement area, cropland area, burned area,
deforestation area), and derived normalized metrics that account for buffer zone size differences. This
comprehensive approach ensured that all metrics were appropriately normalized by buffer zone area,
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addressing important concerns about differential area influencing the results and enabling meaningful
comparisons across different distance categories.

4.4.4 Data Analysis

First, we conducted an exploratory analysis calculating descriptive statistics for each combination of land-
use category, buffer type (road vs. protected area), distance category, and year, which included detailed
metrics such as mean, median, standard deviation, and standard error to characterize the central
tendency and variability of our data. Different visualization techniques, including bar plots and stacked
percentage plots, were used to identify patterns in the data and guide subsequent statistical testing
approaches.

We then conducted normality tests to determine the appropriate statistical approaches for each dataset;
the distribution of the data was systematically examined using the Shapiro-Wilk test (Royston, 1982) for
each combination of category and buffer type, with test statistics and p-values recorded to assess
normality assumptions. Based on these normality assessments, we selected appropriate parametric or
non-parametric approaches: when the p-value was greater than 0.05, indicating normally distributed
data, we used Analysis of Variance (ANOVA) to evaluate the effects of buffer distance and year; when
the p-value was less than 0.05, indicating non-normal distributions, we utilized the Kruskal-Wallis test to
examine similar effects while avoiding distributional assumptions.

4.4.5 Spatial Autocorrelation Controls

To address potential spatial autocorrelation that could artificially inflate statistical significance and lead
to incorrect conclusions, we implemented a spatial sub-sampling approach following established
protocols for spatial data analysis. We systematically divided the study area into 5 km grid cells and
randomly selected one representative point per grid cell for statistical testing, which effectively reduces
the inflation of significance values that can occur when spatial auto-correlation is present while
maintaining adequate sample sizes for statistical inference. Additionally, we tested for spatial auto-
correlation using Moran's | statistic for each land-use variable, and confirmed that our sub-sampling
approach successfully reduced spatial dependency to non-significant levels (p > 0.05 for all variables after
sub-sampling). This approach ensures that our statistical conclusions are based on approximately
independent observations rather than spatially clustered data points that could lead to biased results.

We systematically conducted correlation analysis to investigate relationships between variables using
Spearman's rank correlation, which is robust to non-linear relationships and does not assume normal
distributions. This analysis was conducted separately for each category and buffer type, yielding
correlation coefficients (rho), p-values, and significance flags that allowed us to quantify the strength and
direction of relationships between distance and land-use intensity. Significant correlations with p-values
less than 0.05 were highlighted in the findings and subjected to additional analysis.

When significant main effects were identified through ANOVA or Kruskal-Wallis tests, we executed
appropriate post-hoc tests to pinpoint specific differences between groups. For ANOVA results, we
applied Tukey's Honestly Significant Difference (HSD) test, which enables pairwise comparisons among
all levels of each factor while controlling for multiple comparisons through adjusted p-values calculated
to maintain an overall significance level of p < 0.05. For Kruskal-Wallis test results, we used Dunn's test
with Bonferroni correction to determine which specific buffer distances or years exhibited significant
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differences, providing z-statistics and adjusted p-values to clarify the nature and magnitude of observed
differences. These pairwise comparisons helped to identify the exact locations of significant differences
and quantify effect sizes.

Statistical analyses were conducted using multiple temporal approaches to capture both spatial
relationships and temporal trends. For spatial relationship analysis (correlation analysis, ANOVA, and
Kruskal-Wallis tests examining effects of distance), we pooled data across all three time periods (2010,
2015, 2020) to maximize statistical power while controlling for temporal effects by including year as a
factor in multi-way analyses. For temporal trend analysis, we conducted repeated measures tests using
all three-time points to examine changes over time within each distance category. Specifically:
correlation analyses between distance and land-use variables used pooled data from 2010, 2015, and
2020 (n = 3 time points x number of spatial units per distance category); ANOVA and Kruskal-Wallis tests
examining distance effects included year as a blocking factor with data from all three time periods;
temporal trend tests (repeated measures ANOVA and Friedman's tests) used the three time points (2010,
2015, 2020) as repeated observations for each spatial unit; and post-hoc temporal comparisons used
pairwise tests between each year combination (2010 vs 2015, 2015 vs 2020, 2010 vs 2020) to identify
periods of greatest change.

4.5 Results

4.5.1 How Do Roads and Protected Areas Influence Land-use (Livestock, Settlement, Croplands, Forest
fire (burned area), and Deforestation) Distribution?

Road Infrastructure Effects on Land-use Distribution

Road infrastructure emerges as the dominant factor associated with land-use patterns, with the majority
of studied drivers except burned areas showing strong correlations in the Greater Serengeti Ecosystem.
This creates systematic spatial gradients that organize human activities along transportation corridors
(Figure 4.2 and Table 4.1). The strongest relationships are observed for livestock distribution, where all
three species exhibit remarkably strong negative correlations with road distance: cattle (p = -0.99, p <
0.001), goats (p =-0.99, p < 0.001), and sheep (p = -0.79, p < 0.001). These correlation strengths create
steep concentration gradients (Figure 2), where livestock numbers in the 0-5km road buffer consistently
exceed those in the >15-20km buffer by factors of 3-4 across all study years, reflecting the critical
importance of market access for pastoral livelihoods.
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Figure 4.2: % correlation analysis between distance from reference points and land-use variables. Bar plots show mean values
with standard error bars for livestock populations, agricultural land, disturbance factors, and human settlements
across four distance buffers.

Human settlements demonstrate similarly pronounced road-centric patterns (p = -0.278, p < 0.001;
ANOVA, p < 0.001), with population densities several times higher within 0-5km of roads compared to
areas more than 15km away. This concentration pattern reflects the fundamental role of transportation
access for economic opportunities, healthcare, education, and government services. Agricultural
activities follow comparable road-oriented distributions (p = -0.119, p < 0.001; Kruskal-Wallis p < 0.001),
with higher farming intensity near transportation networks that facilitate market access, input supply,
and agricultural extension services.

In contrast, deforestation shows no systematic relationship with road distance (p = -0.005, p = 0.472),
with statistical tests confirming non-significant effects (p = 0.086), suggesting that forest clearing
operates independently of transportation access.

4.5.2 Protected Area Boundary Effects on Land-use Distribution

Protected area proximity shows markedly different and generally weaker effects on land-use distribution
compared to road infrastructure, with relationships varying significantly among land-use types. For
livestock, protected areas create strong positive correlations indicating strategic avoidance: cattle (p =
0.395, p < 0.001), goats (p = 0.984, p < 0.001), and sheep (p = 0.984, p < 0.001) (Table 4.1). This pattern
suggests spatial optimization by pastoral communities who maximize transportation access while
maintaining distance from conservation boundaries to minimize human-wildlife conflicts and livestock
predation risks.
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Human settlements show minimal response to protected area boundaries (p = -0.017, p = 0.0001;
Kruskal-Wallis, p = 0.008), indicating that conservation status provides limited deterrence to settlement
when road access exists. Similarly, agricultural activities demonstrate only weak positive correlation with
protected area distance (p = 0.011, p = 0.0104; ANOVA, p = 0.003), suggesting minimal influence of
conservation boundaries on farming location decisions.

Deforestation patterns reveal a different dynamic, with forest loss increasing slightly away from
protected areas (p = 0.030, p < 0.001; ANOVA, p = 0.002), suggesting that conservation boundaries
provide some deterrent effect through enforcement or surveillance. Fire activity shows the strongest
protected area relationship among all land-use types, concentrating near conservation boundaries (p = -
0.119, p < 0.001; Kruskal-Wallis, p = 0.007), which most likely reflects natural fire regimes and
management burning practices within protected areas rather than illegal activities.

Table 4.1: Effects of distance from roads and protected areas on various land-use drivers including livestock
distribution, settlement patterns, cropland distribution, forest fire occurrences, and deforestation

rates.
Land-use Buffer Type Distance Effect Temporal Effect (2010-2020)
Factor
Protected Significant  (Kruskal-Wallis, p=0.008) | Significant (ANOVA, p=0.032)
Area Negative correlation (rho=-0.02, | Increasing trend (15.3% growth rate)
p<0.001)
Settlement
Road Significant (ANOVA, p<0.001) ** Strong | Significant (Kruskal-Wallis, p=0.023)
negative correlation (rho=-0.28, | Consistent annual growth (8.7%)
p<0.001)
Protected Significant (ANOVA, p=0.002) ** | Significant (p=0.019)
Area Positive correlation (rho=0.40, | Accelerated growth post-2015 (15%
Cattle p<0.001) increase)
Road Significant (Kruskal-Wallis, p<0.001) ** | Significant (p=0.027)
Very strong negative correlation (rho=- | Consistent growth pattern (7.2%
0.99, p<0.001) annually)
Protected Significant (ANOVA, p<0.001) ** Significant (p=0.011)
Area Very strong positive correlation | Increasing trend (15% increase post-
Goats (rho=0.98, p<0.001) 2015)
Road Significant (Kruskal-Wallis, p<0.001) ** | Significant (p=0.031)
Very strong negative correlation (rho=- | Consistent growth (6.4% annually)
0.99, p<0.001)
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correlation (rho=-0.005, p=0.472)

Protected Significant (ANOVA, p<0.001) ** Significant (p=0.028)
Area Very strong positive correlation | Gradual increase (15% post-2015)
Sheep (rho=0.98, p<0.001)
Road Significant (Kruskal-Wallis, p<0.001) ** | Significant (p=0.035)
<br>Strong negative correlation (rho=- | Modest growth trend (5.2% annually)
0.79, p<0.001)
Protected Significant (Kruskal-Wallis, p=0.007) ** | Significant (ANOVA, p=0.019)
Burned Area Area Negative correlation (rho=-0.12, | Variable trend (12.4% increase
p<0.001) overall)
Road Significant (ANOVA, p=0.005) ** | Significant (p=0.042) Fluctuating
Positive correlation (rho=0.06, | pattern, net increase (8.7%)
p<0.001)
Cropland Protected Significant (ANOVA, p=0.003) ** Weak | Significant (Kruskal-Wallis, p<0.001)
Area positive correlation (rho=0.01, | ** <br>Dramatic increase 2015-2020
p=0.010) (93.5%)
Road Significant (Kruskal-Wallis, p<0.001) ** | Significant (p<0.001) ** Exponential
Negative correlation (rho=-0.12, | growth post-2015 (112.7%)
p<0.001)
Deforestation | Protected Significant (ANOVA, p=0.002) ** | Significant (ANOVA, p<0.001) **
Area Positive correlation (rho=0.03, | Sharp increase 2015-2020 (76.2%)
p<0.001)
Road Non-significant (p=0.086) No | Significant (ANOVA, p=0.005) **

<br>Substantial increase (63.8%)

Note: Statistical significance indicated by: * p<0.01, ** p<0.001. All correlation coefficients (rho) are Spearman's rank
correlations. Distance effects based on statistical tests (ANOVA/Kruskal-Wallis). Temporal effects and growth percentages

calculated from comparing values across 2010, 2015, and 2020 time points. Non-significant results indicate p>0.05

4.5.3 Comparative Infrastructure Effects

Statistical analysis reveals that road effects dominate protected area effects for human activities

(settlements, cropland) but not for livestock, where protected area effects are actually stronger. For

settlements and cropland, road effect sizes are substantially larger than corresponding protected area

effects, with road proximity showing 16.4 times stronger association for settlements (|p| = 0.278 vs

0.017) and 10.8 times stronger association for cropland (|p| =0.119 vs 0.011), while livestock shows the

opposite pattern with stronger protected area avoidance effects (Table 4.1), providing quantitative

confirmation that road infrastructure serves as the primary driver for human settlement and agricultural

expansion.
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4.5.4 How have spatial relationships in land-use evolved and changed over the past two decades (2010-
2020)?

Temporal Intensification Patterns

All land-use categories show statistically significant increasing trends over time (p < 0.01), but with
varying degrees of growth rates. The most notable temporal changes occur in agricultural expansion,
which shows explosive growth post-2015 with increases of 112.7% near roads and 93.5% near protected
areas (both p < 0.001), representing a near-doubling of agricultural area within just five years (Figure
4.2).

Deforestation shows similarly concerning acceleration, with sharp increases of 76.2% near protected
areas and 63.8% near roads during 2015-2020 (both p < 0.001). Settlement expansion demonstrates
steady growth with 8.7% annual increases near roads (p = 0.023) and 15.3% overall growth near
protected areas (p = 0.032). Livestock populations show more moderate but consistent growth, with
cattle displaying 15% post-2015 acceleration near protected areas (p = 0.019) and 7.2% annual growth
near roads (p = 0.027), while goats and sheep show similar positive trends.

Burned area activity demonstrates an inverse relationship, actually increasing with distance from roads
(p=0.06, p<0.001; ANOVA, p = 0.005), but with considerable year-to-year fluctuations that likely reflect
climate variability and management practices rather than systematic development pressures.

4.6 Discussion
4.6.1 Transportation Infrastructure as the Dominant Organizing Force

Our findings provide strong empirical evidence that road infrastructure serves as the primary driver of
land-use change patterns throughout the Greater Serengeti landscape. The strength of road-land-use
relationships, particularly the correlations observed for livestock (p = -0.787 to -0.991), demonstrates
that transportation access fundamentally determines where and how human activities organize across
landscapes. This finding extends earlier work by Dobson et al. (2010) in the Serengeti region, revealing
that road effects are more pervasive and systematic than previously recognized. The magnitude of road
dominance over protected area effects is particularly significant for human activities, with road proximity
showing correlation magnitudes 8-16 times stronger than protected area effects for settlements and
cropland development.

The magnitude of road dominance over protected area effects is particularly notable for human activities.
Road proximity shows correlation magnitudes that are an order of magnitude stronger than protected
area effects for settlements (16.4x stronger) and cropland development (10.8x stronger). This dramatic
difference in effect sizes indicates that transportation access is not merely a stronger factor than
conservation boundaries, but represents a fundamentally different class of landscape driver that
overwhelms most conservation boundary effects for human settlement and agricultural activities.

The systematic concentration of human activities along transportation corridors creates what can be
characterized as "development spines" that organize landscape transformation in predictable patterns
similar to the "fish-bone" development documented in Amazonian contexts (Alamgir et al., 2019; Santos
et al., 2018), but with intensity levels that suggest a very high sensitivity to transportation access in East
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African pastoral and agricultural systems. The road-centric organization of settlements, agriculture, and
livestock activities reflects the fundamental role of transportation costs in rural economies where market
access determines economic viability for most livelihood strategies.

The dominance of road effects over protected area effects (8-16 times stronger effect sizes) reveals a
critical gap in current conservation strategies that have historically focused on protecting designated
areas while treating transportation infrastructure as an external factor beyond conservation control. This
finding indicates that roads transportation planning could be a powerful conservation tool in
combination with traditional protected area management for influencing landscape-wide patterns of
human activity while most conservation strategies that ignore infrastructure planning are likely to be less
efficient in achieving landscape-scale conservation objectives, while a stronger integration between road
transportation and conservation planning could have positive impacts on ecosystem integrity.

4.6.2 Protected Area Boundaries: Limited but Variable Influence

Protected area boundaries show markedly different and generally weaker effects on human activities
compared to road infrastructure, but with important variations among land-use types that reveal both
the potential and limitations of conservation boundary approaches. The strongest protected area effects
occur for livestock distribution, where pastoral communities demonstrate spatial optimization strategies
that balance market access (via roads) with risk avoidance (via distance from wildlife areas). This finding
suggests that protected areas can influence human behavior when there are incentives for avoiding
conservation areas, such as livestock predation risks or grazing restrictions, but have a reduced effect
when these incentives are absent.

The limited protected area effects on settlements and agriculture indicate that conservation designation
alone provides insufficient deterrence to human encroachment without complementary policies that
address the underlying economic drivers of land-use decisions. This finding aligns with broader literature
on protected area effectiveness (Bontempi et al., 2023) but provides quantitative evidence of the
magnitude of this limitation in a critically important conservation landscape. The limited settlement
response to protected area boundaries is particularly concerning given the documented impacts of
human settlement on wildlife behavior and ecosystem function.

However, the stronger protected area effects on deforestation and burned area activity suggest that
conservation boundaries may be more effective for managing specific resource uses than for controlling
broader development patterns. The positive relationship between deforestation and protected area
distance indicates that forest protection enforcement may be more effective than other conservation
interventions, possibly due to the visible nature of forest clearing and the existence of specific forest
protection policies.

4.6.3 Implications for Landscape-Scale Conservation

The systematic dominance of transportation effects over conservation boundary effects, with road
proximity showing 8-16 times stronger associations than protected area proximity for human activities,
has important implications for designing effective landscape-scale conservation strategies. Current
conservation approaches that focus primarily on protecting designated areas without consideration of
transportation planning are misaligned with the actual drivers of landscape transformation,
underestimating road effects by more than an order of magnitude. Our findings suggest that
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conservation effectiveness could be improved by developing integrated approaches that coordinate road
infrastructure development with conservation objectives.

The predictable nature of road effects on landscape development also creates opportunities for
proactive conservation planning that anticipates and prevents negative impacts rather than simply
responding to them after they occur. By understanding that road construction will systematically attract
settlement, agriculture, and livestock activities, conservation planners can work with transportation
authorities to route roads away from ecologically sensitive areas, implement compensatory conservation
measures in areas likely to experience development pressure, and develop management strategies that
accommodate increased human activity in less ecologically sensitive sites while protecting critical
ecosystem functions in key biodiversity areas.

4.7 Temporal Evolution of Landscape Transformation

4.7.1 Acceleration of Change: Evidence for System Reorganization

The temporal analysis reveals a concerning pattern of accelerating landscape transformation that
suggests the Greater Serengeti ecosystem may be approaching critical thresholds where gradual change
gives way to rapid system reorganization. The dramatic acceleration of agricultural expansion (112.7%
near roads, 93.5% near protected areas) and deforestation (76.2% and 63.8% respectively) between
2015-2020 represents rates of change that are unprecedented in the documented history of this
ecosystem and indicate that fundamental drivers of landscape transformation have intensified markedly
in recent years.

This acceleration pattern is particularly concerning because it suggests that the system may be entering
a phase of rapid reorganization where feedback processes amplify rather than dampen change,
potentially leading to irreversible shifts in ecosystem structure and function. The simultaneity of
acceleration across multiple land-use types indicates mutually reinforcing rather than isolated drivers,
pointing to broader socio-economic or environmental changes that are affecting the entire region.

The timing of acceleration after 2015 coincides with various regional developments including
infrastructure investments, economic growth initiatives, and demographic transitions that may have
collectively reduced barriers to landscape transformation. Understanding the specific drivers of this
acceleration is crucial for predicting future trajectories and developing appropriate management
responses. If current rates continue, statistical projections suggest complete transformation of the
current landscape character within 2-3 decades, with potentially catastrophic consequences for wildlife
populations and ecosystem function.

4.7.2 Persistence of Spatial Organization through Intensification

Despite the dramatic acceleration of land-use activities, the fundamental spatial organization of these
activities remains remarkably stable over time, providing important insights into the mechanisms
governing landscape transformation processes. The persistence of spatial relationships through periods
of rapid intensification demonstrates that road transportation infrastructure and conservation
boundaries establish "enduring spatial templates" that channel landscape transformation rather than
simply constraining it.
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This finding has critical implications for both prediction and management of landscape change. For
prediction, it suggests that early road infrastructure decisions create persistent organizational effects
that influence landscape development for decades, making current spatial patterns reliable predictors of
future development trajectories. For management, it indicates that interventions should focus on
modifying these spatial pathways rather than simply managing individual land-use activities in isolation.

The consistency of spatial organization around roads also reveals that landscape transformation follows
predictable pathways that can be anticipated and potentially redirected through appropriate
interventions. By understanding that development will continue concentrating along existing
transportation corridors, conservation planners can focus limited resources on these high-priority areas
while developing strategies that acknowledge and work with these spatial patterns rather than
attempting to override them.

4.8 Landscape Management and Conservation Planning Implications
4.8.1 Fundamental Reorientation Required

Our findings demonstrate that effective landscape-scale conservation in the Greater Serengeti requires
a reorientation from traditional boundary-based approaches toward road infrastructure-focused
strategies that recognize transportation infrastructure development as a primary factor associated with
landscape transformation. The statistical dominance of road effects over protected area effects (8-16
times stronger effect sizes) provides quantitative evidence that roads infrastructure planning is a strong
driver making infrastructure planning a powerful conservation tool for influencing landscape-wide
patterns of human activity.

This reorientation requires coordination between conservation authorities and transportation planning
agencies that have historically operated independently. Conservation organizations require expertise in
transportation planning and environmental impact assessment, while transportation authorities need to
incorporate conservation considerations into routine planning processes. This integration represents a
paradigm shift from treating road infrastructure and conservation as separate domains toward
recognizing them as fundamentally interconnected aspects of landscape management that must be
coordinated to achieve effective conservation outcomes.

The predictable nature of road infrastructure effects on landscape development creates opportunities
for proactive conservation planning that can anticipate and prevent negative impacts rather than simply
responding to them after they occur. By systematically incorporating conservation considerations into
transportation planning, including routing decisions, design standards, and mitigation requirements,
conservation effectiveness could be improved while potentially reducing overall costs through
prevention rather than remediation of environmental damage.

4.8.2 Development Hot spots: Priority Areas for Immediate Intervention

The identification of development hot spots where human activities are both spatially concentrated and
temporally accelerating provides targeting information for conservation interventions that must address
both current pressure levels and future intensification trends. These hot spots, located primarily within
0-5km of road networks, represent critical intervention priorities where conservation investments are
most urgently needed and potentially most effective.
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The compound effects of spatial concentration and temporal acceleration at these hot spots create
immediate threats to ecosystem connectivity and wildlife movement corridors that require urgent
management attention. However, these same characteristics also create opportunities for efficient
conservation investment, as interventions in these areas can address multiple land-use pressures
simultaneously and potentially prevent much larger future impacts through early intervention.

Management strategies for development hot spots must be designed to address both current activity
levels and projected future intensification. This requires adaptive management approaches that can
respond to changing conditions and scale intervention intensity with measured threat levels. Static
management approaches that assume constant pressure levels are likely to be overwhelmed by the
accelerating change documented in our analysis.

4.8.3 Dynamic Resistance Zones: A Comprehensive Implementation Framework

Our findings provide strong empirical support for implementing "dynamic resistance zones" adaptive
management areas where conservation interventions automatically adjust based on measured
development pressures and ecological indicators. These zones would function as buffer areas where
development restrictions automatically scale with real-time ecological indicators. For example, areas
within 5km of roads showing greater than 50% livestock increase would trigger enhanced conservation
measures, while areas showing stable conditions would maintain standard protections.

The documentation of accelerating change, the identification of development hot spots, and the
demonstration of road infrastructure dominance all point toward the need for management systems that
can respond dynamically to emerging threats rather than relying on static protective measures. Dynamic
resistance zones would specifically target the critical 0-5km road corridors where development pressure
is highest and most rapidly increasing, implementing enhanced monitoring, adaptive restrictions, and
conservation incentives that increase in intensity proportional to measured threat levels.

Implementation would require: (1) Annual satellite-based monitoring protocols to track land-use
changes, (2) Threshold criteria where greater than 25% increase in human activities triggers enhanced
restrictions, (3) Joint transportation-conservation planning committees with legal authority to modify
development permissions, and (4) Bi-annual policy adjustments based on monitoring data to ensure
adaptive responses to changing conditions.

4.9 Conclusion

Our findings provide evidence that road infrastructure is strongly associated with landscape
transformation patterns throughout the Greater Serengeti Ecosystem, fundamentally shaping patterns
of human settlement, agricultural development, livestock distribution, and natural resource use across
the landscape. Our study provides quantitative evidence that road proximity consistently shows stronger
associations than protected area proximity across most land-use categories, with effect sizes for road
distance typically 8-16 times larger than corresponding protected area distance effects, indicating that
road transportation planning decisions may have greater long-term impact on landscape development.

The temporal trend data reveals accelerating development pressures throughout the study period, with
particularly dramatic increases for cropland (93.5-112.7% increase) and deforestation (63.8-76.2%
increase) that suggest the ecosystem may be experiencing rapid landscape transformation. Current
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buffer zone management strategies, which rely primarily on static boundaries and uniform restrictions,
appear insufficient to prevent the cascading impacts of development pressure that systematically follows
road construction and improvement projects. The persistence of spatial patterns through periods of rapid
intensification indicates that infrastructure decisions create enduring spatial templates that organize and
channel landscape transformation processes for decades after initial construction, making early
intervention in transportation planning crucial for long-term conservation outcomes.

These findings highlight the need for a fundamental rethinking of protected area management
approaches, moving beyond traditional static buffer zones toward what we term "dynamic resistance
zones" adaptive management areas where development restrictions automatically adjust based on real-
time monitoring of measured ecological indicators, development pressures, and infrastructure expansion
patterns. From a policy perspective, our findings emphasize the need for integration between
transportation planning and conservation objectives, as the relationship between infrastructure and
subsequent land-use intensification demonstrates predictable and persistent effects across all measured
categories that extend far beyond the immediate vicinity of roads themselves.

The development of dynamic resistance zones represents a paradigm shift toward proactive and adaptive
management that can anticipate and prevent landscape degradation before it reaches critical thresholds,
rather than simply reacting to problems after they have emerged. This approach requires substantial
institutional development including comprehensive monitoring systems, flexible legal frameworks,
enhanced coordination between transportation and conservation authorities, and innovative financing
mechanisms. Our implementation framework provides a road-map for translating this concept into
operational reality, with specific recommendations for institutional structures, monitoring systems,
threshold criteria, and adaptive management responses that can be piloted and scaled up across the
broader landscape.

4.9.1 Limitations and Future Research Directions

Several important limitations of our study should be acknowledged and addressed in future research
efforts. While our analysis successfully captured broad changes between 2010, 2015, and 2020, providing
valuable insights into decadal trends, we lacked the temporal resolution necessary to identify specific
tipping points in land-use change processes or to detect early warning signals that might enable more
timely intervention strategies. Additionally, the strong correlations between road and development
indicators that we documented represent associations rather than proven causal relationships, as noted
by Lambin et al. (2003) and Geist and Lambin, 2002). These correlations may be confounded by
preexisting patterns of human settlement, agricultural suitability, and economic development that
influence both road placement and subsequent land-use decisions.

Future research should prioritize employing more diverse methods, including structural equation
modeling and causal inference approaches, to disentangle these complex relationships and establish
clearer causal pathways between infrastructure development and landscape transformation.
Incorporating detailed socio-economic data, including household surveys, economic indicators, and
demographicinformation, would provide deeper understanding of the underlying drivers of the observed
spatial patterns and enable more targeted intervention strategies. Additionally, comparative studies
across different ecosystem types and socio-economic contexts would help determine the generalizability
of our findings and contribute to developing broadly applicable principles for integrated transportation
and conservation planning.
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Chapter 5: Balancing Development and Conservation:
A Decision Framework for Sustainable Road Planning in Biodiversity Hot spots

Abstract

Global infrastructure investment will reach $94 trillion by 2040, posing critical threats to biodiversity in
rural regions newly exposed to road access. Traditional planning approaches have failed to sufficiently
incorporate stakeholder preferences and account for uncertainty, leading to decisions that often
compromise ecosystems. To overcome these limitations, we introduce an integrated decision-support
framework that fuses Multi-Criteria Decision Analysis (MCDA) with Bayesian Belief Networks (BBN),
allowing explicit incorporation of stakeholder-derived preferences and probabilistic modeling of
ecological and socioeconomic outcomes. Applying this framework to four proposed road development
routes in Tanzania's Greater Serengeti Ecosystem, we show that conservation-oriented options (Mbulu
and Eyasi) offer 15-25% better sustainability performance than conventional connectivity-maximizing
routes, while serving 70% of the population with 291% higher per-capital efficiency. MCDA results
identify the Eyasi route as optimal under balanced criteria, while BBN reveals the Mbulu route's superior
resilience under uncertainty. Thirty-year projections confirm the long-term benefits of ecosystem-
sensitive designs, and cross-validation between MCDA and BBN confirms methodological robustness (r =
0.89). This study provides a scalable, evidence-based planning framework for sustainable infrastructure
in biodiversity hot spots globally.

Keywords: Bayesian networks, conservation, infrastructure, multi-criteria analysis, sustainable
development

5.1 Introduction

Global road infrastructure investment will reach $94 trillion by 2040, with developing countries requiring
$2.3 trillion annually to meet sustainable road development goals (Global Infrastructure Hub, 2017). This
expansion occurs amid accelerating biodiversity loss, with species extinction rates up to 100 times above
natural background levels (Ceballos et al., 2015). The conflict between infrastructure development and
biodiversity conservation is most pronounced in biodiversity hotspots, which are 36 regions that cover
only 2.4% of Earth's surface yet harbor 44% of vascular plants and 35% of vertebrates, while supporting
2.3 billion people (Myers et al., 2000).

Infrastructure development, particularly investments into roads, is essential for rural development but
also primary drivers of habitat fragmentation. Global road networks have expanded by 60% since 1990,
with an additional 25 million kilometers planned by 2050 (Laurance et al., 2014). Case studies for the
negative impacts of roads on biodiversity and ecosystems can be found worldwide: Brazil's BR-319
highway increased deforestation by 95% within 50km (Fearnside and De Alencastro Graga, 2006),
Indonesia's trans-Papua highway threatens the world's largest intact tropical forest (Sloan, 2014), and
Africa's planned development corridors could fragment 33% of remaining intact forests (Laurance et al.,
2015).
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5.1.1 Critical Gaps in Current Planning Approaches

Negative impacts from roads can be minimized through biodiversity-sensitive planning, but conventional
approaches remain fundamentally limited. Early road infrastructure methodologies emphasized
engineering feasibility and economic cost-benefit analysis, often treating environmental and social
impacts as externalities to be mitigated post hoc (Flyvbjerg et al., 2003). Even where Environmental
Impact Assessments (EIAs) are required, they typically occur after route selection, limiting their influence
on strategic decisions (Geneletti, 2011).

Approaches that are more recent have incorporated Geographic Information Systems (GIS) for spatial
optimization, seeking routes that minimize environmental impact while maximizing socio-economic
benefits (Caliskan, 2016; Kaneko et al., 2024). Spatial optimization tools using Geographic Information
Systems (GIS) have added environmental dimensions to route planning, but still face three persistent
limitations: inadequate integration of stakeholder preferences, weak treatment of uncertainty, and
limited consideration of long-term, system-level feedback (Lin et al., 2019; Torres et al., 2016). One
significant area of uncertainty in road development planning is the unpredictability of ecological
responses to road construction. For example, the introduction of a new road can lead to unforeseen
changes in wildlife behavior, such as altered migration patterns or increased poaching, which can cascade
into broader ecosystem impacts. This uncertainty complicates decision-making, as planners may not fully
understand the long-term ecological consequences of their actions.

Multi-Criteria Decision Analysis (MCDA) has emerged as a promising approach for addressing stakeholder
preference integration, providing systematic frameworks for incorporating multiple, often conflicting
objectives while maintaining transparency in trade-off evaluation (Basheer et al., 2018; Malczewski and
Rinner, 2015). It enables explicit integration of stakeholder preferences through structured weighting
processes and has been successfully applied to transportation planning, energy infrastructure, and
conservation prioritization (Estrada et al., 2022; Yannis et al., 2020). However, MCDA's primarily
deterministic nature limits its ability to handle uncertainty and complex system dynamics.

Bayesian Belief Networks (BBN) offer complementary strengths for addressing uncertainty and system
complexity. BBNs model probabilistic relationships among variables, explicitly incorporating uncertainty
while capturing indirect effects and feedback loops (Kanti Sen and Dutta, 2020; McCann et al., 2006).
They have proven valuable for environmental management, ecosystem service assessment, and
infrastructure risk analysis (Laurila-Pant et al., 2019; Sheffield et al., 2012). Yet BBNs face challenges in
transparent stakeholder preference incorporation and can be difficult to parameterize without extensive
data.

Recognition of individual method limitations has led to calls for integrated approaches that combine
complementary methodologies (Dinh and Nguyen, 2024; Mach et al., 2023). However, most integration
attempts remain limited to sequential application rather than true methodological synthesis. The
challenge lies in developing frameworks that leverage the structured preference incorporation of MCDA
while capturing the uncertainty quantification and system dynamics of BBN approaches.

This integration is particularly critical for road infrastructure planning in biodiversity hot spots, where

decisions involve high stakes, multiple stakeholders with conflicting interests, substantial uncertainties
about ecological responses, and long-term consequences that unfold over decades. Such contexts
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demand analytical approaches that can simultaneously address preference integration, uncertainty
guantification, and temporal dynamics.

5.1.2 East Africa as a Critical Test Case

East Africa provides a compelling case study for the road infrastructure-biodiversity challenge. The region
hosts four biodiversity hot spots, currently experiences rapid economic growth driving infrastructure
expansion, and is home to more than 513 million people requiring improved connectivity (African
Development Bank, 2018). Recent regional infrastructure expansion initiatives include the East African
Railway Master Plan, improvements of the Northern Corridor, and multiple other road development
projects often having negative impacts on valuable ecosystems.

We use Tanzania's Greater Serengeti Ecosystem (GSE) as a characteristic case study for developing and
testing an integrated planning approach that combines MCDA's systematic stakeholder engagement with
BBN's uncertainty modeling capabilities. The GSE encompasses 30,000 km? of interconnected protected
areas, including Serengeti National Park, Ngorongoro Conservation Area, and multiple game reserves
(Walelign et al., 2019). It supports the world's largest terrestrial mammal migration of approximately 1.5
million wildebeest, zebras, and Thomson's gazelles, stores 1 million metric tons of carbon, and contains
two UNESCO World Heritage Sites (Dobson et al., 2010; Holdo et al., 2011). Simultaneously, the region
supports 4.6 million people requiring improved market access, healthcare, and educational services
(Fyumagwa et al., 2013).

Since 1990, four major road development options have been proposed by different government agencies
and development partners to improve regional connectivity, each presenting different trade-offs
between conservation and development objectives. The Northern route was proposed by the Ministry
of Works and Transport (1995), the Serengeti route by tourism industry stakeholders (2008), the Eyasi
route through collaborative planning between Tanzania National Parks Authority and regional
development committees (2012), and the Mbulu route by conservation organizations and community-
based natural resource management groups (2015).

5.2 Methodology
5.2.1 Greater Serengeti Ecosystem Characteristics (Study Area)

This decision-support framework was developed and tested using four proposed road development
options in Tanzania's Greater Serengeti Ecosystem (GSE). The GSE encompasses approximately 30,000
km? of interconnected protected areas in northern Tanzania, representing one of Africa's most significant
conservation landscapes. The ecosystem includes Serengeti National Park (14,750 km?), Ngorongoro
Conservation Area (8,292 km?2), three game reserves totaling 4,500 km?2, Wildlife Management Areas
covering 2,200 km?, and Loliondo Game Controlled Area (1,000 km?).

This diverse protected area network hosts the world's largest terrestrial mammal migration, with
approximately 1.5 million wildebeest, 200,000 zebras, and 300,000 Thomson's gazelles participating in
annual movements covering over 1,800 km. The ecosystem supports over 70 large mammal species, 500+
bird species, and provides critical habitat for endangered species including African wild dogs, cheetahs,
and black rhinoceros. It sequesters approximately 1 million metric tons of carbon annually and contains
two UNESCO World Heritage Sites plus one UNESCO Biosphere Reserve (Hopcraft et al., 2015).
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Human populations within and around the GSE total approximately 4.6 million people with annual
growth rates of 2.8%, creating increasing pressure for infrastructure development. Economic activities
include pastoralism affecting 65% of households, small-scale agriculture covering 35% of land use,
tourism contributing $1.8 billion annually to the national economy, and natural resource extraction, with
limited road access constraining market participation and service delivery.

5.2.2 Road Development Options and Historical Context

Since 1990, four major road development alternatives have been proposed to improve regional
connectivity, each presenting different trade-offs between conservation and development objectives.
These four proposed routes offer different balances of population service, conservation impact, and
economic benefits, creating ideal conditions for testing integrated planning approaches under real-world
constraints.

The Northern Route, proposed by the Ministry of Works and Transport in 1995, spans 342 km connecting
Musoma to Arusha while emphasizing economic connectivity and serving 2.1 million people within a
50km corridor. This route presents major engineering challenges including a 450m bridge requirement
at Mbalageti River crossing, 12% gradient descent over 8km sections, and 15km of elevated causeway
through seasonal flooding areas. Environmental constraints include crossing 8 designated wildlife
corridors, intersecting wildebeest calving grounds during February-May periods, and requiring 12 major
animal crossing structures, with estimated construction costs of $3.80 million per kilometer.

The Serengeti Route, proposed by tourism industry stakeholders in 2008, represents the shortest option
at 287 km but crosses protected areas directly, including 198.9 km within Ngorongoro Conservation Area
and Serengeti National Park boundaries. Major engineering features include deep foundation
requirements for Seronera Valley crossing, cultural site navigation around Moru Kopjes, and three major
Grumeti River bridge crossings. Environmental constraints mandate 30-50 km/hr speed limits and year-
round wildlife monitoring requirements while serving 971,000 people at construction costs of $4.50
million per kilometer.

The Eyasi Route emerged from collaborative planning between Tanzania National Parks Authority and
regional development committees in 2012, spanning 398 km while maintaining 15km minimum distance
from core-protected areas and serving 847,000 people. Major engineering features include an 8km
elevated Lake Eyasi causeway, engineered switchbacks for Rift Valley escarpment climbing, and
environmental controls through highland forest sections. This route achieves environmental advantages
through strategic wildlife crossing locations and integration with existing community conservancies at
construction costs of $3.14 million per kilometer.

The Mbulu Route, advocated by conservation organizations and community-based natural resource
management groups since 2015, extends 445 km while prioritizing biodiversity conservation and serving
primarily rural communities totaling 682,000 people. This route faces challenging terrain conditions
including maximum elevations of 2,350m, complex volcanic geology requiring specialized foundation
engineering, and extended rural sections with limited existing infrastructure. Environmental advantages
include complete protected area avoidance, alignment with traditional trade routes minimizing new
habitat disruption, and connection of existing community conservation areas at the lowest construction
cost of $2.45 million per kilometer (Figure 5.1).
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Figure 5.1: The Greater Serengeti Ecosystem and the proposed road segments

5.3 Stakeholder Engagement and Data Collection

5.3.1 Systematic Three-Phase Data Collection

We employed a systematic three-phase data collection process to ensure methodological rigor while
building legitimacy through inclusive participation.

The first phase involved systematic review of 47 peer-reviewed publications on Serengeti ecology and
road impacts using structured search protocols across Web of Science, PubMed, Google Scholar, and
African Journals Online databases. Search terms combined ecosystem identifiers with infrastructure and
impact keywords, covering the period 1990-2023 and focusing on peer-reviewed sources plus
authoritative gray literature from government reports, UN agencies, and established NGOs. Literature
synthesis employed thematic analysis to extract impact pathways, and relationships, establishing
baseline knowledge for expert selection criteria.

Expert consultation occurred during the Tanzania Wildlife Research Institute annual conference in
December 2023 with 14 specialists selected based on criteria including minimum 5 Serengeti-focused
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publications, minimum 10 years' regional field experience, and disciplinary diversity covering ecology,
economics, engineering, and policy. Participants included TAWIRI senior researchers, university
professors from University of Dar es Salaam and Sokoine University of Agriculture, College of African
Wildlife Management, field ecologists from protected areas, and tourism industry experts. Structured 3
hours’ side event workshop employed standardized protocols covering impact pathway identification,
parameter estimation feasibility, and stakeholder mapping for subsequent workshop selection.

The third phase consisted of an intensive three-day participatory workshop held January 15-17, 2024, in
Dar es Salaam with 16 participants representing affected sectors including tourism, ecology, income, and
connectivity. Stakeholder identification followed power-interest matrix analysis ensuring comprehensive
representation across six categories: tourism operators, planning officers from regional and district
levels, PhD-level field ecologists with over 5 years GSE research experience, professionally certified road
development specialists with rural experience, elected community representatives from affected areas,
and conservation NGOs with technical expertise and regional presence.

5.3.2 Workshop Design and Implementation Protocol

Workshop design employed structured facilitation ensuring equal participation and consensus building
through individual brainstorming, small group discussions, and plenary sessions.

Day one focused on criteria development and framework establishment through opening sessions with
GSE overview presentations and route proposal presentations by proponents, followed by individual
criteria brainstorming using structured worksheets for factor identification. Small group synthesis
occurred in mixed-sector groups of 4 people using sticky-note mapping on large-format charts,
concluding with plenary integration involving facilitated discussion, voting processes, and consensus
building that resulted in 16 criteria across 4 domains.

Day two addressed weight estimation and preference quantification beginning with Analytical Hierarchy
Process training including theoretical presentations and worked examples, followed by individual AHP
implementation involving domain-level and indicator-level pairwise comparisons. The day concluded
with group weight synthesis using geometric mean aggregation and consistency checking to ensure
reliable preference structures.

Day three covered Bayesian network development and parameter estimation through network structure
development using facilitated causal mapping sessions, parameter elicitation employing probability
wheels and structured scenarios, and final integration with validation and participant feedback to ensure
framework completeness and accuracy.

5.3.3 Quality Assurance and Consensus Building

Consensus building employed systematic protocols with clear decision rules requiring greater than 75%
agreement among participants for major decisions while providing opportunities for minority view
documentation. Anonymous voting addressed sensitive issues while open discussion handled technical
matters, with professional neutral facilitation ensuring balanced participation and methodological rigor.
Documentation standards included multiple independent note-takers, session recordings with
participant consent, and photographic capture of visual materials.
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5.4 Spatial Data Acquisition and Standardization
5.4.1 Spatial Dataset Assembly

Spatial analysis employed 13 standardized datasets selected for infrastructure engineering, biodiversity
conservation, and socio-economic relevance. All datasets underwent comprehensive preprocessing
including coordinate standardization to EPSG:32736 (WGS 84 UTM Zone 36S), resolution harmonization
to 30-meter pixels for initial processing and 1km for final analysis, extent standardization with 50km
buffer around the study area, and value standardization using Min-Max normalization for comparability
across different data types.

Terrain data utilized NASA SRTM 30-meter Digital Elevation Model from 2000 with derived slope and
aspect calculations using QGIS terrain analysis tools. Processing included void filling using interpolation
methods and validation against 50 GPS elevation points achieving RMSE of 6.2m. Derived products
included slope percentages, aspect measurements in degrees, terrain ruggedness indices, and elevation
classes for comprehensive engineering feasibility assessment.

Geological data from Tanzania Geological Survey 1:250,000 maps provided bedrock type and geological
stability information for infrastructure foundation assessment. Foundation stability indices combined
rock type classifications, fault proximity analysis, and landslide susceptibility mapping, with expert-
derived scoring validated through comprehensive geotechnical literature review to ensure engineering
relevance.

Environmental data integration included climate data from WorldClim version 2.1 providing temperature
and precipitation variables at 30-second resolution for regional climate characterization. ESA WorldCover
2021 land-use/cover classification at 10-meter resolution underwent resampling to 30m for consistency,
with validation through confusion matrix analysis using 200 field validation points achieving 89% overall
accuracy and Kappa coefficient of 0.85.

Protected area boundaries obtained from Tanzania National Parks Authority in 2023 included all
conservation designations encompassing national parks, conservation areas, game reserves, and Wildlife
Management Areas, Game Controlled Areas, and community conservancies. Buffer analysis employed
multiple distance classes from 0-1km through greater than 20km for proximity impact assessment, with
field validation of boundary markers at 25 strategically selected locations.

5.4.2 Ecological and Socio-Economic Data Integration

Wildlife corridor and migration route mapping were obtained from TAWIRI researchers. Data processing
included seasonal importance weighting with peak migration periods during May-July and November-
December receiving highest conservation priority scores. Wildlife corridors are distinguished between
year-round movement pathways and seasonal migration routes, with impact assessment measuring
intersection length and crossing frequency to quantify potential disruption levels.

Settlement distribution data from Global Human Settlement Layer 2020 provided population density

information at 1km resolution, cross-referenced with 2020 Tanzania Census data at ward level for
validation purposes. Field verification included GPS mapping of 25 settlements with population estimates
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and growth projection analysis incorporating regional demographic trends of 2.8% annually to ensure
accurate population service calculations.

Existing road networks combined data from OpenStreetMap, Tanzania Rural Roads Agency, and Ministry
of Works, with GPS verification of 500km of road segments for comprehensive quality assessment. Road
classification included surface type categorization covering paved, gravel, and earth roads, seasonal
accessibility status evaluation, maintenance condition assessment, and connectivity analysis through
network topology evaluation to understand current infrastructure capacity and limitations.

Market locations from Tanzania Bureau of Statistics underwent extensive field validation and accessibility
analysis measuring travel time improvements enabled by proposed road developments. Service facility
mapping included healthcare centers, educational institutions, and government offices with spatial
analysis of access improvements under different route scenarios to quantify socio-economic benefits
comprehensively.

5.4.3 Data Quality Assessment and Validation

Data quality assessment included completeness analysis achieving greater than 99% coverage across all
datasets, temporal consistency verification ensuring data representativeness for the 2020-2023 period,
and accuracy validation through systematic field checking at 50 stratified random locations. Distance
calculations employed Euclidean algorithms validated against GPS measurements. Coordinate
transformation effects underwent assessment and documentation, with uncertainty propagation
analysis quantifying potential impacts on results to ensure robust analytical foundations.

Cross-validation procedures included leave-one-out validation assessing data-set stability and
interpolation method impacts on analysis outcomes. Bootstrap analysis with 500 iterations provided
confidence intervals around spatial measurements and identified sensitive parameters requiring
additional validation efforts.

5.5 Multi-Criteria Decision Analysis Implementation

5.5.1 Criteria Development and Standardization Framework

MCDA implementation followed established Analytical Hierarchy Process protocols adapted specifically
for road planning contexts in biodiversity hot spots (Estrada et al., 2022). Criteria development emerged
from iterative stakeholder engagement combining literature findings with extensive local expertise.
Initial brainstorming generated 19 potential criteria, systematically refined through structured group
discussions to 13 spatially explicit indicators across four comprehensive domains: engineering feasibility,
biodiversity conservation, socio-economic development, and political implementation.

Elevation measured mean elevation above sea level from 30m SRTM DEM data, with higher elevations
increasing construction costs and technical difficulty through standardization employing linear
transformation where elevation values were inverted so lower values indicate better suitability. Soil type
assessed soil engineering properties affecting foundation stability and construction feasibility using
Harmonized World Soil Database classifications with field validation, scaled from 1-10 where 10
represents excellent engineering properties including high bearing capacity, low shrinkage potential, and
good drainage characteristics.
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Slope analysis, calculated average terrain gradient affecting construction complexity and equipment
requirements from DEM using QGIS slope analysis tools. Standardization employed exponential penalty
functions expressed as 100 x e” (-slope/10) where steep slopes receive exponentially lower suitability
scores reflecting increased construction challenges. Geology assessment, evaluated bedrock type and
geological stability for infrastructure foundation based on Tanzania Geological Survey 1: 250,000 maps,
with foundation stability indices combining rock type, fault proximity, and landslide susceptibility on
scales from 1-10 representing excellent foundation conditions. Aspect analysis, assessed terrain
orientation affecting drainage, erosion risk, and construction access calculated from DEM, with north-
facing slopes preferred for reduced erosion potential while flat areas received penalties due to drainage
complications.

5.5.2 Analytical Hierarchy Process Implementation and Validation

Analytical Hierarchy Process implementation determined criterion weights through structured pairwise
comparisons using standardized 9-point scales established in decision science literature (Estrada et al.,
2022; McDonald, 1989). Individual participants completed comparison matrices at both domain and
indicator levels, with rigorous consistency testing using Consistency Ratio thresholds requiring CR < 0.1
for acceptance to ensure logical preference structures rather than random responses.

Spatial analysis employed QGIS 3.28 Weighted Overlay with standardized inputs and stakeholder-derived
weights through systematic processes. The analytical framework involved criterion standardization to O-
100 scales using appropriate transformation functions for different data types, weight application using
validated stakeholder preferences, aggregation through weighted linear combination expressed as S =
Z(wi x si), and validation against stakeholder expectations through post-hoc review sessions ensuring
analytical accuracy and stakeholder acceptance.

Route-specific analysis calculated average scores within 1km buffers accounting for spatial variability and
construction impact areas using zonal statistics for complex polygons with area-weighted averages
ensuring representative performance assessment. Statistical methods included mean suitability scores,
standard deviation calculations for variability assessment, and minimum value identification for
constraint recognition across different route alternatives.

Comprehensive sensitivity analysis tested multiple uncertainty sources including weight variations of
120% around base estimates using normal distributions, alternative normalization approaches
comparing Min-Max, Z-score standardization, and Fuzzy membership functions, multiple buffer distances
from 0.5-2km, and different aggregation rules including Weighted Linear Combination, Ordered
Weighted Averaging, and Fuzzy operators. Bootstrap analysis with 1,000 iterations assessed uncertainty
from stakeholder weight variations, demonstrating robust rankings with greater than 90% consistency
for top-performing options across parameter perturbations, confirming methodological reliability and
result stability.
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5.6 Bayesian Belief Network Development and Analysis

5.6.1 Participatory Network Structure Development

BBN development employed structured participatory approaches ensuring stakeholder ownership while
maintaining technical rigor through systematic four-phase processes. Network structure emerged
through carefully facilitated sessions integrating individual expertise with group consensus building while
maintaining computational feasibility and parameter estimation requirements.

Individual variable identification involved participants independently identifying 10-15 key variables
influencing infrastructure outcomes in the GSE across four categories: infrastructure characteristics,
ecological impacts, socioeconomic responses, and policy outcomes. Individual worksheets captured
variable definitions and expected relationships, followed by clarification interviews ensuring consistency
and completeness across participant interpretations and disciplinary perspectives.

Small group pathway mapping utilized mixed-sector groups of 4-5 participants systematically
constructing causal pathways using large format charts color-coded sticky notes for variable types, and
directional arrows for relationship specification. Groups invested 90 minutes with structured breaks for
individual reflection, documenting rationale for key relationships through written explanations that
captured reasoning behind causal assumptions and provided transparency for subsequent validation
processes.

Group integration and consensus building involved each group presenting network structures through
15-minute presentations followed by 10-minute discussion periods, with facilitated merger using
democratic voting and expert judgment to resolve differences. Conflict resolution employed structured
discussion of disagreements with comprehensive documentation of alternative viewpoints and minority
positions, ensuring inclusive representation while achieving workable consensus for model
implementation.

The final network architecture comprised 35 nodes organized in three hierarchical levels representing
infrastructure drivers (4 nodes), intermediate impacts (8 nodes), and outcome variables (5 nodes) (Figure
5.2). Each node received operational definitions with 2-6 discrete states and clear measurement
protocols validated through extensive group discussion and literature cross-referencing to ensure
practical applicability and analytical rigor.
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Figure 5.2: BBN comprehensive structure network showing causal relationships between infrastructure development and
outcomes through 35 nodes and 100 causal pathways, capturing direct effects and indirect consequences often
missed by deterministic approaches.

5.6.2 Parameter Estimation and Calibration Framework

Expert elicitation employed systematic four-step approaches for conditional probability table
development, beginning with pre-elicitation preparation including 60-minute training sessions
introducing probability concepts and elicitation methods, calibration exercises using known outcomes
for probability estimation practice, detailed node familiarization explaining variable states and
operational definitions, and systematic scenario development covering all parent node combinations.

Individual elicitation sessions lasted 45-60 minutes per expert covering assigned node subsets, employing
calibrated probability wheels, visual percentage bars, and betting equivalent methods for probability
estimation. Confidence assessment captures uncertainty bounds around each estimate, with consistency
checking validating logical probability assignments and coherence across related parameters to ensure
mathematical validity and logical consistency throughout the network structure.

Group consensus building utilized initial aggregation through equal-weight linear pooling of individual
estimates, followed by structured dialogue about estimates exceeding two standard deviations from
group means. Experts received opportunities to modify assessments based on group discussion, with
final consensus achieved through democratic agreement while documenting persistent minority
opinions to maintain transparency and acknowledge legitimate disagreements where consensus proved
elusive.
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5.6.3 Model Implementation and Uncertainty Analysis

Software implementation utilized R statistical software with specialized packages including bnlearn for
network structure learning and validation, gRain for probabilistic inference and belief updating, and
Rgraphviz for network visualization. Custom Monte Carlo routines implemented uncertainty propagation
using Latin Hypercube Sampling for efficient parameter space coverage while maintaining computational
efficiency and analytical rigor.

Model validation incorporated multiple approaches including expert review for post-hoc parameter
validation, analogous system comparison testing transferability across similar ecosystems, consistency
testing ensuring logical coherence across all network relationships, and predictive validation against
observed outcomes from comparable infrastructure developments in similar ecological and socio-
economic contexts.

Comprehensive uncertainty quantification employed Monte Carlo simulation with 1,000 iterations
assessing uncertainty propagation with £10 % parameter variation using normal distributions around
expert estimates. Uncertainty analysis incorporated three main sources: parameter uncertainty
reflecting £10 - 20 % variation around mean estimates based on individual expert differences and
estimation confidence bounds, model structure uncertainty testing alternative network specifications
and different causal pathway assumptions, and scenario uncertainty exploring development pathway
variations including different infrastructure investment levels, implementation timelines, and
development intensity scenarios.

Sensitivity analysis identified influential parameters through multiple approaches including first-order
indices calculating variance contribution of individual parameters to total output variance, total effect
indices measuring sensitivity including interaction effects with other parameters, structural sensitivity
comparing alternative network architectures and their impact on conclusions, and evidence sensitivity
assessing how different input assumptions affect posterior probability distributions and decision
outcomes. Results demonstrated robust model behavior with wildlife impact parameters showing
highest sensitivity at £0.05 BBN score impact, followed by tourism revenue changes at +0.06 impact and
agricultural expansion rates at +0.04 impact, confirming model reliability and identifying critical
parameters for focused attention.

5.7 Temporal Analysis and Statistical Validation
5.7.1 Long-Term Sustainability Projections and Decay Rate Calibration

Long-term projections applied route-specific decay rates calibrated to regional deforestation studies and
infrastructure impact meta-analysis using exponential decay functions expressed as St = SO x e”(-at),
where St represents sustainability score at time t, SO is initial sustainability score, a represents the decay
rate, and t represents time in years. Empirical calibration integrated multiple data sources to ensure
robust parameter estimation and realistic projection foundations.

Landsat deforestation analysis covered the 2005-2020 period using Hansen Global Forest Change data-
set analysis, calculating annual forest loss rates using change detection algorithms in buffer zones at 1km,
5km, and 10km distances from the Serengeti Ecosystem. Tourism revenue assessment utilized Tanzania
National Parks Authority financial records from 1995-2020 analyzing economic impacts of infrastructure
development on tourism revenue streams, while ecosystem service valuation incorporated carbon

71



storage, water regulation, and erosion control metrics from comprehensive ecosystem service
assessments.

5.7.2 Statistical Validation and Cross-Method Integration

Comprehensive cross-validation employed multiple approaches ensuring methodological robustness and
reliability across different analytical frameworks. Correlation analysis included Pearson correlation
assessing linear relationships between MCDA and BBN method rankings, Spearman rank correlation
evaluating monotonic relationships robust to outliers and non-linear patterns, and Kendall's tau
measuring agreement in pairwise comparisons between methods to provide multiple perspectives on
inter-method reliability.

Bootstrap validation with 500 iterations tested ranking stability across stakeholder sub-samples and
parameter variations, with confidence interval estimation around correlation coefficients and
performance metrics providing uncertainty bounds around key findings. Leave-one-out analysis involved
sequential removal of stakeholder groups testing result stability and identifying potential bias sources
from particular participant categories, ensuring results reflected broad consensus rather than specific
group influences. This convergence provides confidence in framework reliability and validates the
complementary insights provided by different methodological approaches.

Integrated uncertainty analysis employed Monte Carlo simulation across all framework components
using Latin Hypercube Sampling for efficient parameter coverage while maintaining computational
tractability. Final uncertainty bounds represent 95% confidence intervals from 1,000 iterations with
appropriate probability distributions for different parameter types, ensuring robust statistical
foundations for decision support.

Uncertainty propagation incorporated parameter uncertainty using normal distributions around expert
estimates, model uncertainty through ensemble modeling across alternative specifications, scenario
uncertainty exploring multiple development pathways, and stochastic variation accounting for historical
environmental fluctuations and unpredictable external factors affecting infrastructure performance and
sustainability outcomes.

5.7.3 Robustness Testing and Temporal Performance Analysis

Multi-scenario analysis evaluated framework stability across development intensity scenarios including
30%, 50%, 70%, and 100% development intensity pathways representing different regional growth
trajectories and infrastructure investment levels. Economic development trajectories incorporated
alternative regional economic growth patterns and development financing scenarios affecting
infrastructure viability and impact patterns over extended time horizons.

This temporal analysis provides crucial insights for infrastructure planning horizons and investment
decision time frames, demonstrating that initial cost-benefit calculations may inadequately capture long-
term sustainability differentials and the importance of considering extended time horizons in
infrastructure evaluation. The integrated framework successfully addresses fundamental sustainability
science challenges by combining stakeholder preference incorporation with uncertainty quantification in
complex decision contexts, providing robust decision support for sustainable infrastructure planning in
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biodiversity hot spots with global applicability and transfer-ability to similar ecological and socio-
economic contexts.

5.8 Results
5.8.1 Stakeholder Engagement Reveals Different Preference Structures

Our participatory stakeholder engagement process involved 30 regional experts and decision-makers
across three structured phases: systematic literature synthesis, expert consultation, and collaborative
workshops. This comprehensive approach ensured representation from different sectors and
stakeholder groups affected by road development while building methodological legitimacy through
inclusive participation.

The initial expert consultation at the Tanzania Wildlife Research Institute conference identified four
criteria with 13 potential evaluation indicators across four domains: engineering feasibility, biodiversity
conservation, socioeconomic development, and political interests. During the subsequent three-day
stakeholder workshops, which included tourism operators, planning officials, field ecologists, road
engineers, community representatives, and conservation organizations, the framework was refined to
16 criteria where three additional indicators were added (geology, aspect and Implementation
feasibility). We then selected 13 indicators for spatial MCDA calculations. The selection of these 13
indicators was based on the availability of data in raster format, this selection excluded implementation
feasibility and service delivery (Table 1).

The Analytical Hierarchy Process (AHP) weighting revealed complex stakeholder priorities that
challenged existing assumptions about the trade-offs between development and conservation, as shown
in Table 1. Notably, biodiversity conservation and socioeconomic development were nearly equally
valued, with weights of 36.5% and 37.5% respectively, indicating the desire for a balanced approach to
environmental concerns and human needs. Within the engineering feasibility category, elevation
emerged as the most critical factor at 31.4%, reflecting the challenges posed by the Serengeti's
topography. Soil type (25.4%) and slope (19.6%) were also significant, highlighting practical construction
constraints. Furthermore, the emphasis on habitat quality (7.8%) and market connectivity (8.5%)
underscored the necessity for infrastructure that supports both ecological integrity and economic
opportunities, suggesting a comprehensive strategy for sustainable development.

Table 5.1: Stakeholder-derived criteria weights and consistency measures

DOMAIN

CRITERIA

WEIGHT (%)

INDICATORS

WEIGHT (%)

DEFINITION AND MEASUREMENT PROTOCOL

ENGINEERI
NG
FEASIBILITY

Terrain
Construction
Difficulty

&

13.0

Composite measure of physical construction
challenges based on topographic and
geological constraints

Elevation

314

Mean elevation above sea level (m). Higher
elevations increase construction costs and
technical difficulty. Measured from 30m
SRTM DEM.

Soil type

254

Soil  engineering  properties  affecting
foundation  stability and  construction
feasibility. Classified using Harmonized World
Soil Database with field validation. Scale: 1-10
(10 = excellent engineering properties).

Slope

19.6

Average terrain gradient (%) affecting
construction complexity and equipment
requirements. Calculated from DEM using
QGIS slope analysis. Higher slopes = higher
construction difficulty.
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Geology

12.8

Bedrock type and geological stability for
infrastructure foundation. Based on Tanzania
Geological Survey 1:250,000 maps. Scale: 1-
10 (10 = excellent foundation conditions).

Aspect

10.8

Terrain  orientation affecting drainage,
erosion risk, and construction access.
Calculated from DEM. North-facing slopes
preferred for reduced erosion.

BIODIVERSI
TY
CONSERVAT
ION

Ecosystem
Impact

36.5

Composite measure of negative impacts on
ecosystem integrity, wildlife populations, and
conservation effectiveness

Protected
areas

3.8

Distance to protected area boundaries (km).
Closer proximity increases conservation
conflicts and legal constraints. Measured as
minimum distance to any protected area
boundary.

Land
use/cover

4.7

Naturalness and conservation value of
vegetation communities. Based on ESA
WorldCover 2021 classification. Scale: 1-10
(10 = intact natural habitat, 1 =
degraded/converted land).

Wildlife
corridors

7.6

Critical pathways for wildlife movement
between protected areas, mapped by
Tanzania Wildlife Authority using GPS collar
data and expert knowledge. Impact measured
as corridor intersection length (km).

Migration
routes

8.0

Seasonal pathways used specifically during
wildebeest  migration  (May-July  and
November-December), distinct from year-
round wildlife corridors. Based on 15-year
GPS collar synthesis from Serengeti Wildlife
Research Centre. Impact = route intersection
length during peak migration.

Habitat
quality

7.8

Ecological condition and species-supporting
capacity of natural areas. Assessed through:
(1) vegetation density index from Landsat
imagery, (2) water source proximity, (3)
expert field assessments by TAWIRI
researchers. Scale: 1-10 (10 = pristine habitat
condition).

SOCIOECON
omMIC
DEVELOPM
ENT

Development
Benefits

37.5

Composite measure of positive impacts on
human welfare, economic opportunities, and
service access

Market
connectivity

8.5

Improvement in access to agricultural and
livestock markets measured as: (1) reduced
travel time to nearest major market (hours),
(2) population within 2-hour travel time of
markets. Based on existing road network
analysis and market location mapping.

Settlement

7.5

Number of people gaining improved road
access within 10km of route alignment.
Population data from Global Human
Settlement Layer 2020, validated through
district census data and field surveys.

Service
delivery

6.9

Improvement in access to healthcare,
education, and government services.
Measured as: (1) population within 1-hour
travel time of health facilities, (2) children
within 30 minutes of primary schools, (3)
communities within 2 hours of district
headquarters.

Travel time
reduction

7.3

Decrease in travel time between major
population centers enabled by new road
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infrastructure. Calculated using network
analysis comparing current vs. proposed road
networks. Measured in hours saved for
representative origin-destination pairs.

Population 7.2 Total population within 50km corridor of
served route alignment who would benefit from
improved connectivity. Based on Global
Human Settlement Layer with 50km buffer
analysis, validated against district population

statistics.
POLITICAL Stakeholder 13.0 Feasibility of successful implementation
IMPLEMENT | Support considering political, social, and institutional
ATION factors
Implementati 13.0 Composite measure including: (1)
on feasibility government agency support levels, (2)

community acceptance based on public
consultations, (3) donor/financing availability,
(4) regulatory approval probability, (5)
absence of major opposition groups. Assessed
through stakeholder mapping and
consultation feedback. Scale: 1-10 (10 =
strong support, feasible implementation).

NB: Consistency Ratio (overall): 0.037; Individual CR range: 0.018-0.052. Weights represent average values across
all stakeholder groups derived through Analytical Hierarchy Process (AHP). Individual stakeholder weights were
aggregated using geometric means to maintain consistency with AHP principles.

Importantly, consistency analysis yielded acceptable ratios across all participant groups (CR < 0.1),
indicating logically structured preference structures rather than random responses. Individual
consistency ratios ranged from 0.018-0.052, suggesting participants carefully weighted trade-offs in their
decisions. Furthermore, cross-group correlation analysis revealed strong agreement among different
stakeholder groups (r = 0.73-0.89), pointing to a shared understanding of regional development
challenges despite different professional backgrounds.

5.8.2 Multi-Criteria Decision Analysis Identifies Best Compromise Solutions

Spatial analysis of the four proposed routes using 13 standardized | km resolution datasets revealed
fundamental differences in their environmental and socioeconomic profiles, creating distinct
opportunity structures for balancing conservation and development objectives. Each route traverses
unique ecological and social landscapes while facing different implementation challenges that
profoundly influence long-term sustainability outcomes.

The spatial patterns and route characteristics are illustrated in Figure 5.3, which shows the Greater
Serengeti Ecosystem with the four proposed road development options overlaid on MCDA suitability
analysis results. The color-coding indicates route suitability based on integrated criteria, with green areas
representing suitable zones and grey areas indicating unsuitable regions for road development.
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Figure 5.3: Greater Serengeti Ecosystem showing four proposed road development options with MCDA suitability analysis.
Colors indicate route suitability based on integrated criteria (green = high suitability, grey = marginal
suitability). The Eyasi route (blue) emerges as optimal under integrated analysis, balancing connectivity needs
with biodiversity protection.

The Serengeti route represents the shortest option at 287 km but crosses protected areas directly,
including 198.9 km within Ngorongoro Conservation Area and Serengeti National Park boundaries. While
offering apparent economic benefits through reduced travel distances, mandatory speed limits of 30-50
km/hour within protected areas actually increase total travel time, negating the distance advantage. The
route serves approximately 971,000 people but requires the highest construction costs (54.50 million per
kilometer) due to extensive wildlife-friendly infrastructure requirements including animal crossing
structures, specialized fencing, wildlife detection systems, and environmental monitoring protocols
mandated for protected area construction (Table C.1).

The Northern route spans 342 km connecting Musoma to Arusha via the northern ecosystem boundary,
serving the largest population (2.1 million people within a 50km buffer) while intersecting critical wildlife
corridors during peak migration periods. Detailed spatial analysis indicates moderate terrain challenges
(average slope: 12.3%, maximum: 45%) but substantial ecological risks, with 67% of the route within
50km of protected area boundaries and 34% intersecting designated wildlife corridors used by over
900,000 migrating ungulates annually. Construction costs are high ($3.80 million per kilometer) reflecting
the need for wildlife crossing infrastructure, animal detection systems, and specialized construction
protocols to minimize wildlife mortality in ecologically sensitive areas.

The Eyasi route follows a 398 km southern trajectory through diverse landscapes including highland
forests, agricultural zones, and pastoral areas, serving 847,000 people while maintaining 15 km minimum
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distance from core-protected areas. Terrain analysis indicates moderate construction challenges
(average slope: 8.7%, soil stability index: 7.2/10) with strategic opportunities for wildlife-friendly design
through careful corridor placement and crossing structures.

The Mbulu route traces a 445 km southeastern boundary path, prioritizing biodiversity conservation
while serving primarily rural communities (682,000 people). This route faces challenging terrain
conditions (average slope: 15.2%, complex geology requiring specialized engineering solutions) but
achieves the lowest construction costs ($2.45 million per kilometer) because it strategically avoids
protected areas entirely, eliminating the need for expensive wildlife-friendly infrastructure (Table C.1).

5.8.3 Multi-Criteria Decision Analysis Identifies Optimal Balanced Solutions

MCDA analysis integrating stakeholder preferences with spatial datasets revealed clear performance
hierarchies among route options while highlighting the complex trade-offs inherent in infrastructure
planning within biodiversity hot spots. The analysis employed weighted overlay modeling using
stakeholder-derived criteria weights, generating standardized scores from 0-1200 for each route across
multiple sustainability dimensions.

The comprehensive results of both MCDA and BBN analyses are presented in Figure 2, which
demonstrates the trade-offs between biodiversity conservation and socioeconomic development across
all four routes. Panel (a) shows MCDA performance scores, panel (b) illustrates the BBN network
structure, and panel (c) presents BBN sustainability scores with uncertainty bounds (Figure 5.4).
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Figure 5.4: Multi-criteria analysis and Bayesian network assessment. a, MCDA performance scores showing biodiversity
conservation versus socio-economic development trade-offs. Eyasi emerges as optimal with balanced high
performance, while Mbulu achieves maximum biodiversity protection. b, BBN network structure showing causal
relationships between infrastructure development and outcomes. ¢, BBN sustainability scores with uncertainty
bounds from Monte Carlo analysis. Mbulu leads overall sustainability (0.52+0.05) followed by Eyasi (0.47+0.04).
Probability distributions from 1,000 Monte Carlo iterations show statistical significance of performance
differences (p<0.01) between conservation-oriented routes and connectivity-focused alternatives.
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The Eyasi route emerges as the least harmful choice under integrated MCDA evaluation, achieving the
highest combined performance with biodiversity conservation score of 1060/1200 and socioeconomic
development score of 850/1200. This superior performance reflects strategic positioning that
successfully balances multiple competing objectives: substantial population service (847,000 people)
without critical habitat intersection, moderate terrain challenges enabling cost-effective construction
while avoiding major engineering obstacles, and abundant design opportunities for wildlife-friendly
infrastructure through careful corridor placement and strategically positioned crossing structures. The
route's integrated score of 960/1200 represents a 104% performance advantage over the Northern route
(470/1200) and substantially outperforms other connectivity-focused alternatives (Table C.1).

The Mbulu route demonstrates exceptional biodiversity protection performance (1200/1200),
representing perfect scores across all conservation criteria including protected area avoidance, wildlife
corridor preservation, habitat fragmentation minimization, and endangered species protection. This
outstanding environmental performance positions the route as the gold standard for ecosystem-
sensitive infrastructure development. Its socioeconomic performance (750/1200) reflects moderate
development benefits due to serving a smaller total population (682,000 people), but the route achieves
superior cost-effectiveness with the lowest construction costs by strategically avoiding protected areas.

Comprehensive sensitivity analysis across alternative weighting schemes confirms the robustness of
these results while revealing decision contexts where different routes might be preferred based on
varying stakeholder priorities. When biodiversity weights increase to 70% (development: 30%), Mbulu
and Eyasi routes strengthen their comparative advantages with scores increasing by 12% and 8%
respectively, while Northern route performance declines substantially with an 18% score decrease (Table
C.1).

5.8.4 Bayesian Belief Network Analysis Reveals System Dynamics and Uncertainty

BBN modeling addresses fundamental limitations of deterministic MCDA by incorporating uncertainty,
causal relationships, and system dynamics often missing from static evaluation approaches. Our
participatory BBN development process engaged the same stakeholder groups in network structure
definition and parameter estimation, ensuring methodological consistency with MCDA while adding
crucial probabilistic dimensions that capture the inherent unpredictability of infrastructure outcomes in
complex socio-ecological systems.

The final BBN architecture includes 35 nodes representing infrastructure development drivers, ecological
impact pathways, and socioeconomic outcome mechanisms connected through 100 carefully validated
causal relationships, as shown in the network structure component of supplementary material session
3A. Network structure emerged through systematic stakeholder workshops where participants mapped
causal pathways based on their professional experience, supplemented by literature evidence from 47
analogous developments in similar ecosystems.

BBN analysis identified the Mbulu route as optimal under uncertainty conditions, achieving an overall
sustainability score of 0.5210.05 (on a 0-1 probability scale). This score represents the probability of
achieving positive outcomes across integrated biodiversity and livelihood metrics, with higher values
indicating greater likelihood of sustainable development success. The Mbulu route's superiority reflects
its exceptional biodiversity protection probability (0.58, indicating 58% chance of maintaining ecosystem

78



functionality) combined with substantial positive livelihood impacts (0.47, representing moderate but
reliable socioeconomic benefits), as detailed in Supplementary Table C.1.

The Eyasi route ranked close second place with sustainability score 0.47+0.04, demonstrating balanced
performance across outcome domains while maintaining low uncertainty. The Northern route ranked
third (0.4110.03) despite high positive livelihood impacts (0.50), severely limited by poor biodiversity
outcomes (0.31). The Serengeti route performed worst (0.40+£0.06) with both poor biodiversity (0.37)
and moderate livelihood outcomes (0.42), plus high uncertainty reflecting unpredictable protected area
consequences.

5.8.5 Long-term Temporal Projections Reveal Sustainability Trajectories

Thirty-year sustainability projections incorporating cumulative environmental impacts through annual
decay functions revealed stark differences in route resilience and long-term viability. Our temporal
modeling employed route-specific decay rates calibrated to regional deforestation trends: conservation-
oriented routes (Mbulu, Eyasi) experience slower ecosystem degradation (4.6-4.9% annually) while
connectivity-focused routes (Northern, Serengeti) face accelerated decline (6.2-6.8% annually) due to
induced development pressures.

The critical transition analysis revealing permanent sustainability disadvantages for connectivity-focused
infrastructure strategies is presented in Figure 4. Panel (a) shows thirty-year trajectories demonstrating
initial convergence (0-10 years), critical transition (15-25 years), and permanent divergence (25-30
years), with conservation routes outperforming connectivity routes. Panel (b) shows Northern route
components with economic benefits declining while environmental costs compound exponentially after
year 15. Panel (c) illustrates performance comparison showing the Northern route crossing critical
thresholds with permanent sustainability disadvantages (Figure 5.5).
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Figure 5.5: Critical transition analysis revealing permanent sustainability disadvantages for connectivity-focused
infrastructure strategies. a, Thirty-year trajectories showing initial convergence (0-10 years), critical transition
(15-25 years), and permanent divergence (25-30 years) with conservation routes (solid) outperforming
connectivity routes (dashed). b, Northern route components showing economic benefits declining while
environmental costs compound exponentially after year 15. ¢, Performance comparison illustrating Northern
route crossing critical thresholds (0.2, 0.1) with permanent sustainability disadvantages.
Conservation-oriented routes maintain substantially higher sustainability throughout projection periods,
with critical divergence emerging during years 10-15 when cumulative impacts begin overwhelming
initial benefits for connectivity-focused alternatives. The Mbulu route sustains performance longest,
maintaining 0.32 by year 20 and 0.12 by year 30 (62% and 23% of initial performance). The Northern

route drops to 0.22 by year 20 and 0.08 by year 30, reflecting compound environmental degradation.

Critical transition analysis reveals precise thresholds where route performances converge initially but
diverge permanently after year 15, creating irreversible sustainability disadvantages for connectivity-
focused strategies. During the initial decade, the Northern route maintains 79% of the Mbulu route's
performance as immediate economic benefits partially compensate for environmental costs. However,
years 15-25 demonstrate accelerating divergence driven by exponential compounding of ecological
impacts, habitat fragmentation, wildlife population declines, and ecosystem service losses intensifying
40% faster than linear economic benefit decline.
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5.8.6 Cross-method validation and integration insights

Cross-validation between MCDA and BBN approaches provides critical validation while revealing
complementary insights that support decision-making. The relationship between the two analytical
approaches and their efficiency implications are illustrated in Figure 5.6, which shows strong correlation
(r=0.89) between MCDA and BBN approaches, with conservation-oriented routes demonstrating
superior efficiency per capital served.
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Figure 5.6: Cross-method validation showing strong correlation (r=0.89) between MCDA and BBN approaches, with
conservation-oriented routes demonstrating superior efficiency per capita served.

Correlation analysis demonstrates strong overall agreement (r = 0.89, p < 0.01) between method
rankings, confirming that both approaches identify similar optimal solutions despite fundamentally
different analytical foundations. However, detailed comparison reveals important nuances in method
emphases that prove valuable rather than problematic. MCDA favors the Eyasi route's balanced
approach to immediate trade-off optimization, while BBN identifies Mbulu route's superior uncertainty
resilience and long-term sustainability.

The integration reveals critical efficiency insights: Mbulu achieves 0.762 sustainability points per 1,000
people served versus Northern's 0.195 points per 1,000 people, representing 291% higher efficiency.
These findings challenge conventional assumptions that maximizing population connectivity yields
optimal outcomes, demonstrating instead that targeted sustainable infrastructure provides superior
long-term value per capital served.
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5.9 Discussion
5.9.1 Challenging conventional infrastructure paradigms

Our results fundamentally challenge prevailing assumptions in road infrastructure planning that prioritize
immediate connectivity benefits over integrated sustainability outcomes. The systematic under-performance of the
Northern and Serengeti routes selected through traditional economic optimization criteria and currently under
implementation demonstrates how narrow decision frameworks can yield globally sub-optimal solutions with
severe long-term consequences.

Importantly, our analysis reveals that routes crossing protected areas (Serengeti and Northern) require the highest
construction costs ($4.50 and $3.80 million per kilometer respectively) due to mandatory wildlife-friendly
infrastructure including animal crossing structures, detection systems, specialized fencing, and environmental
monitoring protocols. Despite these expensive mitigation measures, these routes still generate poor sustainability
outcomes, questioning the economic logic of protected area development even when environmental safeguards
are implemented.

The superior performance of conservation-oriented routes reveals a critical insight contradicting conventional
development wisdom: sustainable road infrastructure can achieve substantial connectivity benefits while providing
better long-term outcomes at lower costs. The Mbulu route exemplifies this paradox, achieving the highest
sustainability scores while requiring the lowest construction costs ($2.45 million per kilometer) by strategically
avoiding protected areas entirely. This challenges fundamental assumptions about cost-effectiveness in
infrastructure planning, suggesting that "conservation-by-design" represents the most economically rational
approach.

5.9.2 Methodological Innovation and Applicability

The successful MCDA-BBN integration addresses a fundamental sustainability science challenge: combining
stakeholder preference incorporation with uncertainty quantification in complex decision contexts. Our approach
demonstrates that methodological integration leverages complementary strengths while addressing individual
limitations, providing more robust decision support than single-method approaches.

The participatory stakeholder engagement process reveals sophisticated understanding of infrastructure trade-offs
among local experts that conventional consultation processes often fail to capture. The strong consensus across
different stakeholder groups (r = 0.73-0.89) demonstrates that meaningful agreement on complex trade-offs is
achievable when supported by structured analytical frameworks. This contradicts common assumptions that
stakeholder conflicts are irreconcilable and must be resolved through political rather than technical processes.

BBN modeling proves particularly valuable for capturing indirect effects and feedback loops that deterministic
approaches systematically miss. The probabilistic framework revealed how infrastructure decisions propagate
through complex socio-ecological systems, generating cascading consequences that unfold over years or decades.
Cross-validation provides crucial robustness testing while revealing complementary insights about different
decision aspects.

5.9.3 Implementation Pathways and Policy Implications

The framework demonstrates that conservation and development can be synergistic when supported by rigorous
analytical tools and participatory planning processes. Our identification of Eyasi and Mbulu routes as superior
alternatives provides immediate policy guidance for Tanzania while offering a replicable template for a more
sustainable infrastructure planning in biodiversity hot spots globally.

Successful implementation requires addressing technical capacity constraints; as integrated MCDA-BBN, analysis
requires specialized skills currently limited in many planning agencies. However, our experience demonstrates that
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participatory approaches can generate valuable results with modest technical resources when supported by
appropriate facilitation.

Future research should expand comparative analysis across additional biodiversity hot spots to test framework
generalizability while identifying context-specific adaptations. Integration with emerging technologies including
artificial intelligence and automated satellite monitoring could enhance evaluation frameworks while reducing
implementation costs.
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Chapter 6: Conclusions and policy recommendations

6.1 Synthesis of Key Findings

This dissertation has explored how road infrastructure development shapes socio-ecological systems in
Sub-Saharan Africa. By synthesizing insights from a systematic literature review, empirical spatial
analysis, and stakeholder-informed decision modeling, the research presents a compelling narrative
about how roads act as powerful spatial drivers of land-use transformation, ecological disruption, and
governance complexity.

The systematic literature review revealed a highly fragmented research landscape, with the majority of
studies focusing narrowly on either environmental or socio-economic dimensions. This disciplinary divide
limits the ability to capture the full scope of road-induced change. By bridging these silos, the dissertation
offers a more holistic understanding of infrastructure impacts.

Empirical findings demonstrate that forest loss follows a non-linear, U-shaped relationship with road
proximity, initially declining with distance, then rising again beyond a certain threshold. This indicates
the presence of complex spatial feedback loops. Moreover, 28% of deforestation variation was attributed
to spatial spillover effects, confirming that landscape changes transcend administrative and ecological
boundaries.

Road proximity was found to be a significantly stronger predictor of land-use change than protected area
distance, with effects 8 to 16 times greater across indicators such as livestock density, cropland
expansion, settlement patterns, and forest fire frequency. These results challenge traditional
conservation planning models that emphasize static buffer zones around protected areas.

Finally, the development of an integrated decision-support tool combining Multi-Criteria Decision
Analysis (MCDA) and Bayesian Belief Networks (BBN) demonstrates the feasibility and value of ope-
rationalizing complex trade-offs. The tool revealed that conservation-compatible road routes can
simultaneously achieve 60% higher sustainability and 291% greater per-capital efficiency in population
service coverage, offering a powerful basis for evidence-informed planning.

6.2 Theoretical Implications

The theoretical contributions of this dissertation extend beyond the empirical findings to offer
fundamental advances in how we conceptualize and study infrastructure-environment interactions
across disciplines. These implications reshape understanding in spatial theory, institutional analysis, and
sustainability science while establishing new directions for theoretical development.

Epistemological Contributions to Interdisciplinary Research

This research demonstrates that complex socio-ecological phenomena require epistemological
approaches that transcend traditional disciplinary boundaries. The successful integration of spatial
econometrics, stakeholder engagement, and ecological modeling reveals how different ways of knowing
guantitative spatial analysis, participatory knowledge co-production, and probabilistic uncertainty
modeling can be systematically combined to generate insights unavailable through single-disciplinary
approaches.

The work contributes to emerging debates about epistemological pluralism in sustainability science by
showing how methodological diversity strengthens rather than weakens analytical rigor. The finding that
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different analytical approaches (MCDA vs. BBN) yield convergent insights while revealing complementary
aspects of decision problems suggests that theoretical advancement requires embracing rather than
resolving methodological tensions.

This has profound implications for how sustainability science develops as a field, suggesting that
theoretical progress emerges through creative synthesis across knowledge systems rather than through
paradigmatic dominance of particular approaches.

Conceptualizing Institutional Effectiveness Theory

The finding that road proximity overwhelms protected area effects challenges fundamental assumptions
in institutional theory about how formal rules shape behavior. This has implications far beyond
conservation biology, contributing to broader theoretical debates about institutional effectiveness in
complex adaptive systems.

The research reveals that institutional effectiveness depends critically on spatial context and the
presence of competing institutional arrangements. Protected areas function as institutions embedded
within broader spatial contexts shaped by transportation infrastructure, economic access, and
enforcement capacity. This suggests that institutional theory must account for spatial embeddedness
and institutional interactions rather than treating institutions as isolated governance mechanisms.

The concept of institutional dominance—where certain institutional arrangements overwhelm others—
provides new theoretical vocabulary for understanding why some governance interventions fail despite
appearing well-designed. This contributes to institutional theory by identifying spatial mechanisms
through which institutional competition operates.

Contributions to Critical Infrastructure Theory

This research establishes infrastructure as a legitimate object of theoretical inquiry in sustainability
science rather than simply a technical or engineering concern. The demonstration that infrastructure
functions as spatial organizing principles that persist across multiple temporal phases reveals
infrastructure's role in structuring social-ecological relationships.

The work contributes to emerging critical infrastructure studies by showing how infrastructure creates
and reproduces spatial inequalities while simultaneously enabling development opportunities. The
finding that conservation-compatible infrastructure can achieve superior outcomes challenges
technological determinism in infrastructure studies while revealing agency in infrastructure design and
deployment.

The temporal analysis showing acceleration of landscape change suggests that infrastructure exhibits
path-dependent effects where initial design decisions have amplifying consequences over time. This
contributes to theoretical work on technological lock-in while providing empirical evidence for claims
about infrastructure's role in shaping development trajectories.

Theoretical Implications for Adaptive Governance

The dynamic resistance zones concept contributes to adaptive governance theory by providing
operational mechanisms for implementing adaptive responses to changing conditions. Unlike existing
adaptive management approaches that focus on learning and adjustment, dynamic resistance zones
specify spatial triggers and response mechanisms that enable systematic rather than ad-hoc adaptation.
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This contribution advances theoretical understanding of how governance systems can be designed to
respond to uncertainty without sacrificing consistency or predictability. The zone-based approach
provides middle-range theory that bridges abstract adaptive governance principles with specific
implementation mechanisms.

The research also contributes to theoretical debates about expertise versus participation in adaptive
governance by demonstrating how technical monitoring can inform participatory decision-making
processes without displacing stakeholder agency.

Implications for Development Geography Theory

The finding that conservation-compatible development achieves superior long-term outcomes
challenges core assumptions in development geography about inevitable trade-offs between economic
growth and environmental protection. This contributes to theoretical debates about post-development
alternatives while providing empirical grounding for claims about alternative development pathways.

The work advances theoretical understanding of uneven geographical development by revealing how
infrastructure shapes spatial patterns of opportunity and constraint. The demonstration that strategic
infrastructure planning can modify these patterns suggests possibilities for more equitable development
geographies.

The temporal analysis revealing acceleration of change after 2015 contributes to theoretical work on
development transitions, suggesting that development processes may exhibit critical thresholds where
gradual change gives way to rapid system reorganization.

Contributions to Political Ecology Theory

This research advances political ecology by revealing how seemingly technical road infrastructure
decisions embed particular relationships between society and nature that persist across political
changes. The persistence of spatial organization through different temporal phases suggests that
infrastructure creates durable power relations that transcend specific policy regimes.

The work contributes to theoretical debates about the social production of nature by showing how
transportation networks reshape ecological processes through complex social mediation. Roads alter
ecological patterns not through direct physical impacts alone but through reorganizing human activities
that subsequently affect ecological systems.

The stakeholder engagement process revealing sophisticated understanding of infrastructure trade-offs
among local actors challenges representations of local communities as lacking technical knowledge,
contributing to theoretical work on environmental knowledge and expertise.

Implications for Sustainability Transitions Theory

The finding that conservation-compatible road infrastructure can achieve superior outcomes while
serving development needs contributes to sustainability transitions theory by revealing specific
mechanisms through which sustainability transitions might occur. Rather than requiring wholesale
replacement of existing systems, the research suggests that strategic modifications within existing
development patterns can generate substantial sustainability improvements.

The temporal projections showing divergent long-term trajectories based on initial infrastructure
decisions contribute to theoretical understanding of critical junctures in sustainability transitions. This
suggests that transition processes may depend on relatively small changes in key decisions rather than
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massive system overhauls. The integration of stakeholder preferences with technical analysis provides
theoretical insights about how sustainability transitions might achieve social legitimacy while maintaining
technical effectiveness.

6.3 Practical Implications
The practical implications of this work are significant for planners, conservationists, and policymakers
operating in data-scarce, rapidly transforming environments.

Most importantly, the research underscores the need to move beyond static conservation buffers.
Conventional land-use planning tools often fail to account for the indirect and spatially diffuse effects of
infrastructure. By identifying the existence of intermediate zones (2.5 -- 5 km from roads) with enhanced
deforestation and altered land-use, the study offers a spatial logic for more adaptive, dynamic zoning
strategies.

The findings also highlight the importance of anticipating development hotspots, particularly in areas
with limited enforcement capacity and informal expansion pressures. Early-warning indicators derived
from spatial analysis can help guide monitoring and enforcement in near-road zones that are most
vulnerable to transformation.

Furthermore, the decision-support framework developed here illustrates how stakeholder-informed
tools can bridge science and practice. By incorporating expert judgment, uncertainty modeling, and
spatial weighting, the MCDA-BBN model enables infrastructure planning that is more inclusive,
transparent, and sensitive to ecological and social priorities.

The study shows that strategic, evidence-informed infrastructure planning is not only possible but
essential for reconciling conservation goals with development imperatives in high-stakes regions.

6.4 Future Research Directions
While the dissertation addresses key questions, it also opens several important avenues for future inquiry
that can refine and extend the frameworks developed here.

Temporal Dynamics and Lag Effects represent a critical research priority. Road infrastructure impacts
often manifest over extended time periods, requiring longitudinal studies using time-series satellite data
and ecosystem monitoring to unpack delayed and cumulative effects on biodiversity, ecosystem
function, and carbon stocks. Understanding these temporal patterns is essential for developing early
warning systems and adaptive management strategies.

Social Differentiation and Equity deserve deeper exploration through research examining how road
development differentially affects marginalized groups, including women, youth, and pastoral
communities. Such analyses would add depth to understanding how infrastructure shapes not just
landscapes, but social justice outcomes and community resilience.

Institutional Mediation requires investigation of how governance formal and informal moderates’ road
impacts across different contexts. Comparative studies across governance regimes could illuminate why
similar road interventions yield different environmental and social consequences, providing insights for
institutional design and capacity building.

Climate-Infrastructure Interactions have become increasingly important as climate variability intensifies.
The interplay between road infrastructure, climate risk, and ecological resilience requires integrated
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models that couple infrastructure planning with climate adaptation strategies, particularly in regions
experiencing rapid environmental change.

By pursuing these directions, future research can refine and extend the frameworks developed here,
ensuring they remain responsive to evolving realities on the ground.

6.5 Policy Recommendations
Grounded in empirical evidence and theoretical insights, several policy recommendations emerge that
can enhance sustainable infrastructure planning in Sub-Saharan Africa:

Integrate Spatial Spillover Analysis into Environmental Impact Assessments to better capture indirect and
cross-boundary consequences of infrastructure projects. Current EIA processes typically focus on direct,
localized impacts while neglecting spatial spillover effects that account for up to 28% of landscape
transformation. Policy frameworks should require analysis of indirect effects extending beyond
immediate project boundaries, incorporating spatial econometric methods that reveal how
infrastructure decisions propagate across landscapes.

Adopt Dynamic Zoning Mechanisms such as resistance zones that expand or contract based on observed
pressure and land-use intensity. These adaptive zones can improve conservation outcomes while
accommodating local needs. The research demonstrates that static buffer zones around protected areas
are insufficient given the dominance of road effects over conservation boundaries.

Institutionalize Participatory Decision-Support Tools within infrastructure agencies, enabling use of
scenario analysis and trade-off modeling during early planning phases. This would enhance accountability
and social legitimacy while ensuring that diverse stakeholder perspectives are systematically
incorporated into planning processes. The integrated MCDA-BBN framework demonstrates how
stakeholder preferences can be combined with uncertainty quantification to improve decision quality.

Prioritize Monitoring in High-Risk Development Corridors, especially those within 0-5 km of new roads.
These areas should be designated for intensified surveillance, early warning systems, and ecological
restoration where needed. Areas within this distance consistently show highest rates of landscape
transformation and require enhanced enforcement capacity and targeted conservation interventions.

Promote Integrated Governance Models that foster collaboration between transport, environment, and
rural development institutions. Cross-sectoral coordination is key to managing infrastructure sustainably
in biodiversity-rich areas. The research reveals that road impacts transcend traditional sectoral
boundaries, requiring formal mechanisms for integrated planning and implementation.
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6.6 Concluding Remarks

This dissertation offers both conceptual advances and practical contributions to the field of sustainable
infrastructure development. By re-conceptualizing roads as spatially organizing forces that shape land-
use, governance, and ecological change, it challenges planners and conservationists to move beyond
conventional paradigms that treat infrastructure and conservation as separate domains.

In the context of Sub-Saharan Africa, where infrastructure expansion is both inevitable and essential for
development, there is an urgent need for frameworks that do not pit development against conservation
but instead identify pathways to achieve both objectives simultaneously. The models and findings
presented here offer practical tools to do exactly that, providing evidence that conservation-compatible
infrastructure can deliver superior long-term outcomes while serving development needs.

Through integration of spatial science, systems thinking, and decision modeling, this work provides a
replicable, scalable, and adaptive approach to one of the most pressing challenges of our time: how to
build the roads we need without destroying the nature we depend on
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Appendices
Appendix A: Systematic Literature Review Supporting Materials

Appendix A.1: Search Terms and Strategy

Explanation: This appendix provides the comprehensive list of search terms used in the systematic
literature review conducted in Chapter 1. The search strategy employed a Boolean logic approach
combining primary infrastructure terms with secondary impact terms to capture both socio-economic
and environmental dimensions of road development in Sub-Saharan Africa.

Table A.1: Search Terms Used in Systematic Literature Review

Term Category Search Terms
Primary Infrastructure | "road*", "infrastructure*", "infrastructur*", "fragment", "traffic", "access*"
Terms

Socio-economic "connect*", "trade*", "commerc*", "employ*", "income*", "tourism*",
Impact Terms "hospitality", "service*", "develop*", "urban*", "migrat*", "livelihood*",
"communit*", "accident*"

Environmental Impact | "protected area*", "conserv*", "biodiversit*", "ecosystem*", "national park*",

Terms "reptile*", "bird*", "mammal*", "amphibian*", "plant*", "soil*", "crash*",
"wreck*", "collision*", "forest*"
Geographic Terms "Sub-Saharan Africa", "Africa", [individual country names], "tropical", "savanna"

Note: Asterisks () indicate truncation symbols used to capture word variations*
Appendix A.2: Statistical Analysis Results

Explanation: Complete results of generalized linear model (GLM) analyses examining relationships between
national development indicators and reported road impacts. Four separate negative binomial regression models
were fitted to examine how Environmental Performance Index (EPI), Foreign Direct Investment (FDI), GDP growth,
and Human Development Index (HDI) influence the frequency of reported negative environmental, positive
environmental, negative socio-economic, and positive socio-economic effects.

Table A.2: Generalized Linear Model Results for Road Impact Predictors

Model 1: Negative Environmental Effects

Predictors Estimate | Std. Error | z-value | p-value | Significance
Intercept 0.1168 0.2666 0.438 0.661

HDI -0.6484 0.3384 -1.916 0.055 *
GDP Growth 0.0623 0.0614 1.013 0.311

FDI Inflow 0.0668 0.0297 2.245 0.025 *

FDI Outflow -0.1058 0.1865 -0.567 0.571

EPI Change 0.0165 0.0059 2.802 0.005 *k

Model diagnostics: Dispersion parameter = 0.665; Null deviance = 251.11 (df=254); Residual deviance = 236.61 (df=249);
AIC=747.44

100



Model 2: Positive Environmental Effects

Predictors Estimate Std. Error | z-value p-value Significance
Intercept -3.881 0.797 -4.867 <0.001 ok kK
HDI 0.785 1.082 0.726 0.468

GDP Growth 0.150 0.188 0.797 0.425

FDI Inflow 0.027 0.082 0.328 0.743

FDI Outflow 0.598 0.470 1.273 0.203

EPI Change 0.141 0.051 2.773 0.006 ok

Model diagnostics: Dispersion parameter = 0.100; Null deviance = 72.55 (df=254); Residual deviance = 62.05 (df=249); AIC =

204.91
Model 3: Negative Socio-economic
Effects

Predictors Estimate Std. Error | z-value | p-value Significance

Intercept -0.697 0.243 -2.872 0.004 ok

HDI 0.298 0.299 0.997 0.319

GDP Growth 0.007 0.055 0.130 0.897

FDI Inflow -0.028 0.035 -0.805 0.421

FDI Outflow 0.058 0.192 0.300 0.764

EPI Change -0.019 0.015 -1.277 0.202
Model diagnostics: Dispersion parameter = 5.014; Null deviance = 242.11 (df=254); Residual deviance = 237.01 (df=249),; AIC =
538.16

Model 4: Positive Socio-economic Effects

Predictors Estimate | Std. Error | z-value | p-value | Significance

Intercept -1.015 0.526 -1.933 0.054 *

HDI -0.206 0.661 -0.311 0.756

GDP Growth 0.178 0.122 1.458 0.145

FDI Inflow -0.032 0.068 -0.461 0.645

FDI Outflow 0.364 0.386 0.943 0.346

EPI Change 0.002 0.033 0.071 0.943

Model diagnostics: Dispersion parameter = 0.130; Null deviance = 127.62 (df=254); Residual deviance = 124.22 (df=249); AIC =

488.43

Significance codes: **** p<0.001; *** p<0.01; ** p<0.05; * p<0.1
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Appendix B 1: Tanzania Forest Loss Analysis Supporting Data

Explanation

This appendix provides comprehensive statistical results supporting the Multi-Scale Spatial Dependency
Framework analysis presented in Chapter 2. The data includes detailed forest loss statistics across
protected and non-protected areas, spatial econometric model results, and variance analysis for key

drivers of deforestation in Tanzania from 2001-2022.

Table B.1: Complete Forest Loss Statistics by Protection Status and Distance Zones

Area Classification Initial Total Loss | Total Loss Annual Statistical
Coverage (%) (km?) Loss Rate Significance
(km?) (%)
Overall Comparison
Non-protected areas 254,765 15.0 38,2134 0.68 F=245.67,
p <0.001,n*=0.34
Protected areas 122,325 6.0 7,339.5 0.27 Cohen's d =0.82
Non-Protected Areas by
Distance
0-2.5 km from roads 264,624 385+1.7 - - Hartigan's dip test:
2.5-5 km from roads 160,665 23.1+15 - - D=0.089, p<0.001
>5 km from roads 519,798 38.4+1.8 - - (U-shaped pattern)
Protected Areas by Distance
0-2.5 km from roads - 37.0+19 - - x? =567.89,
p < 0.001
2.5-5 km from roads - 51.0z%2.1 - - Cramer's V =0.48
>5 km from roads - 12.0+£0.8 - -
Table B.2: Protected Area Effectiveness by Management Category
Management Category Forest Loss | Standard Error Sample Size Statistical
(%) (areas) Significance
National Parks 13.0 0.9 22 F=178.34, p<0.001
Game Reserves 11.0 0.9 18 n?=0.28
Wildlife Management 45.0 2.3 35
Areas
Game Controlled Areas 45.0 2.3 28
Table B.3: Spatial Econometric Analysis Results
Parameter Coefficient | Standard z- p- 95% ClI Interpretation
Error statistic | value
Spatial lag (p) | 0.28 0.045 6.22 <0.001 | [0.19, 0.37] 28% spillover effect
Road density -0.156 0.034 -4.59 <0.001 | [-0.22, -0.09] Negative association
Settlement 0.423 0.089 4.75 <0.001 | [0.25, 0.60] Strong positive
effect
Agricultural 0.267 0.056 4.77 <0.001 | [0.16, 0.37] Moderate positive
suitability
Protected area | -0.543 0.078 -6.96 <0.001 | [-0.70,-0.39] Strong  protection
status effect

Model performance: R? = 0.76; Moran's | = 0.34, p < 0.001 (before correction); Moran's | = 0.02, p = 0.24 (after spatial modeling)
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Appendix C: Greater Serengeti Land-Use Analysis Supporting Data

Appendix C.1: Comprehensive Road Development Options Analysis

Explanation: This appendix presents detailed results from the integrated Multi-Criteria Decision Analysis

(MCDA) and Bayesian Belief Network (BBN) assessment of four proposed road development routes in

the Greater Serengeti Ecosystem. Data includes route characteristics, performance scores, temporal

projections, and uncertainty analysis results supporting the decision-support framework presented in

Chapter 4.

Table C.1: Route Characteristics and Performance Summary

Metric Northern Serengeti Eyasi Route Mbulu
Route Route Route

Physical Characteristics
Length (km) 342 287 398 445
Population served (thousands) 2,100 971 847 682
Construction cost ($/km million) 0.90 1.00 0.87 0.85
Protected area intersection (%) 34 45 15 5
Wildlife corridor intersection (%) 67 78 34 12
MCDA Scores (0-1200 scale)
Engineering feasibility 680 720 850 640
Biodiversity conservation 270 170 1,060 1,200
Socio-economic development 760 180 850 750
Political feasibility 450 200 380 350
Overall MCDA Score 540 318 785 735
BBN Scores (0-1 probability scale)
Biodiversity protection 0.31+0.03 0.37+£0.06 0.46 +0.04 0.58 £ 0.05
Positive livelihood impacts 0.50 £ 0.04 0.42 £0.05 0.47 £0.03 0.47 £0.04
Overall BBN Score 0.41+0.03 0.40 + 0.06 0.47 £0.04 | 0.52+0.05

Appendix C.2: Stakeholder Preference Analysis

Explanation: This table presents the results of stakeholder engagement using the Analytical Hierarchy Process

(AHP) to determine criterion weights. Data represents aggregated preferences from 30 regional experts across six

stakeholder groups, with consistency ratios indicating the logical coherence of individual and group judgments.

Table C.2: Stakeholder Group Preference Weights and Consistency Analysis

Stakeholder Group Engineering | Biodiversity Socio- Political | Consistency | Sample
(%) (%) economic (%) Ratio Size
(%)

Tourism operators 12 48 35 5 0.032 2

Planning officers 18 38 42 2 0.028 4

Field ecologists 8 55 32 5 0.024 2

Road engineers 22 35 38 5 0.041 4

Community 10 40 45 5 0.035 2

representatives

Conservation NGOs 5 52 38 5 0.019 2

Group Mean 15 42 43 15 0.037 16

Standard Deviation 6.2 7.8 4.9 1.4 0.008 -

Note: All individual consistency ratios < 0.1 indicating acceptable logical consistency
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Appendix C.3: Temporal Sustainability Projections

Explanation: This table shows 30-year sustainability projections for each route option based on BBN modeling with
cumulative impact decay functions. Projections incorporate route-specific environmental degradation rates and
demonstrate long-term sustainability trajectories under different development scenarios.

Table C.3: Thirty-Year Sustainability Projections (BBN Scores)

Time Period Northern Serengeti Eyasi Mbulu Relative Performance
Route Route Route Route

Year 0 0.41 0.40 0.47 0.52 Mbulu > Eyasi > Northern > Serengeti
(Baseline)
Year 5 0.38 0.36 0.44 0.49 Mbulu > Eyasi > Northern > Serengeti
Year 10 0.33 0.30 0.38 0.43 Mbulu > Eyasi > Northern > Serengeti
Year 15 0.27 0.25 0.34 0.38 Mbulu > Eyasi > Northern > Serengeti
Year 20 0.22 0.20 0.30 0.32 Mbulu > Eyasi > Northern > Serengeti
Year 25 0.15 0.13 0.22 0.23 Mbulu = Eyasi > Northern > Serengeti
Year 30 0.08 0.07 0.11 0.12 Mbulu = Eyasi > Northern > Serengeti
Annual Decline 6.2 6.8 4.9 4.6 Conservation routes more resilient
Rate (%)
Performance 20% 18% 23% 23% 15% better retention
Retention
(30yr)

Appendix C.4: Economic Cost-Benefit Analysis
Explanation: This appendix provides detailed economic analysis supporting the decision framework, including
construction costs, operating expenses, and projected economic benefits over a 30-year time horizon. All values

are presented in 2024 USD with 8% discount rate for net present value calculations.

Table C.4: Economic Analysis Summary (USD Millions)

Economic Component Northern Serengeti Eyasi Mbulu
Route Route Route Route
Construction Costs
Base construction 308.8 287.0 346.3 378.3
Environmental mitigation 89.0 142.0 156.0 189.0
Compensation payments 125.0 45.0 178.0 267.0
Total Construction 522.8 474.0 680.3 834.3
Annual Operating Costs
Maintenance 15.2 12.8 18.3 28.9
Environmental monitoring 2.1 3.8 3.2 2.8
Conflict mitigation 45 3.2 2.8 1.9
Total Annual Operating 21.8 19.8 24.3 33.6
Annual Economic Benefits
Trade facilitation 450.0 280.0 385.0 245.0
Tourism revenue change -120.0* -85.0* +45.0 +35.0
Agricultural market access 89.0 42.0 125.0 156.0
Healthcare cost savings 23.0 12.0 34.0 28.0
Total Annual Benefits 442.0 249.0 589.0 464.0
Net Present Value (30-year, 8%)
10-year NPV 2.1 1.8 3.2 2.4
30-year NPV 1.8 1.2 4.1 3.2

*Negative values indicate revenue losses due to ecosystem disruption
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Appendix C.5: Uncertainty and Sensitivity Analysis
Explanation: This table presents results from Monte Carlo sensitivity analysis (1,000 iterations) examining
how parameter uncertainty affects route rankings and performance scores. Analysis includes +20% variation

in key parameters and different stakeholder weighting scenarios.

Table C.5: Uncertainty Analysis Results

Analysis Type

Northern Route

Serengeti Route

Eyasi Route

Mbulu Route

Monte Carlo Standard

Deviation

0.03

0.06

0.04

0.05

Ranking Consistency (% of

89% (3rd place)

92% (4th place)

94% (1st-2nd place)

96% (1st-2nd

iterations) place)
Weight Sensitivity Range -12% to +8% -15% to +5% -8% to +12% -6% to +14%
Biodiversity-Focused 0.37 0.39 0.51 0.58
Scenario (70-30)

Development-Focused 0.45 0.41 0.44 0.47
Scenario (30-70)

Cross-Method Correlation r=0.82 r=0.79 r=0.91 r=0.89

(MCDA-BBN)

Performance Per Capital Metrics:

Northern: 0.195 sustainability points per 1,000 people
Serengeti: 0.412 sustainability points per 1,000 people
Eyasi: 0.555 sustainability points per 1,000 people
Mbulu: 0.762 sustainability points per 1,000 people

Key Finding: Mbulu achieves 291% higher efficiency than Northern route (0.762 vs 0.195 points per 1,000 people served)

Notes for All Appendices:

All statistical tests employed a = 0.05 significance level

BBN scores represent probabilities (0-1 scale) with +1 standard deviation

MCDA scores use 0-1200 scale with higher values indicating better performance

Missing data handled through listwise deletion

All spatial analyses conducted in EPSG:32736 (WGS 84/UTM Zone 36S) coordinate system
Data collection period: 2010-2024 depending on dataset availability
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