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Thesis abstract 

Promoting active travel is essential for improving public health, reducing environmental impacts, 

and addressing transport inequities. Walking behaviour is associated with a wide range of 

personal and environmental factors. Out of these factors, the correlation between urban form and 

travel behaviour is well established in the literature. The extent to which built environment 

features are associated with active travel is often expressed through measures of accessibility, 

re�lecting the ease of reaching destinations and activities. Given that public transport and 

micromobility (e.g., shared e-scooter) services may improve access to destinations and may 

support walking, many scholars have endeavoured to uncover how accessibility is correlated with 

these mobility options. Despite this growing body of research, important gaps remain in 

understanding how accessibility can best inform active and sustainable transport planning. This 

thesis therefore investigates how different accessibility measures correlate with travel behaviour 

across conventional and emerging transport modes in a highly car-dependent city, Auckland, New 

Zealand, drawing on objective mobility data and advanced modelling techniques.  

The �irst study (Chapter 3) examined the relationship between neighbourhood accessibility and 

objectively measured walking behaviour using GPS and accelerometer data from 2,503 trips. An 

enhanced two-step �loating catchment area (E2SFCA)-based accessibility index was used to 

quantify access from participants’ homes to destinations across eight key domains, such as 

education, recreation, and public transport. Findings showed positive associations between 

neighbourhood accessibility and walking behaviour both within and beyond home-

neighbourhood boundaries, although these estimates were accompanied by substantial 

uncertainty. The association for walking beyond the home neighbourhood was estimated more 

precisely, whereas the estimate for within-neighbourhood walking was less precise. Socio-

demographic factors, including age, gender, and work status, were also associated with walking 

patterns, with older adults and unemployed individuals recording longer walking durations. 

These �indings suggest that neighbourhood accessibility may be more strongly related to walking 

beyond the immediate neighbourhood than to walking within local areas, although evidence 

regarding spatial differences in accessibility–walking associations remains uncertain. 

The second study (Chapter 4) examined the relationship between accessibility to bus stops, 

measured from three spatial anchors (home, trip origin, and destination), and actual bus ridership 

using GPS and accelerometer data from 108 participants (835 trips). Mixed-effects logistic 

regression models were applied, with work status and neighbourhood residency duration tested 

as moderators. Results indicated that home-based accessibility was negatively associated with 

bus use, while origin-based accessibility showed no signi�icant relationship. Destination-based 
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accessibility interacted signi�icantly with neighbourhood residency, suggesting that the 

association between destination accessibility and bus use differed according to residency 

duration. Work status marginally moderated the home-based association, suggesting that the 

association between home-based accessibility and bus use differed between employed and 

unemployed participants. These �indings underscore the complexity of accessibility–ridership 

relationships and the importance of individual circumstances, particularly work status and 

neighbourhood residency duration, in understanding how associations between accessibility and 

bus use vary across population groups. 

The �inal two studies (Chapters 5 and 6) focused on shared e-scooter use patterns, leveraging 

more than 470,000 trip records collected between April 2023 and May 2024. The third study 

applied a gravity-based negative binomial model to examine how domain-speci�ic accessibility 

measures correlate with trip volumes. Results revealed pronounced distance-decay effects 

consistent with the short-range nature of e-scooter travel. Higher trip volumes were observed in 

areas with greater accessibility to public transport and recreational amenities, indicating a spatial 

alignment between micromobility use and leisure or multimodal transport nodes. Conversely, 

lower usage was associated with greater accessibility to shopping and education facilities, higher 

exposure to environmental “bads”, elevated car ownership, and increased deprivation. The fourth 

study employed elastic net regression to investigate how domain-speci�ic accessibility measures 

were associated with e-scooter trip length. Findings indicated that higher public transport 

accessibility was associated with shorter trips, consistent with a possible role in �irst- and last-

mile connectivity, whereas greater accessibility to recreation, education, and environmental 

“bads” corresponded with longer trips. Shopping accessibility showed directional asymmetry, 

with longer trips originating in retail-rich areas and shorter trips terminating in such 

destinations. Longer trips were also more common in areas with greater deprivation or higher 

car-ownership levels, raising equity concerns under distance-based pricing models. 

Collectively, these studies indicated that accessibility is an important correlate of active and 

sustainable travel behaviour. Across walking, public transport, and shared micromobility, the 

associations between accessibility and travel behaviour varied across population groups 

according to factors such as age, employment status, neighbourhood residency duration, and local 

socio-economic conditions. By integrating objective mobility data with multidimensional 

accessibility metrics, the thesis advances understanding of how accessibility relates to travel 

behaviour in a highly car-dependent setting. The �indings underscore the importance of 

combining spatial accessibility improvements with policies that acknowledge demographic 

variation and address socio-economic constraints. Altogether, this thesis provides an evidence 
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base to support more equitable, user-centred transport planning, illustrating that accessibility-

focused strategies should be tailored to the circumstances and mobility needs of different groups. 
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Chapter 1. Introduction 

Background 

Active travel, principally walking and cycling, has long been recognised as a cornerstone of 

sustainable urban mobility because it integrates health-enhancing physical activity into everyday 

routines while also delivering broader environmental, social, and economic bene�its (1–6). 

Regular engagement in transport-related physical activity is associated with reduced risks of 

chronic disease and improved mental well-being, while at the system level, shifting short trips 

from private vehicles to active modes can alleviate congestion, lower emissions, and reduce the 

need for extensive road and parking infrastructure (1,5). From a public-health perspective, active 

travel is both policy-amenable and equity-relevant: when essential destinations are nearby, safe, 

and accessible, bene�its tend to accrue more rapidly for populations with limited car access (7–

9). Nevertheless, many cities have reported declines in walking in recent decades, indicating 

persistent structural barriers that constrain the realisation of active travel’s full potential (10,11). 

The behavioural decision-making process related to walking is associated with a set of interacting 

factors, including individual-level attributes, built environment characteristics, the social 

environment, and cognitive considerations (12,13). According to Alfonzo’s social–ecological 

model (Figure 1-1), walking needs, namely feasibility, accessibility, safety, comfort, and 

pleasurability, are organised into a hierarchy of prepotency in which more fundamental needs 

must be satis�ied before higher-order qualities can meaningfully in�luence behaviour (14). 

Alfonzo further identi�ies additional categories of in�luence, such as individual, social, and cultural 

factors, which are conceptualised as clusters of potential moderators embedded within a person’s 

life-course circumstances. Within this hierarchy of walking needs, feasibility, the most basic 

requirement, refers to whether walking is practically possible given an individual’s mobility, time 

constraints, health status, or caregiving and work responsibilities. Once a trip is deemed feasible, 

individuals evaluate accessibility, commonly de�ined as the ease with which they can reach 

desired opportunities, services, or activities within acceptable levels of time, cost, or effort 

(15,16). If accessibility needs are suf�iciently met, individuals then consider additional cognitive 

factors, including safety (freedom from crime-related threats), comfort (the ease and convenience 

of walking), and pleasurability (the aesthetic and experiential appeal of the walking environment) 

(14). 
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Figure 1-1. Alfonzo’s Hierarchy of Walking Needs 

 

Within this landscape, accessibility has emerged as a central organising construct linking land use 

and transport to travel behaviour. The concept functions both as a lower-order prerequisite for 

walking and as a highly policy-amenable lever, positioning it as a core instrument in the design of 

sustainable mobility strategies (15,17). Accessibility encompasses the pattern, quantity, quality, 

variety, and spatial proximity of available activities, as well as the degree of connectivity among 

land uses (18). It further re�lects the number of destinations located within a reasonable walking 

distance and the extent of land-use integration within a de�ined area. In the mode choice 

literature, accessibility has been operationalised using both subjective and objective approaches. 

Subjective measures typically rely on self-reported travel time or distance, whereas objective 

methods employ Geographic Information System (GIS)-based techniques, including network 

analysis, gravity-based models, and cumulative-opportunity indices that incorporate distance-

decay effects (19,20). These approaches can also be distinguished by dimension (i.e., spatial and 

temporal), with each capturing a different aspect of travel impedance (21). Although 

methodological complexity varies, these measures are generally based on the expectation that 

greater accessibility is associated with a greater likelihood of using active or sustainable travel 

modes. However, existing evidence is not uniformly consistent, suggesting that this relationship 

may be more context-dependent than is commonly assumed (14,22–25). 

Accessibility may also be supported through multimodal transport systems and may therefore 

indirectly support walking. Public transport, while not typically classi�ied as an active mode, plays 

an important complementary role in supporting active travel. Most public transport journeys 

require walking to and from stops or stations, effectively embedding walking within everyday 

Pleasurability

Comfort

Safety
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travel routines. Consequently, regular public transport users tend to accumulate more daily 

physical activity than individuals who rely primarily on private cars (26–28). Transit-oriented 

developments, which cluster mixed land uses within walking distance of high-quality public 

transport (29), further support compact urban form and reduce car dependency. Lower reliance 

on private vehicles creates opportunities to reallocate valuable urban land away from roads and 

parking facilities toward more socially and economically productive uses, including public open 

spaces, high-quality active travel infrastructure, affordable housing, and community amenities 

(30–32). 

When appropriately planned and regulated, shared micromobility systems represent a further 

means of improving access to destinations and services. Micromobility options, such as e-

scooters, have emerged as �lexible, low-emission alternatives for short trips and have the potential 

to complement active and sustainable mobility patterns (33,34). By providing convenient �irst- 

and last-mile connections to public transport, e-scooters may reduce reliance on private cars for 

short trips and extend the effective reach of transit networks, thereby indirectly supporting active 

travel (33,35). Although riding an e-scooter is not physically demanding, users typically walk to 

and from pickup and drop-off points, incorporating short bouts of walking into their travel 

routines (36,37). Moreover, micromobility can facilitate car-lite lifestyles by bridging gaps where 

walking or cycling is impractical due to time constraints, distance, or topography, enabling more 

trips without a car while still maintaining some degree of active engagement (38,39). 

Nevertheless, if deployed and regulated inappropriately, micromobility may in some contexts 

displace walking rather than car use, potentially reducing overall levels of active travel without 

diminishing car dependency (33,40). 

Given the central role of accessibility throughout this thesis, it is important to clarify how the 

concept is de�ined and operationalised across the empirical chapters. Accessibility is broadly 

de�ined as the ease with which people can reach desired destinations, opportunities, or services. 

Within the transport and urban-planning literature, accessibility has been conceptualised and 

measured in multiple ways, including objective measures based on land-use patterns, transport 

networks, travel time, distance, and destination opportunities, as well as subjective measures that 

re�lect individuals’ perceptions of the ease and convenience of reaching destinations (41–44). 

Accessibility may therefore capture both the opportunities available within an environment and 

individuals’ ability to make use of those opportunities. Accordingly, the thesis distinguishes 

between neighbourhood walking accessibility, accessibility to public transport infrastructure, and 

domain-speci�ic accessibility to particular destination types, recognising that each captures a 

different dimension of access within the broader accessibility framework. In Chapter 3, 

accessibility refers to neighbourhood accessibility to a range of everyday destinations and 
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activities. In Chapter 4, accessibility refers to accessibility to public transport infrastructure, 

speci�ically accessibility to bus stops. In Chapters 5 and 6, accessibility refers to domain-speci�ic 

accessibility to destinations such as public transport, recreation, shopping, and education. Despite 

these differences in operationalisation, all accessibility measures examined in this thesis are 

intended to capture the opportunities available to individuals within their surrounding 

environment and how these opportunities relate to travel behaviour. 

Although numerous studies have explored the relationship between accessibility, mode choice, 

and travel behaviour, notable gaps persist. Addressing these gaps offers an opportunity to 

generate robust, evidence-based insights that advance active and sustainable transport for all. 

Thesis rationale 

Although decision-making processes in mode choice have long been studied in relation to 

neighbourhood accessibility, important limitations in existing research constrain its practical 

application. For conventional modes such as walking and public transport, much of the evidence 

relies on self-reported behaviour and perceived measures, such as survey questionnaires (22,23). 

However, these self-reports are prone to bias and can systematically mis-estimate trip 

characteristics, especially for short, routine walking trips (45,46). To obtain estimates that more 

closely re�lect actual walking undertaken in everyday life, the present study uses objectively 

measured walking behaviour to understand its relationship with neighbourhood walking 

accessibility. Furthermore, in the public transport literature, accessibility has typically been 

conceptualised at a single spatial anchor, either home or the workplace (47–52), overlooking the 

complexity of daily mobility and the role of multiple activity points in the real world. Thus, this 

study considers accessibility to bus stops at various points (around home, trip origin, and 

destination) along each trip route. By addressing these methodological limitations, this approach 

yields more valid insights into how neighbourhood accessibility is associated with real-world 

walking behaviour and bus ridership across everyday travel patterns. 

In parallel, research on emerging mobility options such as shared micromobility has expanded 

rapidly, re�lecting their growing role in sustainable transport systems. Nevertheless, important 

gaps remain in the empirical evidence base. Origin–destination trip data have long been a 

cornerstone of transportation research and planning, providing critical insights into travel 

patterns, demand, and infrastructure needs (53,54); however, the application of origin-

destination data in the context of shared micromobility remains limited. Furthermore, to the best 

of my knowledge, no study to date has examined how speci�ic domains of neighbourhood 

accessibility are associated with shared e-scooter trip length, a metric that has signi�icant 

implications for understanding how these services function within broader urban mobility 
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systems. To address these gaps, this study employs a gravity-based origin-destination approach 

and examines how pedestrian-oriented accessibility is associated with shared e-scooter trip 

lengths. 

Conducting this research in Auckland, New Zealand, offers a distinctive opportunity to address 

these gaps in a setting where structural and behavioural barriers to sustainable travel are 

pronounced. Among cities of comparable size, Auckland ranks as one of the most car-dependent 

metropolitan regions worldwide, with private vehicles accounting for more than 80% of daily 

trips despite recent investments in public transport and micromobility infrastructure (55–58). 

The city’s dispersed urban form, characterised by substantial suburban sprawl and historically 

car-oriented planning, limits the effectiveness of conventional strategies for promoting active and 

shared modes. At the same time, shared e-scooters have seen rapid uptake, with millions of trips 

recorded annually, yet usage remains concentrated in central areas, raising concerns about spatial 

equity and integration with other modes (59,60). These conditions make Auckland an ideal 

context for examining how accessibility interacts with travel behaviour across conventional and 

emerging options, generating insights that are both locally relevant and transferable to other car-

dependent cities seeking to advance sustainable mobility. 

Statement of the purpose 

The underlying motivation of this thesis is to examine how accessibility measures are associated 

with travel behaviour across conventional and emerging mobility options in a highly car-

dependent urban context, Auckland, New Zealand. Speci�ically, it aims to: 

• Investigate the relationship between neighbourhood accessibility and walking behaviour

(Chapter 3).

• Assess how accessibility to public transport relates to bus ridership behaviour (Chapter

4).

• Explore how accessibility to speci�ic destinations is associated with shared e-scooter trip

patterns (Chapters 5 and 6).

By integrating objective mobility data with advanced spatial and statistical modelling, this work 

seeks to generate evidence that is both behaviourally grounded and practically applicable. The 

�indings are intended to inform urban planning and transport policy strategies that promote 

active and sustainable mobility in Auckland, New Zealand. 
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Thesis organisation 

Context 

The �irst two studies of this thesis (Chapters 3 and 4) have evolved from a larger research project: 

Te Hotonga Hapori. This programme of research, funded by the Ministry of Business, Innovation, 

and Employment, aims to enhance community health and wellbeing through optimising urban 

redevelopment. One component of Te Hotonga Hapori focuses on evaluating people’s wellbeing 

in urban communities where major housing redevelopment is taking place across four Auckland 

neighbourhoods, namely Aorere, Oranga, Wesley, and Waikōwhai. The socio-demographic 

characteristics of these neighbourhoods are presented in Appendix C (61). Within these four 

neighbourhoods, participants were recruited from areas of the neighbourhood undergoing 

signi�icant redevelopment. A socio-demographically matched comparison group was recruited 

from an area of the neighbourhood which was largely unaffected by the redevelopment process. 

By being aligned with Te Hotonga Hapori, this thesis had the opportunity to leverage advanced 

measurement tools (i.e., accelerometers and GPS receivers) to precisely measure participants’ 

physical activity and mobility behaviours. The PhD candidate was actively involved in this wider 

study, being in charge of managing these data collection tools, including preparing them for 

distribution in the �ield, and extracting and managing the data upon their return. 

The next two studies (Chapters 5 and 6) employed micromobility trip data obtained from one of 

the shared micromobility providers that was active in Auckland at the time of conducting these 

studies. Auckland is the largest and most populous city in New Zealand, with an estimated 

population of 1.76 million in 2023. It is characterised by a highly urbanised environment, 

substantial suburban sprawl, and a reliance on private motor vehicles (62). 

Thesis structure 

This thesis comprises four sequential studies presented in chapter format (Figure 1-2). Chapter 

2 establishes the broader context with a summary of the literature on accessibility, mode choice, 

and conceptual issues in previous work. Chapters 3 to 6 are empirical studies that are either under 

review or submitted for publication, and are written as stand-alone articles, which means some 

repetition of methods and data is unavoidable. Chapter 3 investigates the relationship between 

neighbourhood accessibility and walking behaviour using objective GPS and accelerometer data. 

Chapter 4 examines how accessibility to public transport, measured from multiple spatial 

anchors, relates to bus ridership. Chapter 5 shifts focus to emerging mobility options, analysing 

how domain-speci�ic accessibility measures correlate with shared e-scooter trip volumes across 

origin–destination �lows. Chapter 6 explores e-scooter trip length as a critical but underexamined 
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dimension of micromobility behaviour, assessing how accessibility interacts with trip distance. 

Each chapter begins with a preface to explain its role in the overall research progression. Finally, 

Chapter 7 provides a general discussion, synthesising �indings across all studies, addressing 

limitations, and outlining policy implications and directions for future research.
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Figure 1-2. Thesis structure and �low
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Chapter 2. Literature review 

Preface 

Promoting active travel is widely recognised as a multifaceted policy lever that enhances 

population health, mitigates environmental externalities, alleviates traf�ic pressures, and 

advances equity within transport systems (63–67). While walking and cycling remain the most 

visible forms, public transport and emerging micromobility options also contribute meaningfully 

by embedding short walking segments and supporting car-lite lifestyles where walking or cycling 

alone may be impractical. These modes share a common foundation of incidental physical activity, 

yet the factors associated with their use differ substantially (68–72). This chapter reviews the 

scholarly literature on active and sustainable mobility, with a particular focus on walking, public 

transport, and shared e-scooter schemes. It begins by outlining the health, environmental, and 

economic bene�its of walking and its role within broader mobility systems. The chapter then 

examines correlates of walking behaviour across the individual, social, policy, and built 

environment domains, highlighting accessibility as a central integrative concept. Subsequent 

sections explore public transport ridership and shared e-scooter trip patterns, synthesising 

evidence on socio-demographic, attitudinal, policy, and spatial factors. Throughout, the review 

emphasises how accessibility relates to mode choice and travel behaviour and identi�ies broad 

limitations in existing research. These insights provide the conceptual foundation for later 

chapters, which aim to advance understanding of accessibility-informed strategies for promoting 

active and multimodal travel. 
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Background 

Walking is widely regarded as an accessible, affordable, and straightforward form of active travel. 

It is associated with substantial health, environmental, economic, and social bene�its and may 

help mitigate the externalities associated with motorised transport. By integrating physical 

activity into daily routines, it markedly reduces the prevalence of cardiovascular disease, obesity, 

diabetes, and mental health disorders, whilst fostering social cohesion and enhancing overall 

well-being (73–77). Beyond individual health, at a systemic level, replacing short car trips with 

walking can reduce fuel consumption, alleviate congestion, and improve air quality, thereby 

lowering greenhouse gas emissions and supporting climate mitigation objectives (65,78–80). 

Economically, recent WHO projections suggest that health-related global economic losses could 

reach US $300 billion over the 2020–2030 decade if current inactivity trends continue (81,82). In 

New Zealand, modelling indicates that switching short car trips to walking and cycling could save 

between NZ$127 million (with 25% uptake) and NZ$2.1 billion (with full uptake) in lifetime 

healthcare costs for the current population, highlighting the substantial economic bene�its of 

active transport (83). Beyond these gains, the existing evidence suggests that walking can also 

strengthen social interaction and community cohesion, which are essential for inclusive, resilient, 

and sustainable urban development (84,85). In contrast, motorised transport remains a principal 

source of transport-related air pollution and greenhouse gas emissions, both of which are 

associated with substantial environmental and public health burdens, including premature 

mortality, cardiovascular disease, asthma, and lung cancer (86). These health burdens translate 

into considerable economic costs worldwide, underscoring that prioritising active and shared 

mobility is not merely a sustainability imperative but a public health. 

While walking represents the most fundamental and direct form of active travel, its population-

level bene�its are often realised through broader mobility systems that either embed walking or 

depend on walking-supportive infrastructure. Public transport trips, for example, embed walking 

within access and egress stages, meaning that investments in frequent, reliable services and well-

designed networks can substantially increase routine walking even among those who do not 

primarily identify as pedestrians (87). Likewise, micromobility systems such as shared e-scooters 

have the potential to extend the spatial reach of walking by providing �lexible and short-distance 

links between dispersed destinations, thereby lowering the generalised cost of non-car travel and 

supporting car-free daily mobility chains (88). Consequently, understanding the factors that 

shape not only walking but also public transport and micromobility travel behaviour becomes 

critical for designing mobility systems that support healthier, more active, and environmentally 

sustainable futures. 
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Factors associated with walking behaviour 

Factors associated with walking behaviour can broadly be grouped into four main domains, 

including individual characteristics (e.g., demographics, health status, and attitudes), social 

environment (e.g., social support and cultural norms), environmental attributes (e.g., land-use 

mix, street connectivity, and safety), and policy factors (e.g., urban planning regulations, transport 

policies, and investment in pedestrian infrastructure) (89–92). The following sections discuss 

these domains and their associations with walking behaviour. 

Individual factors associated with walking behaviour 

Decisions regarding whether to walk are associated with a range of socio-demographic and 

psychological characteristics. Among these, employment status emerges as a consistently positive 

correlate: individuals in employment, particularly those working full-time, tend to engage in more 

walking and report higher overall walking levels (93–96).  In contrast, age demonstrates a robust 

negative association, with older adults generally less inclined to walk (97,98). Evidence 

concerning ethnicity, however, remains inconclusive; while some studies identify positive 

associations, others report no signi�icant relationship (95,99). Similarly, systematic reviews 

suggest that gender, educational attainment, and income typically exhibit non-signi�icant 

associations with walking behaviour, indicating that their in�luence may be marginal or context-

dependent (100,101). 

Psychological factors have also been associated with walking and active travel behaviour. 

Individuals who report greater con�idence in their ability to use active modes are generally more 

likely to walk or cycle for transport (102,103). Similarly, favourable attitudes towards active 

travel, stronger behavioural intentions, and higher levels of motivation have been associated with 

greater engagement in walking and cycling (104,105). Social in�luences may also be relevant, as 

perceived social norms, support, and modelling from family members and peers have been linked 

to higher levels of active travel participation (102,103). This body of evidence suggests that active 

travel behaviour is associated not only with the physical environment but also with how 

individuals evaluate and experience active travel opportunities within their everyday lives 

(104,105).  

Social and interpersonal factors associated with walking behaviour 

While personal and psychological attributes are associated with individual choices, these factors 

often intersect with social dynamics. Social interactions within neighbourhoods not only re�lect 

these personal characteristics but also create supportive environments that may facilitate walking 

and other forms of active travel (106–108). Social factors have been consistently linked to physical 
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activity and active travel through mechanisms such as social support, social networks, and 

interpersonal interaction. Evidence from systematic reviews and longitudinal studies indicates 

that social support from family, friends, and neighbours is among the strongest predictors of 

physical activity, including walking for transport (109,110). Similarly, larger and more cohesive 

social networks are associated with higher levels of active travel and reduced sedentary time 

(111,112). Positive social interactions and participation in community activities also correlate 

with increased walking and cycling for transport (113,114). Conversely, loneliness and social 

isolation exhibit negative associations with physical activity, underscoring the importance of 

social connectedness in sustaining active lifestyles (115,116). While most studies report positive 

associations between neighbourhood social cohesion and walking (117), some evidence suggests 

mixed results, particularly for walking and cycling for transport (118). 

Built environment factors associated with walking behaviour 

The built environment introduces another critical layer of correlates of active travel behaviour. 

Because these attributes are largely shaped by planning and design regulations, understanding 

their relationship with travel behaviour can feed back into policy, enabling more effective 

strategies to promote active and sustainable mobility. This importance has motivated extensive 

research examining how built-environment characteristics are associated with active travel. 

Rather than acting independently, supportive built-environment conditions tend to operate by 

reducing the generalised cost of walking and cycling relative to motorised travel, including travel 

time, physical effort, and perceived inconvenience. Higher-density and mixed-use environments 

shorten travel distances and increase the likelihood that daily activities can be undertaken on foot, 

while well-connected street networks reduce detours and improve route ef�iciency (119,120). At 

the street level, infrastructure that prioritises pedestrians and cyclists lowers physical effort and 

enhances perceived comfort, reinforcing the competitiveness of active modes for routine trips 

(121,122). In this sense, positive built-environment correlates function not as isolated design 

features but as interrelated conditions that collectively lower barriers to active travel 

participation. Conversely, built-environment characteristics that are negatively associated with 

active travel tend to increase the perceived or actual costs of walking and other environmentally 

sustainable modes, thereby reinforcing car dependence even in otherwise compact urban 

settings. High traf�ic volumes and speeds elevate safety risks and psychological stress, 

discouraging walking through increased exposure and reduced sense of control (123,124). 

Similarly, discontinuous pedestrian networks, large block sizes, and car-oriented street 

hierarchies increase travel effort by forcing longer or indirect routes, further constraining 

willingness to walk (12,119,125). Together, these �indings suggest that walking behaviour 
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emerges from the balance between enabling and constraining spatial conditions that shape how 

feasible, safe, and convenient walking is experienced in everyday contexts. 

While the built-environment literature offers extensive evidence on walking correlates, these 

relationships are inherently complex, with multiple attributes interacting rather than acting in 

isolation. Features such as density, land-use mix, street connectivity, and infrastructure quality 

jointly shape how feasible and attractive walking becomes, often through overlapping 

mechanisms. Consequently, researchers have increasingly adopted neighbourhood accessibility 

measures as integrative indicators of walking-supportive environments. In the context of walking 

behaviour, neighbourhood accessibility re�lects the extent to which everyday destinations can be 

conveniently reached on foot and has become widely used as a summary measure of 

opportunities for walking within urban environments (126–128). 

Research on walking accessibility has examined both objective and perceived dimensions. 

Objective measures quantify accessibility to destinations using spatial indicators derived from 

land-use and transport-network characteristics, whereas perceived measures capture 

individuals’ evaluations of how easy and convenient it is to reach destinations on foot (41–44). 

Evidence consistently suggests that higher levels of perceived walking accessibility are associated 

with a greater likelihood of walking and using active modes, even after accounting for objective 

environmental characteristics (44,129). Longitudinal studies further suggest a reciprocal 

relationship, whereby favourable perceptions of neighbourhood accessibility encourage walking 

while repeated walking experiences reinforce perceptions of accessibility over time (130). The 

importance of perceived walking accessibility appears particularly pronounced among 

populations with limited access to private vehicles, where satisfaction with the proximity of 

everyday destinations is strongly associated with whether walking is considered a practical travel 

option (131–133). 

Perceived measures of the urban built environment are consistently associated with travel 

behaviour and mode choice, as they re�lect individuals’ lived experiences of their surroundings 

(134). However, because such perceptions are inherently person-speci�ic and not readily 

generalisable, they are less suited to mapping spatial conditions or modelling policy scenarios at 

city, regional, or national scales. For these applications, objectively calculated assessments of 

urban form, typically derived from GIS and other spatial datasets, are indispensable and have 

therefore attracted substantial empirical attention in multi-neighbourhood and multi-city travel 

behaviour research. Evidence from systematic reviews focusing on objectively assessed measures 

indicates that higher accessibility to everyday destinations and public transport nodes is strongly 

associated with increased walking for utilitarian purposes, although most available studies still 

rely on self-reported walking outcomes, with comparatively fewer analyses pairing objective 



 

28 
 

accessibility indices with objectively monitored walking (135–138). Empirical studies that 

incorporate both perceived and objectively measured built-environment attributes further 

con�irm a robust positive relationship between transport-related walking and GIS-based 

accessibility measures (139). Consistent �indings show that neighbourhoods offering a greater 

number of destinations within short network-based buffers and more highly connected 

pedestrian networks support higher levels of walking for transport (135,140,141). Infrastructure 

interventions that reduce travel impedance, such as the provision of sidewalks, safe crossings, and 

protected cycling facilities, are likewise associated with measurable increases in active travel 

(142–145). These effects are most pronounced for walking to routine destinations rather than for 

leisure activities, underscoring the structural role of accessibility in shaping everyday mobility 

patterns (137). 

Policy factors associated with walking behaviour 

Policy frameworks represent an upstream determinant of active travel, shaping the conditions 

under which walking and cycling occur. Evidence from multiple systematic reviews indicates that 

policies operate across several levels of the socio-ecological framework, including society, city, 

route, and individual, and in�luence active travel through both direct and indirect mechanisms 

(146–150). Policies at the national or regional level shape the overall conditions for active travel 

by in�luencing the relative convenience and safety of different modes. Reviews highlight that 

initiatives, such as reducing speed limits for motor vehicles, increasing the cost of owning and 

driving a car, and limiting parking availability, can make driving less attractive and thereby 

encourage walking and cycling (151). Similarly, promoting public transport indirectly supports 

active travel because transit trips inherently involve walking or cycling to access stops and 

stations, and to reach �inal destinations, contributing to higher daily active travel levels (87). 

Urban design and land-use policies strongly in�luence active travel by determining trip distances 

and network connectivity. Such policies might include encouraging higher residential density, 

mixed land use, and transit-oriented development, which might consequently increase walking 

and cycling for transport (152). Existing evidence shows that car-free city centres and zoning 

regulations that cluster destinations within walking distance further promote active travel, while 

high traf�ic volumes and urban highways discourage it (87,148,153). Additionally, initiatives 

facilitating higher implementation of bike-share programs may also lead to population-level 

increases in cycling beyond the trips logged by bike-share users (154,155). 

Local infrastructure and design standards are among the most direct and effective policy levers 

for promoting active travel. Reviews consistently report that the development of footpaths, 

crossings, and pedestrian paths improves convenience and safety for walking (148). For cycling, 
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connected bikeway networks, shorter distances to facilities, and especially physically separated 

cycle tracks are strongly associated with increased ridership, particularly among less con�ident 

cyclists (156,157). End-of-trip facilities such as secure bike parking and showers at workplaces 

also support bicycle commuting (158). Areas with more walking facilities are also associated with 

higher rates of active commuting to school, highlighting how such policies may support active 

travel in different age groups (159). 

Policies targeting individuals, such as workplace travel plans, �inancial incentives, and behaviour-

change programs, show mixed evidence when implemented in isolation. Systematic reviews 

indicate that mass media campaigns and organisational travel plans rarely produce large 

population-level shifts on their own, whereas targeted interventions like personalised travel 

marketing have achieved modest but meaningful mode shifts, including reductions in car trips 

and increases in walking and cycling (160–163). Financial incentives can also support active 

travel in speci�ic contexts, although evidence remains limited (162). Overall, reviews conclude 

that these individual-level measures are most effective when combined with structural changes, 

such as infrastructure improvements and regulatory policies, within comprehensive packages 

that align personal motivation with enabling environments (148,151,160,161). 

Public transport ridership behaviour 

Public transport offers another important pathway for promoting active and sustainable mobility, 

both by embedding walking into everyday trips and by facilitating a shift away from private car 

use. Empirical evidence consistently shows that public transport users accumulate higher levels 

of transport-related walking and are more likely to meet physical activity recommendations than 

non-users, while higher levels of public transport use are associated with reduced car dependence 

and more transit-oriented patterns of urban development (30). Against this backdrop, and 

alongside efforts to understand walking behaviour, an expanding body of research has examined 

factors associated with public transport use, re�lecting its dual role as both a contributor to active 

travel and a cornerstone of sustainable urban mobility (164,165). Analogous to the walking 

behaviour literature, factors associated with public transport use can be categorised into four 

broad domains (i.e., individual characteristics, social and interpersonal factors, policy and service 

attributes, and built environment and accessibility conditions) which are discussed in more detail 

below (166). 

Individual factors associated with public transport ridership 

Empirical evidence indicates that socio-demographic factors are among the key correlates of 

public transport ridership. Age and income emerge as the most frequently cited predictors, with 
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younger individuals (below 30) and older adults (above 50) tend to favour public transport, while 

middle-aged groups show mixed tendencies (167–169). Gender differences are notable; women 

generally display a stronger preference for public transport compared to men, particularly in 

Europe and Asia (170–172). Education level also matters; individuals with higher levels of 

educational attainment, especially university graduates, are more inclined toward public 

transport (173). Immigrant status is another in�luential factor: immigrants, especially those with 

shorter settlement periods, are more likely to use public transport than long-term residents 

(174,175). Household characteristics, such as smaller household size, fewer cars, and non-

licensed drivers, correlate positively with ridership (176,177). Lower-income populations 

consistently exhibit higher ridership, whereas higher-income individuals often prefer private 

vehicles (178,179).  

Perceptions of safety, security, and comfort are also strongly correlated with willingness to use 

public transport, with concerns about harassment and personal security being particularly 

salient, especially among women and other vulnerable groups (180,181). Cognitive evaluations, 

such as judgments about reliability, punctuality, and cleanliness, are associated with overall 

satisfaction and, consequently future travel choices; when service performance falls short of 

expectations, negative attitudes toward public transport often emerge (182). Attitudinal aspects 

extend beyond functional considerations like cost and convenience to include symbolic and 

affective dimensions, where private car ownership is associated with social status and personal 

success, reinforcing cultural preferences for automobility (183,184). Evidence suggests that 

addressing these psychological and cognitive concerns through improved service quality, 

enhanced safety measures, and targeted communication strategies is essential for fostering 

positive perceptions and encouraging modal shifts toward sustainable transport (185,186). 

Social and interpersonal factors associated with public transport ridership 

Social factors have been consistently identi�ied as key correlates of public transport ridership, 

often showing associations comparable to or stronger than those of traditional service quality 

attributes. Empirical research demonstrates that subjective norms, de�ined as perceived social 

pressure from signi�icant others, constitute a critical predictor of behavioural intentions to switch 

from private vehicles to public transport, with effect sizes frequently surpassing those of 

attitudinal variables (187–189). Complementing these interpersonal in�luences, societal norms, 

re�lecting perceptions of public transport’s environmental and social utility, emerge as a key 

driver of loyalty-related behaviours, including willingness to recommend and sustained usage 

(190,191). Prior studies indicate that these normative constructs function through differentiated 

mechanisms. Subjective norms primarily affect behavioural intentions by amplifying perceived 
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social expectations, particularly among individuals with less entrenched private vehicle habits 

(191), whereas societal norms exert an indirect in�luence by improving overall satisfaction and 

fostering positive interpersonal communication regarding transit use (190,192). 

Built environment factors associated with public transport ridership 

The built environment is widely recognised in the scholarly literature as a structural determinant 

of travel behaviour, principally through its organisation of population distribution, land-use 

patterns, and service accessibility (193,194). As such, it constitutes a policy-relevant feature 

associated with mobility outcomes through transport and land-use policy interventions. 

Empirical research on public transport ridership has consistently demonstrated that higher 

population and employment densities are positively associated with increased bus use, re�lecting 

the spatial concentration of potential trip origins and destinations within service catchment areas 

(195–198). Beyond density, land-use mix and functional diversity are also frequently cited as 

signi�icant correlates of bus ridership, as such environments support a broader array of transit-

accessible activities and promote more evenly distributed, bidirectional �lows of passengers 

throughout the day (197,199,200). At the �iner-grained scale of the street network, features such 

as intersection density and connectivity have been linked to greater ridership, as they enhance 

pedestrian accessibility and reduce the effective distance to transit corridors (196,200). In 

contrast, the literature consistently associates urban sprawl and suburbanisation with declining 

transit use, primarily due to their co-evolution with low-density, car-dependent development 

patterns, conditions widely regarded as antithetical to the competitiveness and operational 

ef�iciency of public transport systems (195,196). 

While individual aspects of the built environment can in�luence public transport use, accessibility 

offers a more holistic framework, widely acknowledged as a key correlate of ridership by 

attracting new passengers and retaining existing ones (47–49,201–205). In public transport 

research, accessibility is typically conceptualised in two distinct ways. The �irst relates to the 

extent to which individuals can use public transport to reach key destinations, such as jobs, 

healthcare, or education, commonly referred to as public transport accessibility (206). The second 

concerns access to the transport system itself, emphasising the spatial availability, density, and 

proximity of stops or stations, often termed accessibility to public transport (207). Emphasising 

this latter perspective is crucial, as the bene�its of a well-connected or reliable transit network 

cannot be fully leveraged without convenient access points within walking distance. 

Studies examining public transport accessibility to destinations generally de�ine accessibility as 

the ease with which individuals can reach key opportunities, such as employment, education, 

healthcare, or retail services, via public transport (208). This concept is most often 
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operationalised using cumulative opportunity measures, which count the number of destinations 

reachable within a given travel time threshold, or gravity-based measures, which weight 

opportunities using a distance-decay function to re�lect diminishing utility with longer journeys 

(21,209). Empirical research consistently �inds that higher destination accessibility corresponds 

with greater transit demand. Notably, stop-based models indicate that bus stops enabling faster 

and wider reach to dense concentrations of nearby opportunities within 30 minutes tend to 

generate higher boarding volumes, a pattern most clearly observed where job availability is 

greatest around transit catchments (210). Route-level analyses similarly show that lines 

traversing corridors with stronger destination pull, particularly those linking major activity 

centres, tend to attract higher ridership, re�lecting demand sensitivities to the kinds of 

destinations most commonly clustered along employment-rich transit axes (208). These 

associations extend to larger spatial scales, with census-tract- and city-level studies showing that 

areas offering stronger transit-based reach to high-intensity destination clusters typically exhibit 

higher ridership alongside greater residential and economic density, a relationship most 

pronounced in zones with larger workforce and commuter �lows (211–213). 

The system access perspective emphasises the spatial distribution and proximity of public 

transport infrastructure. While public transport accessibility to destinations is important, its 

bene�its cannot be fully realised when individuals are unable to conveniently access the public 

transport system itself. Consequently, accessibility to public transport has become a major focus 

of ridership research. This approach recognises that limited access to stops or stations may 

constrain public transport use regardless of the opportunities available through the wider 

network. It typically assesses factors such as stop or station density within de�ined catchment 

areas, the distance to the nearest transit facility, and the proportion of the population residing 

within acceptable walking thresholds (52,214,215), Although studies generally report 

associations between improved access to public transport and higher ridership, the direction and 

magnitude of these associations appear to vary across transport modes and contexts 

(71,216,217). 

While these studies provide important evidence on the relationship between accessibility to 

public transport and ridership, accessibility has most commonly been measured from a single 

spatial anchor, typically the home location and, less frequently, the workplace (201,210). Such 

approaches implicitly assume that accessibility experienced at �ixed locations adequately 

represents the conditions under which travel decisions are made. However, daily mobility 

frequently involves movement between multiple activity locations, and accessibility conditions 

may differ substantially between residential locations, trip origins, and destinations (218). 

Accessibility at these locations may therefore be associated with travel behaviour through 
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different mechanisms, with origin accessibility re�lecting access to the public transport network, 

destination accessibility re�lecting access to opportunities and activities, and residential 

accessibility relating more closely to longer-term travel routines and preferences. Consequently, 

reliance on a single spatial anchor may provide only a partial representation of the accessibility 

conditions associated with public transport use. 

Policy factors associated with public transport ridership 

Public transport ridership is strongly in�luenced by policy instruments affecting costs, 

accessibility, and system performance. The literature consistently associates car-oriented 

conditions, such as low fuel taxes, abundant free parking, and extensive highway capacity, with 

reduced transit competitiveness, whereas congestion charging and parking management improve 

its relative utility (219). Importantly, pricing instruments that increase the cost of driving have 

been shown to deliver stronger ridership outcomes when supported by transit-oriented land-use 

and station-area planning policies, which widen viable alternatives and reinforce the price signal 

(220). Zoning policies further shape ridership by directing development intensity around 

stations. Higher-density development increases ridership and cost-ef�iciency, while low-density 

areas constrain transit use and raise per-passenger costs. Consequently, zoning reform and 

parking management are regarded as key mechanisms for enhancing the economic and 

operational performance of transit infrastructure (221,222). Operational frameworks that 

prioritise reliability and coordination have been shown to in�luence transit use, as service 

standards and performance measures can reduce waiting times, crowding, and transfer penalties, 

thereby improving the system’s attractiveness to passengers (223).  At the individual level, 

evidence highlights segment-speci�ic price responsiveness. Adults and children respond 

elastically to fare reductions; however, seniors and concession card holders remain comparatively 

inelastic (222).  

Micromobility trip patterns 

Shared micromobility is often promoted as a way to encourage more active and sustainable 

mobility by providing �lexible, on-demand, lower-emission options for short urban trips, 

particularly when integrated with supportive urban design to address challenges such as car 

dependence and transport inequities (39,224–228). Evidence suggests that, in some contexts, 

e-scooters can substitute a proportion of short car journeys in central urban areas, extend the 

effective catchment of public transport by bridging �irst- and last-mile gaps, and incorporate 

incidental walking to and from devices and parking zones. In doing so, they may complement 

active and sustainable travel within everyday mobility patterns, although the magnitude and 

distribution of these bene�its vary across cities (229–234). However, such integration is not 
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without risks. If poorly managed, the short-range nature of e-scooter trips may more often 

displace walking or cycling than private car use, pose safety concerns for pedestrians, and reduce 

opportunities for physical activity (235–237). In some cases, micromobility may even reinforce 

car dependency; for example, when limited parking at destinations leads drivers to park farther 

away and use an e-scooter to complete the �inal segment of their journey (234). These contrasting 

effects have prompted substantial scholarly attention to the conditions under which 

micromobility supports, rather than undermines, sustainable and active travel, an issue explored 

further in the sections that follow. 

Individual factors associated with shared micromobility trip patterns 

Owing to their internal consistency and origin from a single respondent, individual-level factors 

have consistently emerged in the travel behaviour literature as salient predictors of mode choice. 

Age has consistently emerged as a key correlate of shared micromobility use, with younger 

individuals signi�icantly more likely to engage with services such as e-scooter sharing. Across 

academic and non-academic sources, the literature indicates that the average user is typically in 

their 30s (238–240); although not strictly linear and moderate adoption has been observed 

among individuals in their 40s in some contexts, such as Singapore and Saudi Arabia (241,242). 

Intention-based analyses also highlight that younger adults are not only more likely to be current 

users but also exhibit greater intention to use shared micromobility in the future (243,244). 

Unlike age, the literature on gender is inconsistent. While many studies �ind men signi�icantly 

more likely to use e-scooter sharing than women (40,238), others show the gender effect varies 

by region, trip purpose, and analytical approach (245,246). Yet intention studies suggest 

comparable future interest across genders, despite persistent hesitancy among women under 

current conditions (233,244,247). 

The relationship between education and e-scooter use is marked by contextual variability. While 

higher education is frequently associated with greater usage, particularly in Western urban 

contexts (238,248,249), some studies report the inverse, with lower adoption or acceptance 

among university-educated individuals (233,250,251), highlighting the role of local socio-spatial 

dynamics in shaping how education intersects with micromobility behaviours (245,252). 

Evidence on the in�luence of employment remains inconclusive. While some studies �ind no 

signi�icant association (250,253), others identify employment as a salient predictor, though in 

divergent directions (251,254,255). This divergence has also been observed when analysing the 

impacts of income. While some studies link lower or middle incomes to higher adoption 

(252,256), a broader body of evidence associates higher income with greater usage intensity 

(243,245,246,257). Yet, in some contexts, income proves insigni�icant or operates only through 
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interaction effects (258,259). Digital capability further mediates access. Although most users 

navigate app-based systems with ease, barriers such as smartphone access, payment systems, and 

app literacy persist for some (260–263). 

Psychological constructs are associated with shared micromobility use not through isolated traits, 

but through the interplay of values, perceptions, and affective orientations. Environmental 

concern, while not universally decisive, often distinguishes users from non-users. Many adopters 

perceive e-scooters as environmentally preferable, aligning their usage with an ecological self-

concept and a broader sense of responsible consumption (253,264). However, this instrumental 

rationale often coexists with experiential motives. The perception of e-scooter travel as easy, 

novel, and enjoyable, particularly among younger individuals, enhances its affective appeal and 

contributes to its everyday integration (265,266). Perceived risk, whether related to traf�ic 

interactions, personal safety, or vehicle stability, continues to act as a psychological deterrent. 

However, where trust in the safety of the mode is established, it tends to strengthen both the 

intention to use and actual engagement with e-scooter sharing (251,255,260,264). Attitudes 

toward innovation and technology further in�luence adoption. Individuals who are more 

comfortable with digital tools and open to new mobility experiences tend to exhibit higher 

psychological readiness, linking personal disposition with broader digital and experiential 

capacities (255,267). 

Social and interpersonal factors associated with shared micromobility trip patterns 

Although empirical studies on social factors remain comparatively limited, existing evidence 

suggests that social in�luence plays a subtle yet consequential role in shaping shared 

micromobility use. Adoption patterns are not merely the product of individual preferences but 

are mediated by perceived social approval, normative expectations, and culturally embedded 

understandings of urban mobility. Individuals are more inclined to adopt e-scooters when the 

behaviour is seen as acceptable or encouraged within their immediate social networks and 

broader urban environments (247,263,265,267). These dynamics are often captured through the 

construct of subjective norms, the idea that individuals are guided by what they believe others 

expect them to do (247,268). Research shows that such norms can signi�icantly shape people’s 

intentions to use e-scooters, especially in places where personal experience with the mode is 

limited. In these cases, people often rely on social cues, such as peer attitudes, media narratives, 

or simply seeing others using e-scooters, to form their own perceptions (267). Public visibility of 

riders, for instance, can reduce hesitation and help make e-scooter use feel more normal and 

socially acceptable (263). Beyond that, micromobility adoption often connects to broader lifestyle 
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values, such as convenience, innovation, and sustainability, which can be strengthened when they 

are re�lected and supported within one’s social environment (247,265). 

Built environment factors associated with shared micromobility trip patterns 

Building upon foundational insights into the interrelationships between land-use patterns, the 

built environment, and travel behaviour (119,269–271), recent empirical work has clari�ied 

which characteristics are associated with shared e-scooter ridership. Using GIS hotspot analysis 

on over 886,000 dockless e-scooter trips, Bai and Jiao observed strong spatial clustering in 

downtown areas and on university campuses (72), a pattern corroborated by Caspi et al., who 

reported higher use in zones with greater employment density and student populations (259). 

Consistent with these concentration effects, walk score and bike score have been shown to 

support higher e-scooter ridership density (259,272).  Differentiating trip purposes, Liu et al. 

employed the ratio of travelled distance to linear origin–destination distance to distinguish 

recreational from non-recreational use; across urban mixed-use, institutional-oriented mixed-

type, and downtown regions, the downtown and institutional-oriented areas produced the 

highest share of non-recreational trips (273). Street-level attributes have also proven salient. 

Hawa et al. found that parking metre spaces, as a proxy for the presence of cars, were associated 

with reduced e-scooter presence, suggesting that e-scooters may be more prevalent in walkable 

environments (274). Complementing this, Jiao and Bai showed that better street connectivity (i.e., 

fewer cul-de-sacs and more four-way intersections) aligned with higher ridership, while distance 

from the city centre was inversely associated with e-scooter trips (249). 

A sizable portion of the literature has examined how speci�ic land uses and their spatial 

composition shape e-scooter trip densities. Geographically Weighted Regression (GWR) analyses 

have revealed positive local effects for the percentage of commercial land, public and semi-public 

land, intersection density, walk score, park score, and job proximity index (275). Using a similar 

approach, Caspi et al. assessed local coef�icients of e-scooter ridership and found that residential 

land use was signi�icant in downtown areas but not around university campuses; their spatial 

Durbin modelling further indicated positive associations with residential, commercial, 

educational, and industrial land uses, with commercial and industrial categories exerting the 

largest associations (259). In Louisville, Kentucky, Generalised Additive Modelling showed that 

higher percentages of commercial land within a Traf�ic Analysis Zone (TAZ) were positively 

related to e-scooter trip density, whereas higher percentages of industrial land use were 

negatively related. Additionally, TAZs with high walk, transit, and bike scores exhibited greater 

trip densities than those with uniformly low scores (272). At the trip level, McKenzie found that 

origins and destinations tended to match by land-use type, with trips between 
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public/recreational areas accounting for the largest share (28.2%) relative to residential and 

commercial pairings (276). Measures of land-use mix have also mattered. Jiao and Bai reported 

that a one-unit increase in the land-use entropy index was associated with a doubling of shared 

e-scooter ridership, and that percentages of mixed-use, educational, open space, commercial, and 

transit facility areas within hexagons were all positively correlated with usage (249). In line with 

these results, Bai and Jiao concluded that proximity to the city centre and complex land-use 

compositions were associated with higher trip counts (72). 

Researchers have likewise foregrounded accessibility, long recognised as a key correlate of travel 

behaviour, as a driver of shared e-scooter usage patterns. In comparative analyses of Austin, TX 

and Minneapolis, MN, negative binomial models showed that hexagonal units with higher 

concentrations of bus stops supported greater average daily e-scooter ridership, indicating spatial 

complementarities between public transit access and micromobility (72). Using the same dataset, 

ridership was found to decrease by approximately 62 percent for each additional mile from the 

nearest transit stop (249), pointing to a strong distance-decay effect. Expanding the lens to 

activity destinations, Hawa et al. treated the average number of e-scooters present per hour 

within a unit as a proxy for ridership and observed positive associations with museums, 

restaurants, bars, and national parks, but a negative association with marketplaces (274). Further, 

Karimpur et al. introduced a gravity-inspired random forest model to estimate e-scooter origin–

destination �lows, demonstrating that trip volume between TAZs was positively linked to the 

presence of bars, restaurants, shopping malls, and coffee shops, while parks and museums exerted 

comparatively limited in�luence; total trip production and attraction strongly predicted demand, 

and trip frequency declined sharply with increasing inter-TAZ distance (20).  

Factors associated with shared micromobility trip length 

Compared with the growing literature on e-scooter adoption and trip density, relatively little 

attention has been paid to trip length, despite its importance for understanding how shared 

micromobility functions within broader urban transport systems. Trip distance may provide 

insight into the role of shared e-scooters relative to other transport modes. Shorter trips are often 

interpreted as re�lecting �irst- and last-mile connections to public transport or substitution for 

walking and cycling, whereas longer trips may indicate competition with private motorised 

modes and potential replacement of short car journeys (39,238). 

Studies have shown that trip length varies according to trip purpose and travel context. 

Recreational trips are often longer than utilitarian trips undertaken for speci�ic destinations, 

while weekday and weekend travel patterns can differ substantially (39,277). Weather conditions, 

including rain and temperature, have also been associated with trip distance and usage patterns, 
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with adverse conditions generally linked to shorter trips and lower usage rates (275,278,279). 

Pricing may also be relevant, as e-scooter services often become relatively more expensive than 

public transport as trip distance increases, potentially in�luencing user behaviour (39,280). 

Trip length may further provide insight into modal substitution and integration with other 

transport modes. Shorter trips are frequently discussed in relation to �irst- and last-mile public 

transport connections, whereas longer trips may be more consistent with the replacement of 

motorised journeys, although these relationships appear highly context-dependent (39,241,281). 

Despite growing interest in the role of shared e-scooters within urban mobility systems, little 

evidence exists regarding how multidimensional accessibility to urban opportunities is 

associated with trip length. Existing studies have primarily focused on trip density, user 

characteristics, land-use composition, or broad accessibility proxies such as proximity to the city 

centre or public transport availability (249,259,274). Consequently, limited attention has been 

paid to how accessibility to speci�ic destination domains, or how accessibility at trip origins and 

destinations, may be associated with variation in trip distance. This gap limits understanding of 

how shared micromobility functions within broader transport systems and its implications for 

sustainability, multimodal integration, and transport equity. 

Policy factors associated with shared micromobility trip patterns 

The sustainable, safe, and equitable deployment of micromobility sharing schemes depends 

heavily on regulations and decisions made by policymakers. As a result, a wide range of policies 

and regulations have been implemented worldwide (282). 

In the United Kingdom, e-scooters are treated as motor vehicles and must meet requirements 

such as tax and licensing. Given that this is mostly failed, their use on public roads and pavements 

is prohibited, and operation is restricted to private property with penalties for violations (283). 

France allows e-scooters only on cycle paths or roads with speed limits below 50 km/h. It enforces 

a maximum speed of 25 km/h and prohibits riding on pavements unless the motor is disengaged. 

Designated parking is also mandatory (284,285). Germany applies stricter conditions that include 

traf�ic authorisation and liability insurance. Speeds are limited to 20 km/h, and use is con�ined to 

cycle routes, although helmets remain optional (285,286). In the United States, regulations vary 

by state. California requires a driving licence, helmet use and a speed limit of 15 mph on cycle 

paths. Texas permits use on pavements and low-speed streets under bicycle traf�ic rules. New 

York prohibits motorised scooters entirely (282). 

A limited number of studies have analysed how such policies are associated with e-scooter 

ridership behaviour. Most research focuses on safety outcomes and parking compliance rather 
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than broader travel behaviour patterns such as trip generation, mode choice, and usage frequency. 

For example, an agent-based study in Lyon, France, found that enforcing parking mandates 

reduces daily e-scooter rentals by 37 per cent. This decline occurs mainly because riders must 

walk further after ending a trip, which increases physical effort and reduces convenience (287). 

Conversely, the absence of parking regulation has contributed to city-level bans when unregulated 

parking creates street obstructions, public safety risks and negative social backlash (288). Speed 

regulations also affect attractiveness. A stated preference study found that lower speed limits 

substantially reduce appeal. When the assumed operating speed increased from 10 km/h on 

pavements to 20 km/h on roads, demand for shared e-scooters rose by approximately six 

percentage points. Most of this increase came from users shifting away from campus shuttle buses 

(289). 

Fleet size and pricing strategies are additional factors associated with ridership and modal 

substitution patterns. Larger �leets improve spatial and temporal availability, reduce access 

distances, and increase convenience, which generally promotes adoption. However, this 

expansion often draws trips away from walking and public transport rather than exclusively 

replacing private cars (290–292). Pricing plays a similarly in�luential role. Higher per-minute 

costs signi�icantly suppress demand, particularly among lower-income users, while subsidies or 

price reductions have led to substantial ridership growth. Lower prices tend to encourage longer 

e-scooter trips, which facilitates substitution of car and public transport travel. In contrast, higher 

prices con�ine usage to short trips and intensify competition with walking (290,291,293). 

Conclusion 

The literature converges on a clear message: walking, embedded within broader mobility systems 

and reinforced by supportive policy and built environments, delivers substantial health, 

environmental, and economic bene�its while mitigating the externalities of automobility. In the 

broader travel behaviour literature, accessibility is frequently identi�ied as an important concept 

linking land use, network performance, and perceived convenience to travel behaviour. Yet, 

despite extensive research, important limitations remain. Walking studies often rely on self-

reported measures rather than objective monitoring, limiting the precision of behavioural 

evidence. Public transport accessibility is typically assessed at a single spatial anchor, overlooking 

the complexity of daily mobility and the role of multiple activity points in the real world. 

Micromobility research, while expanding rapidly, continues to rely heavily on coarse or composite 

accessibility proxies, with comparatively limited attention given to how domain-speci�ic 

accessibility measures relate to origin–destination travel patterns and trip length. Although 

several studies have incorporated origins, destinations, and trip �lows, less is known about how 
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accessibility to speci�ic destination domains relates to shared micromobility demand and travel 

distance. These gaps limit the ability to design integrated transport strategies for reducing car 

dependency and promoting sustainable, health-enhancing mobility. Addressing them is essential 

for advancing evidence-based planning and policy that aligns infrastructure, service design, and 

regulatory frameworks to support active and multimodal travel.
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Chapter 3. Does neighbourhood accessibility relate more to local 

walking or destinations beyond? Evidence from a GPS and 

accelerometer study 

 

Preface 

The literature review outlined why understanding associations between neighbourhood 

accessibility and walking is central to broader efforts to reduce reliance on private vehicles. 

Previous research has largely relied on self-reported mobility measures and cross-sectional 

designs, with comparatively few studies using objective mobility data within urban 

redevelopment settings. As the �irst empirical chapter of the thesis, this study uses GPS and 

accelerometer data collected within the context of a broader urban redevelopment programme to 

examine how neighbourhood accessibility is associated with objectively measured walking 

behaviour. The analysis considers walking within and beyond home-neighbourhood buffers and 

separately for walking recorded in redevelopment and control areas. Accessibility is quanti�ied 

using an enhanced two-step �loating catchment area (E2SFCA) index developed in prior research 

and applied here, and moderating effects of employment status and neighbourhood residency 

duration are explored as proxies for time constraints and familiarity with local opportunities. This 

manuscript has been submitted for publication. 
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Abstract 

Despite the well-documented health and transport bene�its of increased active travel, including 

improved cardiovascular �itness, mental wellbeing, reduced traf�ic congestion, and decreased 

reliance on private cars, many countries have reported signi�icant and sustained declines in 

walking over recent decades. Neighbourhood accessibility, representing how easily people can 

reach everyday destinations from their homes, is a key correlate of active travel, primarily 

encompassing walking and cycling. This study examined the relationship between objective 

neighbourhood accessibility and actual walking behaviour. Interaction effects between 

accessibility and work status, as well as neighbourhood residency duration (used as a proxy for 

neighbourhood familiarity), were also investigated. Walking behaviour was objectively measured 

and analysed across different environmental settings, including within and outside home 

neighbourhoods and within and outside areas undergoing urban redevelopment. An objective 

multidimensional accessibility index, incorporating socio-cultural facilities and environmental 

factors, was utilised. A total of 110 participants with 2,503 trips recorded using GPS and 

accelerometer devices were included in the analyses. Due to repeated measures (trips) for each 

participant, mixed-effects models were employed. Findings revealed a suggestive positive 

association between accessibility and walking behaviour after adjusting for sociodemographic 

covariates, but only for trips outside home neighbourhoods. Age, gender, work status, and 

household income were also signi�icantly associated with walking duration, depending on the 

environmental setting. Findings suggested that residential accessibility may be positively 

associated with walking behaviour, although evidence regarding differences between local and 

extra-neighbourhood walking was inconclusive. 
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Introduction 

Active travel, encompassing walking and cycling, integrates physical activity into daily 

transportation and provides substantial health, environmental, and economic bene�its for 

individuals and communities (294,295). Shifting from motorised to active modes has been 

associated with higher physical activity levels and consequent reductions in cardiovascular 

disease (296), bone health issues (75), metabolic syndrome (297), obesity (298), and mental 

health disorders (299),(300), while also contributing to improved air quality (301). A growing 

body of research shows that active travel behaviour is correlated with a range of factors, including 

sociodemographic characteristics (e.g., age, household income, employment status), social and 

built environment attributes (e.g., neighbourhood connectivity, pedestrian infrastructure), and 

cognitive factors (e.g., safety perceptions) (108,137,302–306). Among these, built environment 

attributes, such as street network connectivity (307,308), and the provision of cycling and 

pedestrian infrastructure (151,309), are widely recognised as one of the critical correlates of 

active mobility. The extent to which these environmental features support walking and cycling is 

often expressed through measures of neighbourhood accessibility, a key construct linking urban 

form to active travel behaviour (310). 

Proximity to key neighbourhood destinations (e.g., healthcare services and recreational facilities) 

has consistently been associated with increased pedestrian activity (22–25,80). This relationship 

is typically examined within administrative or neighbourhood boundaries, commonly de�ined as 

areas extending approximately 400 to 1,200 metres from one’s home, measured either in a 

straight line or along the street network (311). While this spatial de�inition has traditionally 

guided accessibility analyses, recent urban paradigms, such as the 15-minute city model, have 

shifted attention toward time-based and experiential dimensions of accessibility (312). In this 

context, neighbourhood accessibility is conceptualised through the lens of chrono-urbanism, 

which emphasises that essential services should be reachable within a 15-minute walk or bike 

ride from home, which may support active travel (312).  

To operationalise these evolving understandings of accessibility, researchers have increasingly 

sought to re�ine its measurement in order to more accurately capture the multiplicity of human 

experiences in urban environments. Broadly, two main methodological approaches have been 

used to evaluate accessibility and related walking behaviours: subjective and objective measures 

(313). Subjective measures capture valuable insights into individual perceptions and experiences, 

and given their internal consistency, they can strongly explain travel behaviour (130,314,315). 

For example, research on urban greenspace indicates that perceptions of safety and aesthetic 

quality are substantially associated with park visitation, even when objective characteristics such 
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as proximity or size are favourable (316,317). In essence, subjective evaluations re�lect how 

people interpret and emotionally respond to their surroundings, and these interpretations often 

directly relate to behavioural outcomes (318). Nevertheless, self-reported measures are 

vulnerable to various sources of bias, including recall bias (319), misreporting (320), and social 

desirability effects (45,46). In contrast, objective approaches provide more standardised, 

transparent, and replicable means of quantifying accessibility and thus offer a more stable 

evidence base for informing urban planning decisions and promoting environments that support 

active mobility. 

While accessibility research has advanced conceptually and methodologically, empirical evidence 

on how these relationships manifest in contexts of major urban redevelopment remains limited. 

In Auckland, New Zealand, the Te Hotonga Hapori research programme provides a unique 

opportunity to examine mobility patterns within neighbourhoods undergoing urban 

redevelopment and comparison areas, offering a useful context for investigating accessibility and 

travel behaviour. The development areas are currently undergoing substantial transformations to 

the built environment, including new housing, roads, public spaces, and greenspaces, whereas 

control areas experience no planned interventions (61). Although urban redevelopment may 

promise long-term bene�its, short-term disruptions, such as street closures, diversions, changes 

in public transport services, and modi�ications to pedestrian networks, can temporarily reshape 

travel behaviour, particularly walking, during the redevelopment period. These disruptions may 

also alter walking patterns both within and beyond home neighbourhoods, as individuals seek 

alternative routes or shift their walking activities outside their immediate residential area. In 

contrast, walking behaviour in areas not undergoing redevelopment is likely to remain more 

stable, though still associated with broader accessibility conditions and neighbourhood 

characteristics. Therefore, analysing walking behaviour separately within and beyond areas 

undergoing major built environment changes, as well as across locations inside and beyond home 

neighbourhood buffers, is essential to deepen understanding of the relationship between 

accessibility and mobility behaviour (321,322). These insights can inform planning strategies 

related to minimising disruption and understanding walking behaviour during periods of urban 

transformation. 

To advance knowledge in this �ield, this study undertakes a cross-sectional observational analysis 

using data collected within the context of the broader Te Hotonga Hapori natural experiment 

programme, combining objectively measured walking behaviour (via GPS and accelerometer 

data) with an objectively constructed neighbourhood accessibility index derived from 

participants’ residential locations and surrounding urban features. Building on the discussion of 

neighbourhood accessibility and spatial variations in walking, this research aims to: (1) examine 
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the relationship between neighbourhood accessibility and objectively measured walking 

behaviour, both within and beyond home neighbourhood buffers, while controlling for 

sociodemographic attributes; and (2) explore the relationship between neighbourhood 

accessibility and actual walking behaviour in development and control areas, accounting for 

sociodemographic variations. Recognising that individuals’ engagement with their local 

environments can vary depending on contextual factors such as time availability and familiarity 

with neighbourhood surroundings (323–325), this study also considers work status and 

neighbourhood residency duration as moderating variables to provide a more contextualised 

understanding of the accessibility–walking relationship. Collectively, these insights offer valuable 

implications for urban planners and policymakers seeking to promote active mobility in evolving 

urban environments. It is important to note that the data capture walking behaviour during the 

redevelopment period; thus, the study does not assess pre- or post-intervention differences. 

Methods and materials 

Study design 

This study was conducted within a natural-experiment context arising from planned urban 

redevelopment but employed a cross-sectional observational design. The designation of 

redevelopment and control areas was determined by the broader Te Hotonga Hapori programme 

rather than by random allocation; therefore, systematic differences between areas cannot be 

ruled out. Accordingly, the present analysis should be interpreted as a quasi-experimental, cross-

sectional assessment of walking behaviour within a naturally occurring redevelopment setting, 

rather than a full natural experiment involving randomisation or pre–post comparison. 

Participants 

Participants in this study were part of the Te Hotonga Hapori research programme. The Te 

Hotonga Hapori study design and recruitment processes are described in detail elsewhere (61). 

Brie�ly, participants were drawn from one of four regions across Auckland: Aorere, Oranga, 

Wesley, and Waikōwhai. In each region, the area expected to be immediately impacted by urban 

redevelopment (i.e., in the vicinity of construction) was de�ined as the ‘development area’, while 

a separate part of the region, sharing similar socioeconomic characteristics but unaffected by 

redevelopment, was de�ined as the ‘control area’. Wesley was treated as a control area in its 

entirety, as no redevelopment activity was underway there at the time of data collection. Figure 

3-1 presents the areas scheduled for redevelopment, along with the designated control areas, 

within each region.  



 

46 
 

To recruit participants, household interviews were conducted in the selected regions. Households 

with at least one adult (aged 18 years or above) willing to participate were included in this study. 

Data were collected across two time points in the Te Hotonga Hapori research programme: May 

2023 to April 2024, and June 2024 to May 2025. However, as the second round of data collection 

was ongoing when this study began, only the baseline phase (May 2023 to April 2024) was 

utilised. At the time data collection began, approximately 75%–80% of each development area 

was undergoing urban redevelopment (excluding the development area scheduled in Wesley). In 

total, 485 participants were initially approached and interviewed during this period. Ethics 

approval for this study was obtained from the Auckland University of Technology Ethics 

Committee, and informed written consent was secured from all participants (AUTEC # 21/361). 
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(a) Wesley (b) Waikōwhai 

(c) Oranga 

(d) Aorere 

Control area 
 

Development area 

Figure 3-1. Study area 
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Equipment 

To collect data on physical activity and travel behaviour, GPS receivers (QStarz BT-Q1000XT) and 

accelerometer devices (Axivity AX3) were utilised (Figure 3-2). The QStarz BT-Q1000XT, a GPS 

data logger validated in previous studies (326,327), provides real-time positional information. 

Using the QTravel software (QStarz International, Taipei, Taiwan), the QStarz BT-Q1000XT was 

con�igured to log latitude and longitude coordinates every 20 seconds. Additional recorded 

parameters included UTC date/time, GPS �ixed mode (VALID), and satellite information, including 

signal-to-noise ratio (SNR) of viewed satellites. The Axivity AX3, a device known for its high 

accuracy in detecting physical activity intensity, was used to measure physical activity behaviour 

(328). Using the Open Movement software (OMGUI, Newcastle University, Newcastle upon Tyne, 

UK), the AX3 devices were initialised to record data at 100 Hz with ±8 g bandwidth. 

 

 

 

 

 

 

 

Procedures 

On a weekly basis, GPS receivers and accelerometers were initialised using QTravel and OMGUI, 

respectively, and sent to the market research company via courier. Their door-to-door 

interviewers met participants in person to conduct interviews and distribute the devices. The 

interview primarily focussed on wellbeing outcomes along with individual- and household-

related characteristics (e.g., age, gender, work status, and income). A full copy of the interview 

schedule is available at (61). Each participant received one GPS receiver (worn on their waist) and 

one Axivity AX3 (worn on their non-dominant wrist), both of which were continuously used for 

one week. Prior to the interview, participants received a brie�ing on the Te Hotonga Hapori study, 

including its purpose and objectives. They were also instructed to wear the accelerometer at all 

times, including during sleep, and to charge the GPS receiver each night using the provided 

charging cable. The GPS device was required to be worn during waking hours. After one week, the 

(a) (b) 

Figure 3-2. Equipment; (a): AX3 accelerometer, (b): QStarz BT-Q1000XT GPS 



 

49 
 

interviewers retrieved the equipment from the participants and returned it for data processing. 

Upon completion, each participant received an NZ$50 voucher as a token of appreciation. 

Data processing – travel mode 

The QTravel software was used to download data recorded by the GPS devices, while OMGUI was 

used to retrieve data from the accelerometers. For the subsequent steps in this study, only 

participants with at least three days of GPS and accelerometer data, with a minimum of eight 

hours per day, were included (n = 110). Similar inclusion criteria have been applied in previous 

studies (329,330). Although a sample size of approximately 200 individuals or more is generally 

recommended for parametric statistical models (331), the analytic unit in this study was 

individual trips (n = 2,503), which provides a substantially larger number of observations for 

estimating �ixed effects in mixed-effects models.  Simulation studies indicate that �ixed-effect 

estimates in mixed-effects models can remain largely unbiased with modest samples, though 

precision and power, particularly for random effects and subgroup interactions, are constrained 

by the number of clusters (participants), warranting cautious interpretation (332,333). 

The Python package LABDA (version 0.0.12) was used to preprocess GPS and accelerometer data 

(334). GPS data were downsampled to 30-second intervals, and the appropriate time zone (NZST, 

UTC+12, or NZDT, UTC+13) was applied automatically based on the date. The coordinate 

reference system (CRS) was transformed from EPSG:4326 (WGS 84) to EPSG:32760 (UTM Zone 

60S) for spatial analysis. Additionally, home location data were projected to EPSG:2193 (New 

Zealand Transverse Mercator 2000) for national-scale mapping. GPS points with a sum of viewed 

SNRs greater than 260 were identi�ied as indoor points, indicating the participant was likely 

inside a building (335). Previous studies demonstrated that an SNR threshold of 250 provide 

strong discrimination between indoor and outdoor environments (79.4% sensitivity, 84.1% 

speci�icity, and AUC = 0.927) (335). We therefore adopted a slightly more conservative threshold 

(260) to minimise false outdoor classi�ications. Accelerometer data were downsampled to 30-

second intervals, and counts were derived (336). Non-wear time for the accelerometer was 

de�ined as periods where the device recorded zero counts continuously for a minimum of 60 

minutes (337). The GPS and accelerometer data were combined based on the nearest date and 

time. 

The LABDA package was also used to analyse travel patterns and identify travel modes. A trip was 

de�ined as a series of GPS points not interrupted by a stationary period longer than three minutes 

within a 25-metre radius. A trip starting point (trip origin) was identi�ied when a participant 

began moving beyond a 25-meter radius after remaining stationary for at least three minutes. 

Conversely, a trip ending point (trip destination) was identi�ied when a participant remained 
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within a 25-meter radius for at least three minutes. Similar cut points have been utilised and 

validated in previous studies (329,338). Trips for which 60% or more of the GPS points were 

classi�ied as "indoor" were discarded, as these were more likely to indicate GPS signal �luctuation 

(jitter) while the person was stationary inside a building with poor GPS reception rather than 

actual travel (339). 

Trips could be multimodal, meaning they might involve multiple modes of transportation. 

Therefore, each trip was broken down into shorter segments based on the occurrence of pauses, 

de�ined as brief stops within a 25-meter radius for two minutes. Each segment was then classi�ied 

by transport mode. Segments with an average speed of up to 10 km/h were considered walking 

trips, while those exceeding this threshold were classi�ied as non-walking trips (340,341). 

However, if most of the accelerometer data points (more than 50%) within a segment indicated 

sedentary behaviour, the segment, even if initially classi�ied as a walking trip, was classi�ied as 

non-walking. The rationale was that slow movement recorded from GPS during sedentary 

behaviour likely represents slow-moving vehicular travel, rather than walking (339). Sedentary 

behaviour was de�ined as 2860 counts per minute (CPM) for wrist-based devices (342). The 

processing script is available in Appendix D. 

The PALMSplusR package was utilised in RStudio (Version: 2024.12.0+467) to summarise travel 

information across days of the week and locations where trips were undertaken (i.e., within or 

outside the home neighbourhood buffer, and in development or control areas). Based on the trip 

locations, four walking outcomes were analysed separately: 1) walking duration within the home-

neighbourhood buffer; 2) walking duration outside the home-neighbourhood buffer; 3) walking 

duration in development areas; and 4) walking duration in control areas. For each outcome, the 

analysis was conditioned on walking having occurred in the relevant setting. Consequently, only 

trips containing a walking segment within the corresponding location category were included in 

the respective model. Although development or control areas can spatially overlap with home-

neighbourhood buffers, each walking outcome was analysed separately in distinct models, and no 

aggregation across categories was performed. Consequently, overlapping locations did not result 

in double counting within any single analysis. 

Figure 3-3 illustrates a trip comprising both walking and non-walking travel modes, with the 

respective walking parts undertaken within and outside a home neighbourhood buffer. The 

orange segment represents the walking part recorded inside the home neighbourhood buffer 

(grey-shaded region), while the blue segment represents the walking part recorded outside the 

home neighbourhood buffer. The green segment denotes the non-walking part of an entire trip. 

The same approach was used for trips recorded in development and control areas. 
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ArcGIS Pro (version 3.4.0) was utilised to create spatial data layers. Participants’ home addresses, 

obtained from the interviews, were geocoded. Neighbourhood buffers were de�ined as one-

kilometre road network buffers originating from the participants’ homes and following the street 

network, as depicted in Figure 3-3. This distance was selected based on prior research and 

guidance identifying walkable catchments of approximately 10–12 minutes (around 1 km) for 

local access and on evidence that short proximity strongly predicts walking trips (343–345). It 

also re�lects the principles of the 15-minute city concept, in which daily needs are reachable 

within a 15-minute walk or bike ride (346,347). Road network data was obtained from Land 

Information New Zealand (LINZ) data service (348). The development and control areas included 

in this study were also geocoded according to the Te Hotonga Hapori programme records. 

Data processing – accessibility 

This study employed an existing enhanced two-step �loating catchment area (E2SFCA)-based 

accessibility index that was previously developed for urban areas across New Zealand (349). The 

E2SFCA represents a well-established gravity-based approach for quantifying accessibility and 

forms part of the broader �loating catchment area (FCA) family of methods (350–352). In essence, 

these methods consider both the supply of destinations and the demand from surrounding 

populations, applying distance-decay weighting to re�lect the declining likelihood of access with 

increasing travel distance. 

Figure 3-3. Location-based travel modes 
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The New Zealand E2SFCA index quanti�ies the relative ease with which residents can walk to a 

wide range of everyday destinations within a 30-minute walking threshold. It captures 

accessibility across eight domains: education, environmental “bads” (e.g., alcohol outlets and 

takeaway food shops), health, Māori culture, public transport, recreation, social and cultural 

amenities, and shopping. An overall accessibility score, ranging from 1 (lowest) to 21,508 

(highest), is calculated by combining these eight domains and assigned to each Statistical Area 1 

(SA1). To improve interpretability and model estimation, the original accessibility index was 

rescaled by dividing it by 10,000 before being entered into the regression models. SA1s are the 

smallest geographic units used in the New Zealand census, typically comprising 100–200 

residents, providing a �ine-grained spatial resolution while maintaining privacy (353). This index 

was adopted because it represents the most recent and comprehensive national dataset of 

walkability-based accessibility available for New Zealand, ensuring consistency and 

comparability across study regions. Detailed methods for its construction are available elsewhere 

(349). 

Statistical analysis 

Descriptive statistics were used to summarise the sociodemographic characteristics of 

participants, accessibility scores of the study area, and trip information. To investigate the 

relationship between the accessibility index and actual walking behaviour within and outside 

home neighbourhood buffers (Aim 1), linear mixed-effects models were employed. The 

dependent variable was the total duration of the walking component of each trip (in minutes) that 

was recorded within or outside the home neighbourhood buffer (separately). Each participant’s 

accessibility score was treated as a �ixed effect, and participant ID was included as the random 

effect to account for repeated measures (i.e., multiple trips per participant).   

These models were then adjusted for the following sociodemographic attributes as �ixed effects: 

age (18–39 years, 40–64 years, 65 years and over), gender (male, female), household income (low 

to middle income, high income), ethnicity (Māori, New Zealand European, Paci�ic, Other), 

neighbourhood residency (less than 3 years, 3 to 10 years, more than 10 years), and work status 

(employed, unemployed). Ethnicity was self-reported and classi�ied using prioritised ethnicity. 

Māori, New Zealand European, and Paci�ic were retained as separate categories, while 

participants belonging to other ethnic groups were combined into an “Other” category because of 

small sample sizes. Interaction terms between accessibility index and work status, as well as 

accessibility index and neighbourhood residency, were included as �ixed effects in the models. The 

reference categories for the covariates were individuals aged 18–39 years, female participants, 
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high-income households, Māori participants, and residents who had lived in the neighbourhood 

for more than 10 years.  

Linear mixed-effects models were also applied to examine the association between the 

accessibility index and objective walking behaviour in development and control areas (Aim 2), 

following the same analytical approach used for Aim 1. All models were �itted using the lmer 

function from the lme4 package in RStudio (Version: 2024.12.0+467). Model assumptions were 

assessed using the check_model() function, while model �it, marginal and conditional R² values 

were calculated using the model_performance() function in the performance package. 

Results 

Descriptive analysis 

Table 3-1 summarises the sociodemographic attributes of the study participants. The highest 

proportion of participants resided in Waikōwhai (32.7%), were aged 18–39 years (43.6%), were 

female (62.7%), and identi�ied as New Zealand European (35.5%). The majority of participants 

were classi�ied as low- to middle-income (54.5%). Most had lived in their neighbourhoods for 

three to ten years (36.4%) and were employed (61.8%). 
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Table 3-1. Participant demographic descriptives 
Parameters n (%) 
Number of participants in each region   
Aorere 22 (20.0) 
Oranga 27 (24.5) 
Waikōwhai 36 (32.7) 
Wesley 24 (21.8) 
Age   
18 – 39 48 (43.6) 
40 – 64 47 (42.7) 
65 and over 9 (8.2) 
Gender   
Male 35 (31.8) 
Female 69 (62.7) 
Ethnicity  
Māori 10 (9.0) 
New Zealand European 39 (35.5) 
Paci�ic 22 (20.0) 
Other 33 (30.0) 
Household income (NZD)   
Low to middle income (0–100,000) 60 (54.5) 
High income (Over 100,000) 44 (40.0) 
Neighbourhood Residency   
< 3 years 30 (27.3) 
3–10 years 40 (36.4) 
> 10 years 34 (30.9) 
Work status   
Employed 68 (61.8) 
Unemployed 36 (32.7) 

 

Table 3-2 presents descriptive statistics for travel behaviour and accessibility scores across the 

study areas. Region-level accessibility indices ranged from 0.446 (SD = 0.167) in Waikōwhai to 

1.230 (SD = 0.184) in Oranga. Development and control areas exhibited similar accessibility 

scores (mean = 0.791, SD = 0.323 and mean = 0.878, SD = 0.463, respectively). On average, 

participants recorded 22.8 trips (SD = 14.7), with a mean trip duration of 12.5 minutes (SD = 11.4) 

and a mean trip distance of 4.8 km (SD = 5.7). Across all trips, the mean walking duration was 

around 8 minutes (SD = 10.6), while the mean non-walking duration was 13.5 minutes (SD = 10.7). 

Walking trips within home neighbourhoods were longer (mean = 11.5 minutes, SD = 9.4) than 

those outside the neighbourhood buffer (mean = 6.7 minutes, SD = 7.6). In contrast, non-walking 

trips were longer outside the home neighbourhood (mean = 12.0 minutes, SD = 10.5). Both 

walking and non-walking trips tended to be slightly longer in control areas compared to 

development areas. Across all regions, average walking duration ranged from 6.7 minutes (SD = 

7.6) in Waikōwhai to 10.1 minutes (SD = 14.3) in Oranga. 
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Table 3-2. Trip- and environment-related descriptives 
Parameters Mean (SD) 
Region-based accessibility index (*10,000-1)   
Aorere 0.652 (0.229) 
Oranga 1.230 (0.184) 
Waikōwhai 0.446 (0.167) 
Wesley 1.150 (0.290) 
Area-based accessibility index (*10,000-1)   
Control 0.878 (0.463) 
Development 0.791 (0.323) 
Trips per person 22.8 (14.7) 
Trip duration (min) 12.5 (11.4) 
Trip distance (km) 4.8 (5.7) 
Walking/non-walking duration (min)   
Walking 8.1 (10.6) 
Non-walking 13.5 (10.7) 
Neighbourhood-based walking/non-walking duration (min)  
Walking within home neighbourhood 11.5 (9.4) 
Non-walking within home neighbourhood 2.7 (1.5) 
Walking outside home neighbourhood 6.7 (7.6) 
Non-walking outside home neighbourhood 12.0 (10.5) 
Area-based walking/non-walking duration (min)   
Walking in control area 8.4 (11.1) 
Walking in development area 7.6 (9.5) 
Non-walking in control area 13.7 (10.9) 
Non-walking in development area 13.3 (10.3) 
Region-based walking/non-walking duration (min)   
Walking - Aorere 7.3 (8.6) 
Non-walking - Aorere 14.2 (9.6) 
Walking - Oranga 10.1 (14.3) 
Non-walking - Oranga 13.8 (11.6) 
Walking - Waikōwhai 6.7 (7.6) 
Non-walking - Waikōwhai 13.3 (9.9) 
Walking - Wesley 8.6 (10.2) 
Non-walking - Wesley 13.4 (11.7) 
Note: SD = Standard deviation 

 

Accessibility and walking behaviour – neighbourhood buffers (Aim 1) 

Table 3-3 presents the results of unadjusted and adjusted linear mixed-effects models examining 

the correlation between the home-based accessibility score, de�ined based on participants’ home 

locations, and walking behaviour (i.e., the total walking duration per trip, in minutes, recorded 

within the home neighbourhood buffer). In the unadjusted model, no signi�icant association was 

found between improved accessibility and increased walking duration (β = 1.6; 95% CI = -4.04, 

7.32; p = 0.569). The conditional R² value, representing the proportion of variance explained by 

both �ixed and random effects, showed that the model accounted for 36.3% of the variance in 
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walking duration, whereas the marginal R² value, re�lecting the variance explained by �ixed effects 

alone, was only 0.4%. These results suggest that accessibility was only minimally associated with 

walking behaviour, while most of the explained variation was attributable to between-participant 

differences rather than the measured �ixed effects. 

The adjusted model explained approximately 40% of the variance in walking behaviour, with 

nearly 17% attributed to �ixed effects alone. The �indings showed no statistically signi�icant 

relationship between accessibility and walking within home neighbourhood buffers (β = 5.7; 95% 

CI = -5.96, 17.41; p = 0.334). Among covariates, only age was signi�icantly associated with walking 

behaviour. Participants aged 65 and over had an average walking duration per trip that was 12 

minutes longer than younger participants (β = 12.4; 95% CI = 2.80, 22.04; p = 0.012). 

Table 3-3. Factors associated with walking duration (min) within home neighbourhood buffers 
Parameters Coeff. SE 95% CI P-value 
Unadjusted model 
Accessibility index 1.6 2.87 [-4.04, 7.32] 0.569 
Adjusted model 
Accessibility index 5.7 5.91 [-5.96, 17.41] 0.334 
Age (ref. = 18–39)     
40–64 3.4 2.63 [-1.81, 8.60] 0.199 
65 and over 12.4 4.87 [2.80, 22.04] 0.012 
Gender (ref. = female) 4.3 2.34 [-0.35, 8.88] 0.070 
Household income (ref. = high income)     
Low to middle income -0.7 2.70 [-6.02, 4.67] 0.802 
Ethnicity (ref. = Māori)     
New Zealand European 2.7 5.17 [-7.55, 12.91] 0.606 
Paci�ic -3.3 6.49 [-16.15, 9.50] 0.609 
Other 1.1 5.01 [-8.79, 11.04] 0.823 
Neighbourhood residency (ref. = > 10 yrs)     
3–10 yrs 3.1 9.10 [-14.92, 21.05] 0.737 
< 3 yrs 4.4 8.44 [-12.31, 21.06] 0.605 
Work status (ref. = employed) 6.9 6.32 [-5.57, 19.41] 0.275 
Accessibility index * work status -3.9 6.11 [-15.97, 8.20] 0.526 
Accessibility index * neighbourhood residency (3–10 yrs) -2.0 8.10 [-18.01, 14.00] 0.804 
Accessibility index * neighbourhood residency (3 yrs >) -0.8 7.77 [-16.21, 14.53] 0.914 
Participants: 110; trips: 1339 
Unadjusted model: Marginal R2 = 0.4 %; Conditional R2 = 36.3 % 

            Note: Coeff. = Coef�icient; SE = Standard error; CI = Con�idence interval 
 

Table 3-4 presents the results of unadjusted and adjusted linear mixed-effects models examining 

the correlation between the home-based accessibility index and walking behaviour (i.e., the total 

walking duration per trip, in minutes, recorded outside the home neighbourhood buffer). In the 

unadjusted model, no signi�icant association was observed between accessibility and walking 

duration for trips outside the buffer (β = 0.71; 95% CI = -1.13, 2.55; p = 0.447). The conditional 
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R² value indicated that the model explained 9.2% of the variance in walking for trips outside the 

home neighbourhood. However, the marginal R² value was only 0.2%, suggesting that the �ixed 

effect (accessibility score) explained very little of the variance. 

After adjusting for sociodemographic covariates, the model’s conditional R² increased to 11.7%, 

with �ixed effects accounting for 4.6%. The association between accessibility and walking 

duration approached conventional levels of statistical signi�icance, with each unit increase in 

home-based accessibility associated with nearly 4 minutes more walking per trip outside the 

home neighbourhood buffer (β = 3.9; 95% CI = -0.04, 7.79; p = 0.052). Among all covariates, only 

age was signi�icantly associated with walking duration, as participants aged 65 and over walked, 

on average, approximately 4 minutes more per trip than younger groups (β = 4.1; 95% CI = 0.64, 

7.64; p = 0.020). 

Table 3-4. Factors associated with walking duration (min) outside home neighbourhood buffers 
Parameters Coeff. SE 95% CI P-value 
Unadjusted model 
Accessibility index 0.71 0.94 [-1.13, 2.55] 0.447 
Adjusted model 
Accessibility index 3.9 1.99 [-0.04, 7.79] 0.052 
Age (ref. = 18–39)     
40–64 -0.5 0.99 [-2.46, 1.44] 0.608 
65 and over 4.1 1.78 [0.64, 7.64] 0.020 
Gender (ref. = female) -0.2 0.91 [-2.00, 1.56] 0.806 
Household income (ref. = high income)     
Low to middle income 1.3 1.05 [-0.78, 3.36] 0.220 
Ethnicity (ref. = Māori)     
New Zealand European 2.3 1.71 [-1.08, 5.64] 0.183 
Paci�ic 0.1 1.96 [-3.79, 3.90] 0.979 
Other 2.3 1.65 [-0.92, 5.56] 0.161 
Neighbourhood residency (ref. = > 10 yrs)     
3–10 yrs 1.7 2.43 [-3.04, 6.51] 0.476 
< 3 yrs 3.2 2.67 [-2.07, 8.41] 0.235 
Work status (ref. = employed) 1.6 2.07 [-2.42, 5.69] 0.429 
Accessibility index * work status -3.6 2.25 [-8.04, 0.79] 0.108 
Accessibility index * neighbourhood residency (3–10 yrs) -2.9 2.44 [-7.70, 1.89] 0.235 
Accessibility index * neighbourhood residency (3 yrs >) -3.2 2.80 [-8.67, 2.32] 0.257 
Participants: 109; trips: 2359 
Unadjusted model: Marginal R2 = 0.2 %; Conditional R2 = 9.2 % 

            Note: Coeff. = Coef�icient; SE = Standard error; CI = Con�idence interval 

Accessibility and walking behaviour – development and control areas (Aim 2) 

Table 3-5 presents the results of unadjusted and adjusted linear mixed-effects models examining 

the correlation between the home-based accessibility index, measured based on participants’ 

home locations, and walking behaviour (i.e., the total walking duration per trip, in minutes, 
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recorded in development areas). In the unadjusted model, no statistically signi�icant association 

was observed between accessibility and walking duration (β = 1.2; 95% CI = -2.73, 5.13; p = 

0.543). The conditional R² value indicated that the model explained nearly 21% of the variance in 

walking behaviour, whereas the marginal R² value was very low, accounting for only 0.7%. These 

results suggest that, in development areas, accessibility is minimally associated with walking 

duration, and individual-level factors may play a more substantial role.  

After adjusting for sociodemographic covariates, the model explained nearly 31% of the variance 

in walking behaviour, with about 27% attributed to �ixed effects. Among all covariates, only age 

was signi�icantly associated with walking duration. Participants aged 40–64 years walked, on 

average, 4 minutes more per trip than those aged 18–39 years (β = 4.0; 95% CI = 0.06, 7.99; p = 

0.047). No signi�icant association was found between the accessibility index and walking duration 

in areas undergoing redevelopment (β = 0.0; 95% CI = -9.30, 9.35; p = 0.996). 

Table 3-5. Factors associated with walking duration (min) within development areas 
Parameters Coeff. SE 95% CI P-value 
Unadjusted model 
Accessibility index 1.2 1.97 [-2.73, 5.13] 0.543 
Adjusted model 
Accessibility index 0.0 4.65 [-9.30, 9.35] 0.996 
Age (ref. = 18–39)     
40–64 4.0 1.97 [0.06, 7.99] 0.047 
65 and over 5.0 3.15 [-1.32, 11.33] 0.118 
Gender (ref. = female) -0.8 2.03 [-4.92, 3.25] 0.683 
Household income (ref. = high income)     
Low to middle income 0.9 1.88 [-2.85, 4.71] 0.624 
Ethnicity (ref. = Māori)     
New Zealand European -1.6 5.32 [-12.27, 9.04] 0.762 
Paci�ic -5.8 5.80 [-17.46, 5.80] 0.319 
Other -2.9 5.46 [-13.90, 8.03] 0.593 
Neighbourhood residency (ref. = > 10 yrs)     
3–10 yrs -1.3 5.45 [-12.19, 9.69] 0.819 
< 3 yrs 3.5 5.85 [-8.20, 15.26] 0.549 
Work status (ref. = employed) 2.9 4.39 [-5.86, 11.75] 0.505 
Accessibility index * work status 0.5 4.56 [-8.68, 9.60] 0.920 
Accessibility index * neighbourhood residency (3–10 yrs) 0.8 5.26 [-9.79, 11.33] 0.885 
Accessibility index * neighbourhood residency (3 yrs >) -1.7 7.10 [-15.97, 12.54] 0.810 
Participants: 94; trips: 703 
Unadjusted model: Marginal R2 = 0.7 %; Conditional R2 = 20.6 % 

            Note: Coeff. = Coef�icient; SE = Standard error; CI = Con�idence interval 
 

Table 3-6 presents the results of unadjusted and adjusted linear mixed-effects models assessing 

the association between the home-based accessibility index and walking behaviour (i.e., total 

walking duration per trip, in minutes, recorded in control areas). In the unadjusted model, no 
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statistically signi�icant association was observed between accessibility and walking duration (β = 

0.8; 95% CI = -5.38, 6.99; p = 0.796). The conditional R² value indicated that the model explained 

45.7% of the variance in walking behaviour for trips in control areas, while the marginal R² was 

only 0.1%, indicating that �ixed effects explained very little of the variance in walking duration. 

After adjusting for sociodemographic covariates, the model explained approximately 49% of the 

variance in walking behaviour, with �ixed effects accounting for about 40%, as re�lected in the R² 

values. The association between the home-based accessibility index and walking duration 

remained non-signi�icant (β = 4.6; 95% CI = -3.67, 12.82; p = 0.274). However, age emerged as a 

signi�icant factor, with individuals aged 65 and over walking, on average, 11 minutes more per 

trip than the younger group (β = 11; 95% CI = 3.20, 18.81; p = 0.006). Males also appeared to walk 

nearly 5 minutes more per trip than females (β = 4.8; 95% CI = 1.25, 8.36; p = 0.009). Participants 

from low- to middle-income households, regardless of whether they resided in development or 

control areas, walked an average of 5 minutes less per trip than those from high-income 

households (β = -5.0; 95% CI = -9.20, -0.71; p = 0.023). A signi�icant interaction was observed 

between accessibility and work status (β = -16.3; 95% CI = -26.90, -5.62; p = 0.003), indicating 

that the association between accessibility and walking duration differed between employed and 

unemployed participants. Speci�ically, walking duration decreased more sharply with increasing  

accessibility among unemployed participants than among employed participants (Figure 3-4). 

Table 3-6. Factors associated with walking duration (min) within control areas 
Parameters Coeff. SE 95% CI P-value 
Unadjusted model 
Accessibility index 0.8 3.13 [-5.38, 6.99] 0.796 
Adjusted model 
Accessibility index 4.6 4.16 [-3.67, 12.82] 0.274 
Age (ref. = 18–39)     
40–64 2.6 2.27 [-1.94, 7.08] 0.261 
65 and over 11.0 3.93 [3.20, 18.81] 0.006 
Gender (ref. = female) 4.8 1.79 [1.25, 8.36] 0.009 
Household income (ref. = high income)     
Low to middle income -5.0 2.14 [-9.20, -0.71] 0.023 
Ethnicity (ref. = Māori)     
New Zealand European 0.6 4.29 [-7.95, 9.06] 0.897 
Paci�ic -4.7 5.74 [-16.08, 6.67] 0.414 
Other -0.5 3.99 [-8.42, 7.42] 0.900 
Neighbourhood residency (ref. = > 10 yrs)     
3–10 yrs -11.3 7.27 [-25.68, 3.15] 0.124 
< 3 yrs 2.2 6.72 [-11.10, 15.53] 0.742 
Work status (ref. = employed) 22.4 5.88 [10.72, 34.02] 0.001 
Accessibility index * work status -16.3 5.37 [-26.90, -5.62] 0.003 
Accessibility index * neighbourhood residency (3–10 yrs) 9.7 6.24 [-2.73, 22.03] 0.125 
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Discussion and conclusion 

This study examined the association between neighbourhood accessibility and walking behaviour 

across distinct spatial contexts, utilising GPS and accelerometer data to capture objective 

measures of walking. Accessibility was measured objectively and assigned based on the SA1s 

(small geographic areas) within which participants’ homes were located, whereas walking 

behaviour was categorised based on the actual locations where walking trips occurred, 

irrespective of residential address. By analysing accessibility and walking behaviour separately 

within and outside home neighbourhood buffers, as well as in development and control areas, the 

�indings revealed that the nexus between neighbourhood accessibility and walking patterns 

varies according to spatial context, with evidence suggesting that this relationship is context-

sensitive and spatially dependent. 

Across the models, the associations between neighbourhood accessibility and walking duration 

were weak or non-signi�icant. One likely explanation is the spatial mismatch between where 

accessibility was measured (based on participants’ home locations) and where walking was 

measured (based on the actual locations where participants walked). Because walking trips in 

Table 3-6. Factors associated with walking duration (min) within control areas 
Parameters Coeff. SE 95% CI P-value 
Accessibility index * neighbourhood residency (3 yrs >) 0.7 5.76 [-10.71, 12.15] 0.901 
Participants: 109; trips: 1055 
Unadjusted model: Marginal R2 = 0.1 %; Conditional R2 = 45.7 % 

            Note: Coeff. = Coef�icient; SE = Standard error; CI = Con�idence interval 
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Figure 3-4. Accessibility–work status interaction 
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these areas may involve both residents and non-residents, the built environment characteristics 

of the walking location may not align with the accessibility index assigned to each participant’s 

home, potentially weakening observable associations. For example, a person living in a control 

area may walk there frequently, even if their assigned accessibility index is low, while someone 

from a development area may only walk in a control area occasionally, regardless of their home-

based accessibility score. In such cases, the location where walking is recorded does not 

necessarily re�lect the built environment associated with the participant’s measured accessibility, 

which may further attenuate the relationship. 

Another possible explanation is that unmeasured individual and perceptual factors, such as travel 

habits, familiarity with the area, and personal attitudes toward walking, may account for some of 

the variation (354,355). This outcome is plausible, as individual-level factors are typically more 

internally consistent, being derived from the same respondent, and may therefore show stronger 

associations with walking behaviour than objectively measured environmental attributes. 

However, this does not negate the importance of built environment characteristics, which may be 

underrepresented when measured solely through objective indicators (356). For instance, an area 

may exhibit high objective accessibility, yet individuals who prefer driving or perceive safety risks 

may still avoid walking; conversely, those with strong pro-walking attitudes may walk frequently 

even in less accessible environments (357,358). 

In addition, such perceptual factors may differ systematically between residents and non-

residents. Residents are generally more familiar with and comfortable in their local surroundings, 

which may support more frequent walking, whereas non-residents may experience less 

familiarity or greater perceived risk when walking in unfamiliar environments (124,359,360). 

These perceptual differences may jointly relate to walking patterns and further contribute to the 

weak or context-dependent associations observed. Consequently, variations in accessibility alone 

may explain only a modest proportion of the observed variability in walking behaviour, as 

re�lected in the relatively low marginal R² values across models. 

Although the overall associations between accessibility and walking were weak and accompanied 

by substantial uncertainty, accessibility coef�icients were positive for both walking within and 

outside home-neighbourhood buffers. While the estimate for walking outside the home-

neighbourhood buffer was more precisely estimated and approached conventional levels of 

statistical signi�icance, the �indings do not provide clear evidence that accessibility was more 

strongly associated with one setting than the other. Accordingly, the results should be interpreted 

as suggestive rather than conclusive regarding spatial differences in accessibility-walking 

associations. Nevertheless, previous research has suggested that macro-scale characteristics of 

the built environment, accessibility in particular, are often more strongly associated with 
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destination-oriented active travel beyond the immediate neighbourhood (12,361,362).  Such trips 

are typically destination-oriented, and a richer mix of reachable amenities may correspond with 

longer walking bouts. By contrast, walking within the home-neighbourhood buffer is often 

undertaken for leisure, where macro-scale features of the built environment, such as accessibility, 

may be less pertinent (322). Instead, micro-scale attributes, such as aesthetics, safety, and 

building characteristics, may have stronger associations with walking behaviour (321,322). 

The interaction between work status and neighbourhood accessibility suggests potential 

differences in how population subgroups engage with the built environment. Among employed 

individuals, walking behaviour appeared less responsive to variations in accessibility to local 

amenities. This may re�lect the nature of their walking patterns, which are often structured 

around �ixed commuting routines, particularly between home and public transport nodes, making 

them more dependent on transit access than on local amenities (363,364). Additionally, habitual 

commuting patterns may render this group less responsive to changes in local accessibility, as 

established travel routines often persist despite environmental changes (365,366). In contrast, 

unemployed individuals appeared to exhibit higher levels of walking in low-accessibility areas, 

with a sharper decline in walking as accessibility improved. One plausible explanation is that 

unemployed individuals, who may face fewer time constraints, undertake longer walking trips to 

reach distant destinations when local accessibility is limited. At higher accessibility levels, shorter 

walking durations could re�lect shorter required travel distances; however, this mechanism was 

not measured. While these interpretations remain speculative, they underscore the likelihood 

that walking behaviour is associated not only with the built environment but also with other 

factors such as trip purpose and time constraints. Differentiating between types of accessibility 

(e.g., amenity-based versus transit-based) and considering diverse socio-economic contexts in 

planning initiatives, rather than assuming uniform behavioural responses to accessibility, may be 

essential for achieving equitable increases in pedestrian activity. 

This study found no statistically signi�icant interaction between neighbourhood residency 

duration and accessibility in relation to walking behaviour, despite prior research suggesting that 

longer residency can enhance familiarity with local areas and amenities, thereby supporting 

active travel (367,368). One possible explanation for this �inding is that participants in the 

examined neighbourhoods may have become familiar with key destinations and accessibility 

features relatively quickly. If amenities are easily identi�iable and centrally located, prolonged 

residency may be less critical for developing functional knowledge of the area. It is therefore 

plausible that, within the residency durations assessed in this study, participants had already 

achieved suf�icient familiarity with their surroundings, limiting any further association between 

extended time living in the area and walking behaviour in relation to accessibility. These insights 
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imply that the relationship between residency duration and walking in the context of 

neighbourhood accessibility may be highly contingent upon local conditions, highlighting the 

need for future research across diverse spatial and social environments. 

Findings indicated that younger participants (ages 18–39) were less likely to walk than older 

participants (aged 65 and over) in all settings, which may relate to time constraints from work or 

family obligations and could help explain a preference for faster modes of transport (369). 

Conversely, older adults, who may have greater time �lexibility, appeared to walk more frequently 

across various environments, a pattern that might re�lect engagement in leisure activities, social 

interactions, or daily errands (370). They may also prefer residing in highly walkable settings, 

such as retirement villages, which can accommodate mobility limitations and may support 

walking (371). Consistent with previous studies (372–377), this study also observed that males 

tended to walk more than females, which might be associated with the trip-chaining behaviours 

often reported among women (378). Women are more likely to incorporate errands, such as 

household tasks, school drop-offs, or visits to friends and family, into their daily trips, which may 

act as barriers to walking, cycling, or using public transport (379–381). Additionally, in line with 

the literature (382,383), this study also found that participants from low- to middle-income 

households recorded lower walking durations in control areas than those from high-income 

households. The reasons for this association cannot be determined from the current dataset. 

Further research is needed to better understand the mechanisms underlying income-related 

differences in walking behaviour. 

Limitations and future research 

While this study adds to the knowledge base about the relationship between accessibility and 

walking behaviour, certain limitations should be acknowledged. This study was not designed to 

maximise heterogeneity in accessibility levels, as participants were clustered within four 

relatively small areas. Consequently, individuals living in the same area had nearly identical 

accessibility scores, limiting variability in these measures. The areas were further selected based 

on urban redevelopment rather than differences in accessibility, meaning that overall accessibility 

conditions across the study locations may have been very similar. This could reduce the ability to 

detect associations between accessibility and walking behaviour, particularly if the range of 

accessibility values was too narrow to capture meaningful variation in its associations. Future 

research could address this by including study areas with a wider range of accessibility levels. A 

more diverse selection of urban environments, ranging from high-accessibility city centres to 

lower-accessibility suburban areas, would enable a more comprehensive examination of how 

accessibility is correlated with walking behaviour. 



 

64 
 

Another limitation relates to the geographic scale at which the accessibility score was calculated 

(i.e., the SA1-level accessibility based on participants’ home locations). The SA1 unit may not 

accurately re�lect the environments to which participants have access or those they perceive as 

their neighbourhood, particularly for individuals residing near the boundaries of their SA1. This 

spatial constraint could introduce discrepancies between measured and experienced 

accessibility. Although �iner spatial units may offer a more accurate representation than 

administrative boundaries, such approaches were not feasible in this study because accessibility 

scores were only available at the SA1 level from existing datasets. Future research could address 

this limitation by using more granular spatial units or by simultaneously integrating perceived 

accessibility indices to provide deeper insights into the accessibility–walking relationship. 

This study may also be subject to spatial mismatches between the locations where accessibility 

was measured and where walking occurred, particularly in the analysis of development and 

control areas (Aim 2). Although walking trips in both Aim 1 and Aim 2 were classi�ied based on 

where the trips occurred, Aim 1 remained spatially anchored to each participant’s home by 

analysing walking within and outside the home neighbourhood buffer while using the same 

home-based accessibility index throughout. However, Aim 2 examined walking behaviour in 

development and control areas regardless of whether participants resided in those areas. This 

means that some participants’ walking activity may have occurred in locations with built 

environment characteristics that differed substantially from those of their home SA1, yet their 

walking behaviour was still interpreted based on home-based accessibility scores. This spatial 

misalignment may have diluted the observed associations. Future studies could address this 

limitation by restricting analyses to walking within participants’ own residential areas or by 

assigning accessibility scores based on the actual locations where walking occurred. 

The relatively small sample size in this study may have limited the precision of estimates and the 

statistical power of the analyses, particularly for interaction and subgroup effects such as those 

involving work status. Although mixed-effects models, as commonly used in natural-experiment 

research, can yield approximately unbiased �ixed-effect estimates with modest samples when 

model assumptions are met, reduced precision can increase the likelihood of Type II errors 

(332,333). Several non-signi�icant results in this study were accompanied by con�idence intervals 

that encompassed potentially meaningful effects, suggesting that limited power may have 

in�luenced these �indings. In addition to sample size constraints, the exclusion of perceptual and 

attitudinal factors, such as familiarity with the area, perceived safety, and personal preferences 

for walking, may also have contributed to the limited or inconsistent associations observed. These 

factors, which often exert strong in�luences on walking behaviour, were not available in the 

dataset and could not be directly incorporated into the models. Future studies with larger and 
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more diverse samples that integrate both objective and perceptual measures of accessibility 

would improve statistical power, enhance explanatory depth, and strengthen the generalisability 

of results. 

An additional limitation relates to the timing of data collection. Participants wore the GPS and 

accelerometer devices at different times between May 2023 and April 2024 as part of an ongoing 

rolling recruitment process. Device allocation was not targeted towards speci�ic participants, 

neighbourhoods, accessibility levels, or travel behaviours, reducing the likelihood of systematic 

bias related to the timing of measurement. However, walking behaviour may vary according to 

seasonal conditions, weather, or holiday periods. Although data collection was distributed across 

the study period and relatively few participants were monitored during major public holiday 

periods, the potential in�luence of temporal variation on walking behaviour was not completely 

excluded. Future studies could address this limitation by collecting data within comparable 

seasons or periods of the year, thereby reducing temporal variability, or by explicitly adjusting for 

seasonal and weather-related factors within the analytical models. 

Although participants were clustered within four neighbourhoods, a neighbourhood-level 

random effect was not included because only four higher-level geographic units were available, 

which is insuf�icient for reliable estimation of area-level variance components in multilevel 

models. Consequently, any residual area-level clustering or spatial dependence could not be 

explicitly modelled and may have in�luenced the estimated associations. Future studies including 

a larger number of neighbourhoods would be better positioned to account for geographic 

clustering and spatial dependence directly. 

Policy implications 

Urban mobility initiatives often prioritise neighbourhood accessibility improvements based on 

the assumption that they encourage local walking behaviours. In the present study, positive 

accessibility coef�icients were observed for both within- and beyond-neighbourhood walking, 

although the estimates were accompanied by substantial uncertainty. The association for walking 

beyond home-neighbourhood boundaries was estimated more precisely, but the �indings did not 

provide clear evidence that accessibility was more strongly associated with walking in one spatial 

context than another. Nevertheless, the results are broadly consistent with previous research 

suggesting that accessibility may be particularly relevant for destination-oriented travel. Future 

research is needed to determine whether such patterns are replicated in larger and more diverse 

populations. 

This study also observed differing walking patterns between employed and unemployed 

individuals in relation to neighbourhood accessibility, particularly in control areas. However, 
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these subgroup �indings should be interpreted cautiously because they were derived from 

interaction analyses within a relatively small sample. While the observed patterns may indicate 

that the relationship between accessibility and walking differs across population groups, further 

research is needed to establish whether these differences are consistent across other settings and 

populations. Consequently, these �indings are best viewed as generating hypotheses for future 

investigation rather than providing a direct basis for targeted policy interventions.  
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Chapter 4. Linking multi-anchor bus stop accessibility to bus ridership: 

Evidence from GPS and accelerometer data  

 

Preface 

The previous chapter focused on walking as a direct pathway for reducing car dependency. This 

chapter extends the analysis to public transport, recognising its close link to walking through 

access and egress trips and its potential role in supporting sustainable mobility. Existing research 

on public transport accessibility has largely relied on static home-based measures and overlooked 

the complexity of daily mobility across multiple anchors. Addressing this gap, the study uses GPS 

and accelerometer data from Auckland to examine how accessibility to bus stops, measured 

separately from home, trip origin, and trip destination, relates to actual bus ridership. Mixed-

effects logistic regression models are applied to assess these associations and explore whether 

employment status and neighbourhood residency duration moderate the accessibility–ridership 

relationship. This manuscript has been submitted for publication. 
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Abstract 

Public transport contributes to health and sustainability by reducing emissions, encouraging 

active travel, and supporting ef�icient land use. However, accessibility analyses often rely on static 

home-based proximity measures that fail to capture the complexity of daily mobility. This study 

examines how accessibility to bus stops, measured from three locations (home, trip origin, and 

destination), relates to actual bus use in Auckland, New Zealand. Using high-resolution GPS and 

accelerometer data from 108 participants (835 trips), we applied mixed-effects logistic 

regression models and tested work status and neighbourhood residency duration as moderators. 

Results revealed an unexpected pattern: higher home-based accessibility was negatively 

associated with bus use, suggesting that areas with dense stop networks may also offer walkable 

environments or experience operational inef�iciencies that nay discourage bus travel. 

Destination-based accessibility showed a positive association with ridership, but only among 

newer residents, indicating that the association between destination-based accessibility and 

ridership differed by residency duration. Employed participants were more sensitive to 

residential-level accessibility than unemployed individuals, likely re�lecting possible differences 

in time constraints. These �indings indicate that spatial accessibility alone may not adequately 

account for variation in ridership behaviour. Policies that combine spatial accessibility with 

service quality and behavioural factors may better support equitable and effective public 

transport use. 
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Introduction 

The numerous health, environmental, and economic bene�its of public transport have been 

extensively documented across diverse urban contexts. Many public transport users, such as bus 

passengers, routinely attain recommended levels of physical activity simply by walking to and 

from stops, thereby fostering healthier and more active lifestyles (87,384). In contrast, private car 

use is linked to prolonged sitting, which is now recognised as an additional health risk over and 

above the risks associated with limited physical activity (26,384–389). Beyond individual 

wellbeing, the widespread adoption of public transport contributes signi�icantly to reducing car 

dependency, easing urban traf�ic congestion, and mitigating associated externalities such as air 

and noise pollution, greenhouse gas emissions, and road traf�ic injuries (390). Moreover, reduced 

reliance on private vehicles enables the reallocation of valuable urban land away from roads and 

car parks towards more socially and economically productive uses, including public open spaces, 

active travel infrastructure, affordable housing, and community amenities (30). In sum, 

transitioning toward greater reliance on public transport supports more compact, sustainable, 

and equitable land use patterns, while also enhancing public health and wellbeing. 

Travel behaviour related to public transport  use is associated with a constellation of factors, 

including sociodemographic characteristics (e.g., age, gender, car ownership, and employment), 

user perceptions of service attributes (e.g., perceived reliability, safety, and comfort), 

psychological constructs (e.g., self-ef�icacy, attitudes, and habits), and built environment features 

(e.g., land-use diversity, population density, and street connectivity) (391–395). Within this 

multifactorial framework, improved accessibility to public transport is widely regarded as one of 

the critical associates of increased ridership, attracting new passengers and retaining existing 

ones (47–49,201–205).  In the context of public transport, accessibility is often discussed in two 

ways: �irst, as the ability to reach opportunities such as employment, healthcare, or education 

using public transport, commonly termed public transport accessibility (206); and second, as 

accessibility to the public transport system itself, which refers to the proximity, density, and 

availability of stops or stations, often called accessibility to public transport (207). Focusing on 

the latter approach is important because without nearby access points, the broader bene�its of 

network connectivity and even service reliability cannot be realised. 

Although proximity to public transport is generally associated with higher ridership, individual 

responses to accessibility vary substantially depending on personal circumstances. Two 

behavioural factors that are particularly relevant to how people engage with accessible services 

are work status and neighbourhood residency duration, which together shape daily routines and 

familiarity with local environments (396–400). The temporal structure of travel varies according 

to work status: full-time workers with rigid schedules may be less inclined to rely on nearby 
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services if they do not meet time-speci�ic commuting demands, whereas those with regular 

schedules and a single workplace often bene�it from predictable routines that make public 

transport a viable option when stops are conveniently located (401,402). Conversely, unemployed 

individuals or part-time workers, who might have �lexible routines, lower income, or fewer 

private transport options (e.g., household vehicles), may use public transport even when 

accessibility is relatively limited (403–407). 

Neighbourhood familiarity operates in a similar way, shaping how people make use of accessible 

services (400,408). Longer-term residents tend to be more knowledgeable about available routes 

and how to navigate them effectively, whereas recent movers may not take full advantage of 

accessible options despite favourable local service provision (400,409). While other 

sociodemographic characteristics, such as income or car ownership, also contribute to ridership, 

work status and neighbourhood familiarity are especially relevant because they directly interact 

with how individuals perceive and respond to transit accessibility (397,410,411). Although both 

factors have been examined in travel behaviour research, their role as moderators of the 

relationship between accessibility and actual public transport use has been understudied. 

Together, these behavioural dimensions indicate that accessibility cannot be fully understood 

through spatial indicators alone and should be examined in relation to the contexts in which 

people make travel decisions. 

Capturing these behavioural nuances requires accessibility to be evaluated across the actual 

activity spaces individuals use. Existing research, however, predominantly examines public 

transport access in relation to the home location (47,47–52). While this approach is common, it 

provides only a partial view of travel behaviour because daily mobility is rarely con�ined to a 

single anchor. Commuters often begin or end trips at non-home anchors, such as schools, cafés, 

retail stores, or park-and-ride lots, where accessibility conditions may differ substantially from 

the residential environment. These differences matter because the built environment associates 

with mode choice differently at trip origins compared to destinations: origins might typically be 

associated with time pressure and reliability concerns, while destinations may allow greater 

�lexibility, making walking or transfers more acceptable (412–414). Ignoring these behavioural 

asymmetries, which refer to variations in decision-making between trip start and end, risks 

misrepresenting real-world constraints on public transport use (415–417). 

Given the gaps identi�ied above, more comprehensive analyses are needed to consider 

accessibility from multiple points (i.e., home, trip origin, and destination) to more accurately 

capture how public transport accessibility relates to ridership. While accessibility re�lects the 

potential to reach destinations, understanding how individuals engage with this potential in 

practice requires behavioural data (418). High-resolution data collection methods, such as GPS 
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tracking and accelerometers, are particularly valuable for examining origin- and destination-based 

accessibility with �ine spatial and temporal granularity (419). These tools enable the 

identi�ication of actual trip start and end points, which are often generalised or aggregated in 

conventional datasets such as census surveys (420). Although census data provide broad 

population coverage and include origin–destination and mode-of-travel information, they are 

typically limited to work-related trips and coarse spatial units, which can obscure nuanced travel 

patterns. In contrast, GPS and accelerometer data provide continuous, real-time monitoring of 

movement across all trip purposes and contexts, offering a dynamic account of travel behaviour 

(421). This level of detail allows researchers to examine how accessibility is experienced and 

acted upon in daily life. Despite their potential, only a limited number of studies have integrated 

these technologies to examine objective public transport accessibility and ridership behaviour 

(419,422). 

Understanding these dynamics is particularly important in the New Zealand context, where 

empirical evidence on public transport accessibility remains limited compared to the extensive 

body of research from Europe and North America (423).  New Zealand ranks among the highest 

globally for private vehicle ownership while exhibiting comparatively low levels of public 

transport use (55). This imbalance underscores the need for regionally focused investigations that 

incorporate multi-anchor accessibility to capture behavioural realities more accurately. Thus, 

using GPS- and accelerometer-derived travel data, this study aims to: 1) assess the relationship 

between objectively measured accessibility to bus stops and actual bus ridership, and 2) examine 

whether work status and duration of neighbourhood residency moderate the relationship 

between accessibility to bus stops and ridership. These objectives will be explored by calculating 

accessibility to public transport from three distinct points: home residence, trip origin, and trip 

destination, separately.  

Methods and materials 

Study design 

This research is a cross-sectional observational study, grounded in a pragmatic paradigm and 

employing quantitative modelling approaches to investigate the association between accessibility 

to bus stops and objectively measured bus ridership behaviour. The study design, data collection, 

and reporting were guided by the Strengthening the Reporting of Observational Studies in 

Epidemiology (STROBE) framework and the Spatial Lifecourse Epidemiology Reporting 

Standards (ISLE-ReSt) guidelines (424), which provide speci�ic recommendations for studies 

using GPS, accelerometers, and other location-based data. 
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Participants and setting 

Participants in this study were drawn from four regions across Auckland: Aorere, Oranga, Wesley, 

and Waikōwhai (Figure 4-1), all of whom were part of the Te Hotonga Hapori research 

programme, a study focusing on the link between urban redevelopment and community 

wellbeing. The Te Hotonga Hapori study design and recruitment processes are described in detail 

elsewhere (61). Brie�ly, as part of this programme, trained interviewers visited households in the 

four aforementioned regions, explained the study, and invited residents to take part. Eligibility 

required households to have at least one adult (18 years or older) who consented to participate. 

Residents who agreed were then interviewed face-to-face in their homes (one participant per 

household was included). Data were collected at two distinct time points in the Te Hotonga Hapori 

research programme: from May 2023 to April 2024, and from June 2024 to May 2025. However, 

as data collection for the second phase was still ongoing when this study began, only the �irst time 

point (May 2023 to April 2024) was utilised in this analysis. In total, 485 participants were 

initially approached and interviewed, of which 108 were included in the study, contributing 835 

trips with valid data (described further on). Ethical approval for the study was granted by the 

Auckland University of Technology Ethics Committee, and informed written consent was obtained 

from all participants (AUTEC # 21/361). 
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(a) Wesley (b) Waikōwhai 

(c) Oranga 

(d) Aorere 

Figure 4-1. Study area  
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Spatial data 

To collect spatial data, GPS trackers (QStarz BT-Q1000XT) and accelerometers (Axivity AX3) were 

utilised over seven consecutive days (Figure 4-2). The QStarz BT-Q1000XT, a GPS data logger 

validated in previous studies (326,327), provides real-time positional information. Using the 

QTravel software (QStarz International Taipei, Taiwan), the QStarz BT-Q1000XT receivers were 

con�igured to log latitude and longitude coordinates every 20 seconds. Additional recorded 

parameters included UTC date/time, GPS �ixed mode (VALID), and satellite information–signal-

to-noise ratio (SNR) of viewed satellites. The Axivity AX3, a device renowned for its high accuracy 

in detecting physical activity intensity (328), was used to measure physical activity behaviour. 

Using the Open Movement software (OMGUI, Newcastle University, Newcastle upon Tyne, UK), 

the AX3 devices were initialised to record data at 100 Hz with ±8 g bandwidth. 

 

 

 

 

 

 

 

 

Procedures 

Between May 2023 and April 2024, several GPS receivers and accelerometers were con�igured 

weekly using QTravel and OMGUI software, respectively, and deployed to participants to collect 

spatial and temporal data. Subsequently, the door-to-door interviewers met participants in 

person to conduct interviews and distribute the devices. The interview primarily focused on 

wellbeing outcomes, along with individual- and household-related characteristics (e.g., age, 

gender, work status, and income). A full copy of the interview schedule is available elsewhere (61). 

Each participant was provided with one GPS receiver (worn on their waist using a supplied belt) 

and one Axivity AX3 (worn on their non-dominant wrist using a supplied wristband), both of 

which were to be worn continuously for one week. Prior to the interview, participants were 

briefed on the Te Hotonga Hapori study, including its purpose and objectives. They were also 

(a) (b) 

Figure 4-2. Equipment; (a): AX3 accelerometer, (b): QStarz BT-Q1000XT GPS 
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instructed to wear the accelerometer at all times, including during sleep, and to charge the GPS 

receiver each night using the provided charging cable. The GPS device was required to be worn 

during waking hours. After one week, the interviewers retrieved the equipment from the 

participants and returned it for data processing. Upon completion, each participant received an 

NZD 50 (≈USD 30) voucher as a token of appreciation. 

Spatial methods – Travel mode 

The QTravel software was used to download data recorded by the GPS devices, while OMGUI was 

used to retrieve data from the accelerometers. For the subsequent analyses in this study, only 

participants with at least three days of GPS and accelerometer data, with a minimum of eight 

hours per day, were included (n = 108), resulting in a total of 835 observations (trips). Similar 

inclusion criteria have been applied in previous studies (329,330). 

The Python package LABDA (version 0.0.12) was employed to preprocess the GPS and 

accelerometer data. GPS data were downsampled to 30-second intervals, and the appropriate 

time zone (NZST, UTC+12, or NZDT, UTC+13) was applied automatically based on the date. The 

coordinate reference system (CRS) was transformed from EPSG:4326 (WGS 84) to EPSG:32760 

(UTM Zone 60S) for spatial analysis. Additionally, home location data were projected to 

EPSG:2193 (New Zealand Transverse Mercator 2000) for national-scale mapping. GPS points with 

a sum of viewed SNRs greater than 260 were identi�ied as indoor points, indicating that the 

participant was likely inside a building. Accelerometer data were downsampled to 30-second 

intervals, and counts were derived (336). Non-wear time for the accelerometer was de�ined as 

periods where the device recorded zero counts continuously for a minimum of 60 minutes (337). 

The GPS and accelerometer data were then merged based on the nearest date and time. 

The LABDA package was also employed to analyse travel patterns and identify travel modes. A 

trip segment was de�ined as a series of GPS points uninterrupted by a more than three-minute 

stationary period within a 25-meter radius. The starting point of a trip segment (trip origin) was 

identi�ied when a participant began moving beyond a 25-meter radius after remaining stationary 

for at least three minutes. Conversely, the ending point of a trip segment (trip destination) was 

identi�ied when a participant remained within a 25-meter radius for at least three minutes. 

Similar cut points have been utilised and validated in previous studies (329,338). Trip segments 

in which 60% or more of the GPS points were classi�ied as "indoor" were discarded, as these were 

more likely indicative of GPS signal �luctuation (jitter) while the participant was stationary inside 

a building with poor GPS reception rather than actual travel (339). 

Trips could be multimodal, involving multiple modes of transport. For each trip segment, travel 

mode was initially classi�ied broadly as walking (segments with an average speed of ≤ 10 km/h) 
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and non-walking (> 10 km/h) (340,341). If the majority of accelerometer data points within a trip 

segment indicated sedentary behaviour, the segment, even if initially classi�ied as walking, was 

reclassi�ied as non-walking. This adjustment accounted for slow GPS movement during sedentary 

behaviour, which likely re�lects slow-moving vehicular travel rather than actual walking (339). 

Then, consecutive trip segments that occurred within a temporal gap of less than two hours and 

within a 50-metre spatial radius were merged and treated as a single trip. This approach aimed 

to exclude short stops at locations such as public transport stations or nearby points of interest 

(e.g., convenience stores and cafes), which were unlikely to represent distinct trips but rather 

temporary pauses in a continuous travel episode. 

In the �inal classi�ication step, trips were further categorised into bus trips and non-bus trips by 

overlaying the GPS routes with Auckland Transport bus route data (425). A 100-m buffer (50 m 

on each side of the route) was created around bus routes and intersected with the GPS 

trajectories. Trips with at least 70% overlap with a bus route were classi�ied as bus trips, while 

those with less than 70% overlap were classi�ied as non-bus trips. The 70% threshold was 

selected after comparing classi�ications at overlap thresholds ranging from 50% to 90%. Lower 

thresholds included many trips that only partially followed a bus corridor, while higher thresholds 

risked excluding genuine bus trips affected by GPS gaps or minor deviations. Given that speed 

pro�iles of buses and private cars are very similar in the Auckland’s mixed-traf�ic environment, 

classi�ication relied on spatial overlap with bus routes rather than speed. This approach provided 

a rather balanced classi�ication.  

For the purposes of this study, all non-bus modes (walking, cycling, and private motor vehicle 

trips) were grouped together and contrasted against bus trips. This binary classi�ication re�lects 

the study’s primary focus on identifying the factors associated with bus use rather than modelling 

every travel mode. Accurately distinguishing between non-bus modes (e.g., walking and cycling) 

using GPS and accelerometer data alone is particularly challenging in Auckland’s mixed-traf�ic 

conditions, whereas bus trips could be identi�ied with greater con�idence through spatial overlap 

with bus routes (≥70% overlap). Given the relatively small number of bus trips (n = 104) in the 

dataset, this binary outcome also ensured suf�icient statistical power for the mixed-effects models 

while keeping the focus aligned with the research aims. 

Spatial methods – Accessibility to bus stops 

To assess accessibility to bus stops at various key locations (i.e., home, trip origin, and trip 

destination), participants’ residential addresses, trip origins, and destinations were geocoded 

using ArcGIS Pro (version 3.4.3). Based on road network data from the Land Information New 

Zealand (LINZ) data service (348), an 800-metre road network buffer was created around each 
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location for every participant. The number of bus stops located within these buffers was then 

counted. A distance-decay weighting was applied to each identi�ied bus stop. The total weighted 

accessibility score was calculated by summing the weights of all bus stops within each buffer. This 

process was repeated to generate home-based accessibility to bus stops scores per participant, 

and origin- and destination-based accessibility scores per trip. 

To calculate the weightings for each identi�ied bus stop, a negative exponential distance decay 

function (Eq. 4-1) was employed, where d is the distance to the bus stop (in kilometres), and β = 

0.4 km is the decay parameter. This value re�lects the steep decline in walking propensity over 

short distances, particularly within dense urban contexts where accessibility is highly sensitive to 

distance, especially for accessibility to bus stops (426,427). The negative exponential form is 

theoretically grounded and widely applied in spatial interaction and transport accessibility 

modelling, owing to its ability to represent distance deterrence effects (21,418,428). Figure 4-3 

illustrates a location with high home-based accessibility (Figure 4-3a) and another with low home-

based accessibility to bus stops (Figure 4-3b). The same methodology was applied to both origin- 

and destination-based accessibility to bus stops. 

W(d)=exp(-d/β)                                                                         (Eq. 4-1) 
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Statistical methods 

Descriptive statistics were used to summarise participants’ sociodemographic characteristics, the 

study area’s built environment attributes, and trip information. Mixed-effects logistic regression 

models were employed to investigate the relationship between accessibility to bus stops and bus 

ridership. This analytical approach accounted for repeated trips within participants, as each 

participant could have multiple trips. In the unadjusted models, the dependent variable was 

dichotomised as 0 for non-bus trips and 1 for bus trips. The accessibility to bus stops score in each 

trip was treated as the �ixed effect (independent variable), and participant ID was included as the 

random effect. 

These models were then adjusted for the following sociodemographic covariates as �ixed effects: 

age (18–39 years, 40–64 years, 65 years and over), gender (male, female), household income (low 

Bus access score = 0.14 

Bus access score = 13.85 

Figure 4-3. Home-based bus stop accessibility; (a): High access, (b): Low access 

(a) 

(b) 



 

79 
 

to middle income, high income), ethnicity (Māori, New Zealand European, Paci�ic, Other), 

neighbourhood residency duration (less than 3 years, 3 to 10 years, more than 10 years), and 

work status (employed, unemployed). Ethnicity was self-reported and classi�ied using prioritised 

ethnicity. Māori, New Zealand European, and Paci�ic were retained as separate categories, while 

participants belonging to other ethnic groups were combined into an “Other” category because of 

small sample sizes. Interaction terms between accessibility to bus stops and work status, as well 

as accessibility to bus stops and neighbourhood residency duration, were included as �ixed effects 

to test whether these characteristics moderate the relationship between accessibility and 

ridership. These two factors were selected because they have strong theoretical links with travel 

behaviour and have been comparatively less examined as moderators, despite evidence that work 

constraints and familiarity with local facilities can alter how individuals respond to accessibility 

to public transport (397,429,430). The reference categories for the covariates were individuals 

aged 18–39 years, female participants, high-income households, Māori participants, and residents 

who had lived in the neighbourhood for more than 10 years. 

Although mixed-effects models can incorporate random effects to account for spatial correlation, 

in this study a neighbourhood-level random effect was not considered appropriate because the 

key predictors (i.e., accessibility measures for home, trip origin, and destination) are location-

speci�ic and can lie in different neighbourhoods for the same participant. This anchor-speci�ic 

approach captures spatial variability directly. 

All mixed-effects logistic regression models were �itted using the glmer function from the lme4 

package in R. Multicollinearity was assessed using variance in�lation factors (VIF) (431). Model 

diagnostics were conducted with the DHARMa package. Model �it, as well as marginal and 

conditional R² values were obtained using the model_performance() function from the 

performance package. 

Results 

Descriptive statistics 

Table 4-1 provides an overview of the sociodemographic characteristics of the study participants. 

The majority of participants were aged between 18 and 39 years (44.44%), female (62.96%), and 

identi�ied as New Zealand European (35.19%), each participant was assigned to a single ethnic 

group. In terms of household income, most participants were categorised as belonging to low- to 

middle-income households (54.63%). Furthermore, a signi�icant proportion had resided in their 

current neighbourhoods for 3 to 10 years (36.11%) and were employed (62.04%).  
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The mean accessibility to bus stops scores for home locations, trip origins, and destinations were 

4.01 (SD = 1.31), 2.11 (SD = 2.48), and 4.32 (SD = 2.28), respectively. The home-based accessibility 

scores ranged from 0.93 to 7.13, origin-based scores ranged from 0.14 to 16.70, and destination-

based scores ranged from 0.15 to 18.20. Neighbourhood-level accessibility scores ranged from 

3.51 (SD = 1.38) in Wesley to 4.58 (SD = 1.19) in Waikōwhai. Of the total 835 trips recorded, 104 

were made by bus, while 731 were made using non-bus modes (i.e., walking, cycling, and private 

cars). Non-bus trips had an average duration of 32.50 minutes (SD = 26.40). Bus trips had a 

shorter average duration of 22.40 minutes (SD = 15.60). 

Table 4-1. Descriptives of sociodemographic, trip, and built environment characteristics 
Parameters  n (%) Mean (SD) 
Age     
18 – 39 48 (44.44)  
40 – 64 45 (41.67)  
65 and over 9 (8.33)  
Gender     
Male 34 (31.48)  
Female 68 (62.96)  
Ethnicity    
Māori 9 (8.33)  
New Zealand European 38 (35.19)  
Paci�ic 22 (20.37)  
Other 33 (30.56)  
Household income 

 
    

Low to middle income (0–100,000) 59 (54.63)  
High income (Over 100,000) 43 (39.81)  
Neighbourhood Residency    
< 3 years 29 (26.85)  
3–10 years 39 (36.11)  
> 10 years 34 (31.48)  
Work status     
Employed 67 (62.04)  
Unemployed 35 (32.41)  
Accessibility to bus stops 

 
   

Home-based  4.01 (1.31) 
Origin-based  2.11 (2.48) 
Destination-based  4.32 (2.28) 
Neighbourhood-based accessibility score   
Aorere  3.55 (0.86) 
Oranga  4.05 (1.22) 
Waikōwhai  4.58 (1.19) 
Wesley  3.51 (1.38) 
Used trip modes    
Bus trips 104 (12.46)  
Non-bus trips 731 (87.54)  
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Home-based accessibility to bus stops and bus ridership 

Table 4-2 presents the results of unadjusted and adjusted logistic mixed-effects models analysing 

how objective home-based accessibility to bus stops (independent variable) is associated with 

actual bus ridership (dependent variable). In the unadjusted model, no signi�icant association was 

found between accessibility to bus stops and ridership behaviour (log-odds = -0.10; 95% CI = -

0.38, 0.18; p = 0.490). The conditional R² value, which re�lects the proportion of variance 

explained by both �ixed and random effects combined, indicated that the model accounted for 

33% of the variance in ridership behaviour. In contrast, the marginal R² value, representing the 

variance explained by �ixed effects alone, was 0.30%. The intraclass correlation coef�icient (ICC = 

0.33) indicated that approximately 33% of the total variance in ridership behaviour was 

attributable to differences between participants (random effects). These �indings suggest that 

home-based accessibility to bus stops explained little variation in bus use. This likely re�lects that 

social and individual-level factors are measured more reliably, while objective environmental 

measures may not capture what matters most to riders.  

After individual-level covariates were added to the models, the model explained approximately 

40% of the variance in ridership behaviour, with 15% attributable to �ixed effects alone and 26% 

to differences between participants (ICC = 0.26). The results indicated a signi�icant negative 

association between home-based accessibility to bus stops and bus use (log-odds = -0.88; 95% CI 

= -1.50, -0.25; p = 0.006). No other covariates (e.g., age, gender, ethnicity) showed statistically 

signi�icant associations with bus use. A borderline signi�icant interaction was observed between 

accessibility to bus stops and work status (log-odds = 0.59; 95% CI = -0.02, 1.20; p = 0.058), 

suggesting that the negative effect of accessibility to bus stops on bus use is weakened for 

unemployed individuals compared to employed individuals, as depicted in Figure 4-4. 

Table 4-2. Home-based accessibility–bus ridership association - mixed-effects models 
Parameters Log-Odds SE 95% CI P-value 
Unadjusted model 
Accessibility index -0.10 0.14 [-0.38, 0.18] 0.490 
Adjusted model 
Accessibility index -0.88 0.32 [-1.50, -0.25] 0.006 
Age (ref = 18–39)     
40–64 -0.26 0.43 [-1.11, 0.59] 0.555 
65 and over -0.03 0.78 [-1.55, 1.49] 0.971 
Gender (ref = female) -0.31 0.42 [-1.13, 0.51] 0.454 

Table 4-1. Descriptives of sociodemographic, trip, and built environment characteristics 
Parameters  n (%) Mean (SD) 
Trip duration (min)    
Bus trips  22.40 (15.60) 
Non-bus trips  32.50 (26.40) 
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Table 4-2. Home-based accessibility–bus ridership association - mixed-effects models 
Parameters Log-Odds SE 95% CI P-value 
Household income (ref = high income) -0.62 0.45 [-1.51, 0.27] 0.169 
Ethnicity (ref = Māori)     
New Zealand European 0.27 0.79 [-1.27, 1.81] 0.732 
Paci�ic 0.39 0.88 [-1.33, 2.11] 0.655 
Other 0.80 0.80 [-0.77, 2.37] 0.317 
Neighbourhood residency (ref = > 10 yrs)     
3–10 yrs -1.07 1.44 [-3.89, 1.75] 0.457 
< 3 yrs -1.91 1.66 [-5.16, 1.34] 0.250 
Work status (ref = employed) -1.70 1.35 [-4.35, 0.94] 0.207 
Accessibility*work status (ref = employed)     
Unemployed 0.59 0.31 [-0.02, 1.20] 0.058 
Accessibility*neighbourhood residency (ref =>10 yrs)      
3–10 yrs 0.50 0.37 [-0.22, 1.23] 0.175 
3 yrs > 0.72 0.40 [-0.07, 1.51] 0.073 
Unadjusted model: Marginal R2 = 0.30 %; Conditional R2 = 33 %; ICC = 0.33 
Adjusted model: Marginal R2 = 15 %; Conditional R2 = 37.40 %; ICC = 0. 26 

Origin-based accessibility to bus stops and bus ridership 

Table 4-3 presents the results of adjusted and unadjusted logistic mixed-effects models examining 

the relationship between objective origin-based accessibility to bus stops (independent variable) 

and actual bus ridership behaviour (dependent variable). In the unadjusted model, no statistically 

signi�icant association was found between accessibility to bus stops and bus use (log-odds = 0.03; 

95% CI = -0.06, 0.13; p = 0.502). The conditional R² value indicated that the model explained 34% 

of the variance in ridership behaviour. However, the marginal R² value was nearly 0.10%, while 

the intraclass correlation coef�icient (ICC = 0.34) suggested that the majority of the explained 
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Figure 4-4. Home-based accessibility–work status interaction 
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variance was attributable to differences between participants. This indicates that the �ixed effects 

contributed minimally to explaining variation in bus use behaviour. 

When adjusting for sociodemographic covariates, the total explanatory power of the model, based 

on the conditional and marginal R² values, was approximately 37%, with nearly 9% attributed to 

the �ixed effects and roughly 31% to differences between participants. Similarly, no signi�icant 

relationship was found between the origin-based accessibility to bus stops and ridership 

behaviour (log-odds = -0.24; 95% CI = -0.63, 0.15; p = 0.230). Furthermore, none of the covariates 

showed statistically signi�icant associations with bus use. 

Table 4-3. Origin-based accessibility–bus ridership - mixed-effects models 
Parameters Log-Odds SE 95% CI P-value 
Unadjusted model 
Accessibility index 0.03 0.05 [-0.06, 0.13] 0.502 
Adjusted model 
Accessibility index -0.24 0.20 [-0.63, 0.15] 0.230 
Age (ref = 18–39)     
40–64 -0.39 0.49 [-1.36, 0.58] 0.431 
65 and over 0.02 0.82 [-1.59, 1.62] 0.985 
Gender (ref = female) -0.06 0.45 [-0.94, 0.82] 0.892 
Household income (ref = high income) -0.56 0.50 [-1.53, 0.42] 0.261 
Ethnicity (ref = Māori)     
New Zealand European 0.01 0.84 [-1.63, 1.65] 0.994 
Paci�ic 0.19 0.92 [-1.61, 2.00] 0.833 
Other 0.66 0.82 [-0.95, 2.27] 0.420 
Neighbourhood residency (ref = > 10 yrs)     
3–10 yrs 0.36 0.63 [-0.87, 1.59] 0.569 
< 3 yrs -0.02 0.72 [-1.44, 1.39] 0.973 
Work status (ref = employed) 0.35 0.61 [-0.84, 1.54] 0.566 
Accessibility*work status (ref = employed)     
Unemployed 0.15 0.13 [-0.11, 0.41] 0.264 
Accessibility*neighbourhood residency (ref = > 10 yrs)      
3–10 yrs 0.15 0.20 [-0.25, 0.55] 0.467 
3 yrs > 0.36 0.21 [-0.05, 0.77] 0.087 
Unadjusted model: Marginal R2 = 0.10 %; Conditional R2 = 34 %; ICC = 0.34 

               

Destination-based accessibility to bus stops and bus ridership 

Table 4-4 presents the results of adjusted and unadjusted logistic mixed-effects models examining 

the relationship between objective destination-based accessibility to bus stops (independent 

variable) and actual bus ridership behaviour (dependent variable). In the unadjusted model, the 

correlation between destination-based accessibility and bus use behaviour was found to be 

statistically signi�icant (log-odds = 0.12; 95% CI = 0.02, 0.22; p = 0.017). The conditional R² 

indicated that the model explained nearly 31% of the variance in ridership behaviour, while the 

marginal R² was approximately 2%, suggesting that �ixed effects explained only a small portion of 
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the variability. The ICC (0.30) further indicated that a substantial proportion of the total variance 

was attributable to differences between participants, underscoring the importance of accounting 

for individual-level variability in the model. 

When adjusting for individual-level attributes, the model explained approximately 32% of the 

variance in bus usage, with 8.50% attributable to �ixed effects and about 26% to between-

participant differences (ICC = 0.26). No statistically signi�icant association was found between the 

destination-based accessibility to bus stops and ridership behaviour (log-odds = -0.05; 95% CI = -

0.25, 0.15; p = 0.623). However, the positive association between destination-based accessibility 

and bus use was stronger among residents who had lived in the neighbourhood for less than three 

years (log-odds = 0.29; 95% CI = 0.01, 0.57; p = 0.045), which is depicted in Figure 4-5. 

 
Table 4-4. Destination-based accessibility–bus ridership - mixed-effects models 
Parameters Log-Odds SE 95% CI P-value 
Unadjusted model 
Accessibility index 0.12 0.05 [0.02, 0.22] 0.017 
Adjusted model 
Accessibility index -0.05 0.10 [-0.25, 0.15] 0.623 
Age (ref = 18–39)     
40–64 -0.08 0.43 [-0.91, 0.76] 0.856 
65 and over 0.25 0.76 [-1.23, 1.73] 0.741 
Gender (ref = female) -0.25 0.39 [-1.02, 0.52] 0.520 
Household income (ref. = high income) -0.53 0.44 [-1.40, 0.34] 0.230 
Ethnicity (ref = Māori)     
New Zealand European 0.22 0.75 [-1.26, 1.70] 0.769 
Paci�ic 0.22 0.84 [-1.43, 1.88] 0.794 
Other 0.55 0.75 [-0.92, 2.03] 0.461 
Neighbourhood residency (ref = > 10 yrs)     
3–10 yrs 0.12 0.78 [-1.40, 1.64] 0.876 
< 3 yrs -0.51 0.86 [-2.20, 1.19] 0.559 
Work status (ref = employed) -0.20 0.76 [-1.68, 1.29] 0.794 
Accessibility*work status (ref = employed)     
Unemployed 0.16 0.13 [-0.10, 0.42] 0.220 
Accessibility*neighbourhood residency (ref = > 10 yrs)     
3–10 yrs 0.12 0.15 [-0.16, 0.41] 0.394 
3 yrs > 0.29 0.14 [0.01, 0.57] 0.045 
Unadjusted model: Marginal R2 = 1.60 %; Conditional R2 = 31%; ICC = 0.30 
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To better re�lect the multifaceted nature of travel behaviour in relation to bus ridership, a model 

incorporating objective home-, origin-, and destination-based accessibility to bus stops was 

estimated (Appendix C). Including all three spatial anchors simultaneously allows for the 

assessment of distinct accessibility contexts encountered during a single trip, providing a 

comprehensive representation of real-world travel patterns. This model showed that home-based 

accessibility remained negatively associated with actual ridership behaviour (log-odds = -0.82; 

95% CI = -1.45, -0.18; p = 0.012). 

Discussion and conclusion 

This study investigated how accessibility to bus stops, measured from multiple spatial anchors—

home, trip origin, and destination—relates to actual bus use. By incorporating all three anchors, 

the analysis moved beyond traditional home-based approaches to re�lect the complex, multi-sited 

nature of everyday mobility. Using GPS and accelerometer data to capture real-world travel 

behaviour, the study also examined how individual factors, such as work status and 

neighbourhood residency duration, moderate the association between accessibility and ridership. 

The results challenge the common assumption that greater proximity to public transport often 

translates into higher ridership (119,432), revealing instead a more nuanced and 

context-dependent relationship that varied according to individual circumstances. 

Across the models, the associations between accessibility to bus stops and bus ridership appeared 

to be mainly correlated with unmeasured individual-level characteristics, such as travel habits, 

personal attitudes, or lifestyle preferences (355,433). This outcome is plausible, as individual-

level factors are typically more internally consistent, being collected from the same respondent, 

and may therefore exert a stronger association with travel behaviour than externally measured 

Figure 4-5. Destination-based accessibility–residency duration interaction 
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environmental attributes. However, this does not negate the importance of built environment 

attributes, which may be underrepresented when measured solely through objective indicators 

(434). For instance, objective measures may indicate high accessibility, but individuals 

accustomed to driving might continue using cars regardless; vice versa, those with strong pro-

transit attitudes may choose bus travel even in less accessible areas (357,358,433). Residential 

self-selection may further contribute, as housing decisions often re�lect broader lifestyle 

preferences, including school access, housing features, and neighbourhood amenities. As a result, 

proximity to bus stops does not necessarily translate into frequent or intensive public transport 

use (433,435). Together, these behavioural and structural factors plausibly explain why 

accessibility measures alone accounted for only a small proportion (low marginal R² values and 

high ICCs) of the observed variability in bus ridership in this study. 

An additional feature of the results was the notable difference between the unadjusted and 

adjusted models for home-based accessibility to bus stops. While the unadjusted model showed 

little evidence of an association with ridership behaviour, the association became considerably 

stronger after adjusting for socio-demographic covariates and interaction terms. This pattern 

suggests that the relationship between accessibility and bus ridership may have been obscured 

by participant characteristics associated with both accessibility and travel behaviour. In 

particular, work status, neighbourhood residency duration, and their interactions with 

accessibility appeared to alter the estimated association, indicating that accessibility–ridership 

relationships may differ across population subgroups. Although the present analysis was not 

designed to formally distinguish between confounding and suppression effects, this result 

highlights the importance of accounting for individual circumstances when examining 

associations between accessibility and public transport use. 

Contrary to established �indings in the literature (208,436,437), a negative association emerged 

between home-based accessibility to bus stops and ridership, suggesting that higher local stop 

density may sometimes be associated with lower use. This pattern may re�lect the complex 

interplay between built environment characteristics and travel behaviour. Areas with dense bus 

stop coverage are often centrally located and highly walkable, where short distances and 

pedestrian-friendly infrastructure make walking or cycling more attractive alternatives to public 

transport. At the same time, high stop density does not necessarily equate to ef�icient or reliable 

service. Closely spaced stops can contribute to slower travel times and reduced schedule 

adherence, particularly in cities with mixed-traf�ic operations or limited bus prioritisation (438). 

Recent evidence from Auckland’s bus network illustrates this point. Despite abundant stops and 

frequent services, Auckland’s buses often experience delays exceeding 30 minutes and frequent 

cancellations (439,440). Furthermore, of�icial performance metrics, measuring punctuality only 
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at initial stops and excluding missed services, often obscure commuters’ real-world experiences, 

ultimately undermining trust (441). Thus, high stop density does not ensure attractive services if 

operational performance remains poor, potentially prompting continued reliance on private 

transport. 

The above discussion is further supported by the positive interaction between home-based 

accessibility to bus stops and work status in relation to ridership behaviour. The �indings suggest 

that the association between home-based accessibility to bus stops and bus ridership differed 

between employed and unemployed participants. This may re�lect the greater temporal �lexibility 

afforded to those outside the workforce, allowing them to adapt more easily to longer travel times 

or less reliable services (442). It is also possible that unemployed individuals, due to lower 

incomes or limited access to private vehicles, are effectively captive users of public transport, 

regardless of its quality or availability (443). In both cases, these patterns may re�lect greater 

adaptability to service conditions or fewer viable transport alternatives. One possible explanation 

is that employed individuals, who often face rigid schedules and time constraints, may experience 

accessibility and service conditions differently from unemployed participants. However, the 

mechanisms underlying these differences cannot be determined from the present study. 

Destination-based accessibility showed a distinct pattern of association with bus use, moderated 

by how long individuals had lived in their neighbourhood. Speci�ically, its association with bus 

ridership was signi�icant only among newer residents, with no comparable effects for home- or 

origin-based measures. This asymmetry may re�lect the fact that home and trip origin 

environments are typically more familiar and habitually navigated, which limits the behavioural 

in�luence of accessibility in those spaces, regardless of how long someone has lived there 

(358,435,444). In contrast, destination environments, such as workplaces, service centres, or 

recreational facilities, are often more varied and purpose-driven, making accessibility at these 

locations more behaviourally salient, particularly for newer residents. While such variability 

exists for all individuals, long-term residents are more likely to rely on established travel routines, 

reducing their sensitivity to contextual differences. Relocation, by contrast, disrupts these habits 

and creates a period of behavioural �lexibility, during which destination accessibility can more 

strongly relate to travel choices (357,445,446).  Newer residents may also be more likely to be 

employed and still forming commute patterns, making accessibility at destinations especially 

salient during this period of adjustment (445). 

Taken together, these �indings highlight the limitations of relying on static, home-based 

accessibility measures as proxies for public transport use. More broadly, they suggest that 

accessibility alone may be insuf�icient to explain ridership behaviour. Engagement with public 
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transport depends not only on spatial proximity, but also on behavioural context, �lexibility of 

routines, service quality, and the purpose and variability of destinations. 

Limitations and future research 

This study has several limitations. First, identifying bus trips involved segmenting travel episodes 

using GPS and accelerometer data, where uninterrupted movement exceeding three minutes of 

stationary time was classi�ied as a distinct trip segment. These segments were merged when the 

temporal gap was less than two hours and the spatial separation was less than 50 metres, 

assuming these represented continuous travel episodes. However, this merging may have 

combined distinct trip segments involving different travel modes (e.g., walking, bus, private 

vehicle). Trips were subsequently classi�ied as bus trips if the merged trajectory overlapped with 

a bus route by at least 70%. In cases where walking, cycling, or private vehicle segments followed 

a bus corridor or occurred near bus infrastructure, this classi�ication rule may have resulted in 

mislabelled trips. Because buses and private vehicles in Auckland’s mixed-traf�ic environment 

often travel at very similar speeds, speed data alone were not suf�icient to distinguish between 

these modes. As a result, the measure of bus use may overstate actual ridership by including some 

non-bus trips that met the spatial overlap threshold. This binary outcome may also obscure mode-

speci�ic associations, as non-bus trips include walking, cycling, and private vehicle trips, which 

may respond differently to accessibility factors. Future research could enhance accuracy by 

integrating real-time public transport data with timestamped GPS trajectories or supplementing 

data with travel diaries, or machine learning models trained on labelled mode data. These 

approaches would help distinguish between bus and private vehicle trips that share the same 

corridors and speed pro�iles, which are dif�icult to separate using GPS data alone. 

Second, although this study advances existing literature by capturing a broader spectrum of real-

world trip destinations and evaluating accessibility across multiple spatial anchors, it is limited 

by the absence of explicit trip-purpose data and conceptual ambiguity regarding anchor roles. For 

instance, when trips start at home, home-based and origin-based accessibility measures coincide; 

similarly, when returning home, destination-based and home-based accessibility overlap. These 

cases complicate efforts to differentiate distinct behavioural associations. While this research 

extends beyond the conventional focus on commuting to workplaces, future studies could 

enhance interpretability by explicitly collecting trip-purpose data, or by incorporating additional 

context related to activity type, directionality, and trip purpose segmentation.  

Third, this study measured accessibility to bus stops based solely on their spatial proximity, 

without incorporating service frequency. As a result, the measure does not distinguish between 

stops with frequent and reliable services and those with infrequent or unreliable ones. While this 
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spatial approach is common, it may oversimplify accessibility in contexts where service frequency 

is an important characteristic associated with stop attractiveness. The road network used to 

generate accessibility metrics also excluded informal pedestrian shortcuts and pedestrian-only 

paths, potentially underestimating actual pedestrian access. Moreover, because of�icially reported 

data often re�lect scheduled rather than real-time operations (e.g., GTFS-static feeds), they fail to 

capture delays, cancellations, and day-to-day variability. Future research should therefore 

incorporate real-time operational data, such as automatic vehicle location (AVL) feeds or GTFS 

Realtime (447,448), to better represent service frequency and reliability. Combining such service-

based measures with comprehensive pedestrian network data would allow more accurate and 

realistic assessments of accessibility to public transport. 

Another limitation is that the analysis focused speci�ically on accessibility to bus stops and did 

not explicitly account for accessibility by competing travel modes, such as walking, cycling, or 

private vehicles. Although accessibility to bus stops was calculated using the pedestrian road 

network and therefore incorporated the ability to walk to transit infrastructure, broader 

accessibility conditions associated with other travel modes were not examined. Because travel 

modes often compete with one another, accessibility associated with one mode may in�luence the 

use of others. Future studies could simultaneously examine accessibility across multiple travel 

modes to better understand their relative associations with public transport ridership. 

Finally, the models in this study did not explicitly incorporate individual-level factors known to 

in�luence travel behaviour, such as neighbourhood self-selection and psychological constructs 

(e.g., attitudes toward public transport, perceived service quality, and habitual travel 

preferences). The absence of these factors represents a limitation, as they may confound or 

mediate the associations between accessibility and ridership observed here. Future research 

leveraging high-resolution behavioural data (e.g., GPS and accelerometer data) should explicitly 

integrate targeted surveys to measure residential-choice motivations and psychological 

associates of transport mode choice. Doing so would enhance both the explanatory power and 

interpretability of �indings. 

Policy implications 

The �indings of this study suggest that simply increasing proximity to bus stops does not 

necessarily translate into higher ridership. Instead, other factors may also be important correlates 

of travel behaviour, highlighting the need to consider service quality and individual-level 

characteristics alongside spatial accessibility. In the Auckland context, higher home-based bus 

stop density was associated with lower bus use. Although this study did not account for key 

factors such as travel time, service quality, or operational ef�iciency, one plausible explanation is 
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that an overly dense stop network may coincide with slower or less reliable services, particularly 

for individuals with rigid time constraints. These interpretations are necessarily speculative and 

underscore the need for further empirical investigation. Nonetheless, the �indings suggest that 

transport policy could bene�it from considering not only the quantity but also the spatial 

con�iguration of public transport infrastructure, including the acceptable walking distances for 

accessing services, when seeking to improve public transport use.  

The results underscore the importance of aligning bus service design with the differing time 

constraints and travel resources of user groups. Employed individuals in this study were more 

sensitive to home-based accessibility, which may re�lect their need for predictable and time-

ef�icient travel. For employment-dense residential areas, this suggests that services could 

prioritise peak-hour frequency, reduced wait times, and reliable schedules. By contrast, 

unemployed or part-time populations, who may have greater temporal �lexibility but also face 

lower incomes and limited access to private vehicles, might bene�it more from broad spatial 

coverage and affordable off-peak services. Tailoring service provision to these differentiated 

needs could help mitigate transport disadvantage among vulnerable groups. 

Although the association between destination-based accessibility and bus use in relation to 

residency duration warrants further investigation, it may have implications for transport 

planning in areas experiencing high residential turnover. Recent movers, who may be younger, 

more likely to be employed, or living in public housing managed by Kāinga Ora (the New Zealand 

government agency responsible for public housing and urban development), appeared more 

likely to use the bus when their destinations were well served by public transport. While the 

underlying mechanisms remain uncertain, this pattern suggests that ensuring strong public 

transport connectivity around key destinations such as employment hubs and community 

services may be particularly important for supporting mobility during periods of residential 

adjustment. Policies aimed at improving accessibility in such contexts may help facilitate public 

transport use among populations undergoing transition. 

Altogether, these �indings highlight the complexity of accessibility-ridership relationships and 

suggest that accessibility alone may not be suf�icient to explain variation in public transport use. 

Given the observational nature of the study and the potential in�luence of unmeasured 

confounding factors, the �indings should be interpreted cautiously. Future research would bene�it 

from study designs that more explicitly account for competing explanations, including service 

quality, residential self-selection, and accessibility associated with other travel modes. Such work 

would help clarify the extent to which accessibility is associated with public transport use and 

inform the development of more comprehensive measures of accessibility. 
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Chapter 5. Is all access equal? Examining how domain-speci�ic 

accessibility measures correlate with shared e-scooter trip �lows 

 

Preface 

The previous chapters examined walking and public transport as two established pathways for 

reducing car dependency. The following two studies shift focus to micromobility, investigating 

how emerging modes can be more effectively integrated into sustainable urban mobility systems. 

Despite rapidly expanding literature on shared micromobility services, empirical evidence 

remains limited regarding how speci�ic built environment characteristics at trip origins and 

destinations are associated with usage patterns for shared e-scooters. Employing a gravity-based 

origin–destination framework, this study provides nuanced insights into how domain-speci�ic 

accessibility measures at both ends of a trip are associated with trip generation within a 

predominantly car-dependent urban context. This manuscript has been submitted for 

publication. The data-sharing agreement under which the data were received from a service 

provider in Auckland is presented in Appendix B. 
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Abstract 

Shared e-scooters are increasingly integral to sustainable urban mobility networks, yet the spatial 

factors underlying their demand remain context-speci�ic and insuf�iciently understood. Existing 

research often relies on aggregate land-use proxies or predictive models, limiting interpretability 

for policy and planning. This study addresses these gaps by examining associations between 

domain-speci�ic accessibility and shared e-scooter usage in Auckland, New Zealand. Drawing on 

57,842 origin–destination trip pairs recorded over a 14-month period, we applied a gravity-based 

negative binomial model to assess trip volumes in relation to accessibility to public transport, 

recreational areas, shopping centres, education facilities, and environmental “bads” (e.g., alcohol 

and fast-food outlets), along with network-based trip length, socio-economic indicators, and 

weather attributes. Results reveal pronounced distance-decay effects consistent with the short-

range nature of e-scooter travel. Higher trip volumes were observed in areas with greater 

accessibility to public transport and recreational amenities, indicating a spatial alignment 

between micromobility use and leisure or multimodal transport nodes. In contrast, lower usage 

was associated with greater accessibility to shopping and education facilities, higher exposure to 

environmental “bads,” elevated car ownership, and increased deprivation. These spatial 

disparities underscore the associations of urban form and local context with shared 

micromobility patterns and highlight the need for equity-oriented planning in sustainable 

transport systems. 
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Introduction 

Shared electric scooters (e-scooters) have rapidly emerged as a de�ining feature of contemporary 

urban transport systems, offering �lexible, on-demand, and low-emission mobility solutions for 

short-distance travel. Their compact design, electric propulsion, and relatively high travel speed 

make them a time-ef�icient and less physically demanding options for short trips. These attributes 

have contributed to a sharp increase in global ridership (39,224–228). In New Zealand, 

approximately 28.6 million micromobility trips have been recorded since their introduction in 

late 2018, with nearly 28 million trips undertaken on shared e-scooters, underscoring their 

dominance in a small, car-dependent transport market (449). Similar patterns are evident in 

North America, where systems in the United States and Canada collectively logged 157 million 

trips in 2023, with shared e-scooters accounting for nearly half (449,450). In Europe, the sector 

has expanded even more dramatically, with over 268 million shared micromobility trips recorded 

across 515 cities in 24 countries in 2022, 240 million of which were made on shared e-scooters 

(451). This surge in adoption, particularly in dense urban centres, highlights the growing role of 

shared micromobility in global efforts to promote more sustainable and equitable transport 

systems. In this context, understanding the factors associated with e-scooter use has become 

increasingly important.  

A growing body of research on shared e-scooters has examined travel behaviour, safety concerns, 

and environmental impacts (72,276,452–459). Studies of travel behaviour suggest that shared e-

scooters can meet short-trip mobility demands in central urban areas, facilitating access to 

destinations such as university campuses, shopping centres, restaurants, and parks in dense, 

mixed-use settings (20,72,460). Evidence from transatlantic contexts often associates e-scooter 

use with leisure and tourism, particularly during warmer seasons, while others highlight more 

utilitarian purposes, including errands and social visits (20,276,277,279,455,461,462). In 

contrast, early survey data from New Zealand reveal a stronger emphasis on commuting-oriented 

trips (234). Overall, the literature indicates that shared e-scooter use is associated not only with 

individual travel needs but also by the surrounding built-environment context, with higher usage 

frequencies observed in central areas where infrastructure and activity density support short-

distance travel (256,259,274,463). This spatial concentration, while consistent with the short-trip 

nature of e-scooter travel, may also re�lect uneven service provision, raising concerns that shared 

e-scooter systems could perpetuate rather than mitigate existing transport inequities. 

Advancing equitable micromobility infrastructure and policy requires analytical tools that reveal 

the spatial mechanics of demand, enabling planners to identify both high-demand zones and 

systematically underserved areas (464). Gravity-based origin–destination (OD) approaches, long 

established in transport research and planning, capture �lows between origins and destinations 
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and elucidate how land use and urban form are associated with usage patterns (20,53,54,465–

469). These models typically represent �lows as increasing with the “mass” of origins and 

destinations, often proxied by population, land use, or service opportunities, and decreasing with 

the impedance of separation, such as distance, cost, or time (470,471). This balance between 

attraction and friction gives rise to the well-documented distance-decay pattern in travel 

behaviour. Yet despite their potential, OD models have rarely been applied to shared e-scooter 

systems. A notable exception is the work of Karimpour and colleagues (20), who employed a 

gravity-inspired random forest model to analyse e-scooter trip �lows. Their �indings revealed a 

strong distance-decay effect and showed that trip volumes were highest in areas with strong 

production and attraction capacities, particularly in retail and entertainment districts. However, 

the absence of coef�icient estimates in machine learning methods, commonly employed in prior 

studies, limited the interpretability of their �indings (460). These insights highlight the 

importance of OD approaches that combine advanced spatial modelling with interpretable 

frameworks to inform equitable service allocation and support sustainable micromobility 

planning. 

Accessibility, conceived as the ease of reaching nearby services and amenities, is a fundamental 

correlate of OD �lows and thus central to the explanatory capacity of gravity-based models 

(21,310). Notwithstanding its central role, micromobility research often relies on coarse proxies 

of accessibility, such as relative location within the urban hierarchy (e.g., distance from the city 

centre) or aggregate measures of land-use diversity (e.g., see (72,274)). While such measures 

capture macro-level spatial structure, they provide limited insight into how access to speci�ic 

destinations aligns with observed travel patterns. Collapsing different forms of accessibility into 

a composite index, for example, combining access to public transport, employment, recreation, 

and nightlife, can obscure their distinct associations. The positive effect of one domain may be 

diluted or masked by the contrasting effect of another, reducing the clarity and validity of the 

results. Recent work has begun to consider accessibility to particular amenities, such as 

restaurants or museums, and has shown differentiated effects on e-scooter use patterns (20). 

However, such studies remain scarce, particularly for shared e-scooter systems, highlighting the 

importance of investigating how usage patterns are shaped by disaggregated, domain-speci�ic 

dimensions of accessibility. 

Auckland, New Zealand, offers a compelling context to address these gaps. As one of the most 

automobile-dependent metropolitan regions globally among cities of comparable size, it is 

marked by the predominance of private vehicle travel and persistently low uptake of alternative 

modes (56,57). In an effort to confront these systemic mobility challenges, Auckland Council and 

Auckland Transport launched a pilot e-scooter scheme in late 2018 to test the potential of shared 
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micromobility for reducing car dependence and facilitating modal shift (472,473). The 

programme observed rapid uptake, with more than 40,000 trips recorded in the �irst week alone 

and annual ridership increasing to approximately two million trips (59,60). Despite this growth, 

more than 80% of Aucklanders continue to rely on private vehicles for their daily travel (58). This 

paradox of high initial adoption amidst enduring car dependence raises critical questions about 

how shared e-scooter systems are being used, by whom, and in which parts of the city. 

Understanding the spatial distribution of demand, and the extent to which it aligns with or 

diverges from existing accessibility and socio-economic patterns, is vital for evaluating the 

potential of shared micromobility to support a meaningful modal shift in cities such as Auckland. 

Without such insight, there is a risk that shared e-scooter systems remain concentrated in already 

well-served, high-amenity areas, thereby constraining their contribution to broader goals of 

transport equity and sustainability. 

Accordingly, the primary motivation of this study is to contribute to the knowledge base on the 

sustainable and inclusive deployment of shared e-scooters in an Asia–Paci�ic context by: 

• Incorporating �ine-grained, domain-speci�ic accessibility measures, allowing 

policymakers to assess how different urban amenities are associated with shared 

micromobility use beyond what aggregate proxies can capture. 

• Applying a gravity-inspired negative binomial model to OD patterns of shared e-scooter 

trips, providing a transferable analytical tool for evaluating spatial demand and informing 

deployment strategies. 

Altogether, these contributions generate empirical evidence on distance-decay patterns, land-use 

relationships, and equity-related disparities in a highly car-dependent city, while introducing a 

transferable, data-driven framework to support equitable micromobility planning. 

Methods and materials 

This section outlines the methodological framework for analysing spatial patterns of shared e-

scooter demand in Auckland, New Zealand. It describes the study area, data, and analytical 

procedures employed to construct OD trip matrices. A gravity-inspired generalised linear model 

(GLM) with a negative binomial speci�ication is then introduced to assess how domain-speci�ic 

accessibility measures, socio-economic context, and weather conditions are associated with trip 

volumes. Figure 5-1 summarises the work�low, showing data inputs, processing steps, and the 

estimation of the gravity-based negative binomial model. 
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Study area 

This study was conducted in Auckland (Figure 5-2), the largest and most populous city in New 

Zealand, with an estimated population of 1.76 million in 2023 (62). As shown in Figure 5-2, the 

population is predominantly concentrated in the central parts of Auckland, where administrative 

areas are smaller in size, re�lecting higher population density. Auckland is characterised by a 

highly urbanised environment, substantial suburban sprawl, and a reliance on private motor 

vehicles, alongside recent investments in micromobility infrastructure such as cycleways and e-

scooter sharing schemes (474). The city’s varied urban form and transport network make it a 

relevant context for examining relationships between urban form, socio-economic conditions, and 

shared micromobility use. 

 

 

 

 

 

Figure 5-1. Methodological work�low of this study 
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Study data 

For this study, e-scooter trip records were obtained from a shared micromobility operator, 

covering trips undertaken in Auckland, New Zealand, between 1 April 2023 and 31 May 2024. The 

dataset includes origin and destination coordinates, as well as timestamp information for each e-

scooter trip. The micromobility operator provided access to the trip data but had no role in the 

study design, data analysis, interpretation of �indings, or preparation of the thesis. Although the 

data-sharing agreement permitted the operator to review outputs prior to publication, it had no 

in�luence over the analyses, results, or conclusions presented in this thesis. 

The walkability-based accessibility index used in this study was originally developed for urban 

areas in New Zealand. It captures accessibility to a range of destinations, including education, 

public transport, recreational amenities, shopping facilities, and facilities such as fast-food and 

alcohol outlets that are labelled as environmental “bads”. The original index ranks domain-speci�ic 

accessibility in urban areas at the SA1 level, from 1 (highest accessibility) to 21,508 (lowest 

accessibility). SA1s are New Zealand’s smallest statistical geography (approximately 100–200 

residents), offering �ine spatial granularity while preserving individual privacy (475). Detailed 

information on the construction of the index is available elsewhere (349).  

To capture the socio-economic context, we incorporated NZDep2023, developed by the University 

of Otago, and car ownership data (mean number of vehicles per household at the SA1 level) from 

the 2023 New Zealand Census (476). NZDep2023 is the New Zealand Index of Socioeconomic 

Population-based 

administrative boundaries 

Figure 5-2. Study area – Auckland, New Zealand 
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Deprivation, a small-area measure constructed using 2023 Census data. It combines eight 

dimensions of deprivation, including communication, income, employment, education, home 

ownership, access to support, living space, and housing condition, to assign a deprivation score to 

each SA1. These scores are ranked into deciles, with decile 1 representing the least deprived areas 

and decile 10 the most deprived. The index measures area-level deprivation rather than individual 

or household circumstances and is widely used in public health and urban planning to identify 

and address social inequalities (477). 

Weather conditions were also incorporated into the analysis using temperature data from the 

Auckland Airport meteorological station, sourced via Meteostat (478). Although temperatures in 

Auckland are generally mild, this variable was retained to facilitate comparability with the 

international literature. Precipitation data were obtained from NIWA, based on records from the 

Raoul Island meteorological station (479). Humidity data contained substantial missing values 

and were therefore excluded from the analysis. 

Data processing 

Trip origin and destination coordinates were �irst spatially matched to SA1 polygons using ArcGIS 

Pro (version 3.5.2). Then, to estimate travel distances between trip origins and destinations, a 

Python-based geospatial analysis pipeline was developed (Appendix D), leveraging 

OpenStreetMap (OSM) road network data. The bikeable road network for Auckland, New Zealand, 

was retrieved and projected using the osmnx library, forming the basis for network-based trip 

distance calculations. Origin and destination coordinates were geospatially matched to the 

nearest nodes on the OSM network using a Haversine-based nearest-neighbour search, which 

estimates great-circle distances between points on the Earth's surface based on latitude and 

longitude (480). Shortest-path distances between these nodes were computed via networkx, with 

edge weights corresponding to the physical lengths of road segments. To reduce noise arising 

from GPS error and implausible routing, trips were �iltered to include only those with network-

based lengths between 200 metres and 5,000 metres, following established best practices 

(481,482). 

Area-level accessibility indices (i.e., accessibility to education, recreation areas, shopping 

facilities, public transport, environmental “bads”), socio-economic covariates (i.e., NZDep2023 

and vehicle ownership), and weather attributes (i.e., temperature and precipitation) were linked 

to both trip origins and destinations via SA1 codes. Trips were aggregated into a directional OD 

matrix at the SA1 level, with each OD pair representing trips from a speci�ic origin SA1 to a speci�ic 

destination SA1. For each directional OD pair, the total number of trips was calculated, along with 

the mean values of trip-level attributes, including network-based trip distance, temperature, and 
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precipitation, across all trips between that origin and destination. To provide a clearer 

visualisation of e-scooter trip activity across SA1s, Figure 5-3 presents total trip generation 

(Figure 5-3a) and trip attraction (Figure 5-3b). As shown, most trips originated and ended in 

central SA1s. 

 

To reduce skewness, the accessibility indices were reversed and log-transformed, such that a 

value of ln(1) = 0 represented the lowest accessibility and ln(21,508) = 9.97 represented the 

highest accessibility to neighbourhood facilities. The network-based trip distance was also log-

Trips attracted 

(a) 

(b) 

Trips generated 

Figure 5-3. Travel demand patterns; (a): Trip origins, (b): Trip destinations 
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transformed for analysis. To enhance interpretability, all variables were standardised, including 

trip length, accessibility indices, weather attributes, and socio-economic characteristics. 

Statistical modelling 

All analyses were conducted using RStudio (version 2025.5.0.496). Given that machine learning 

models (e.g., random forest) are primarily predictive and do not provide interpretable coef�icient 

estimates, we employed a negative binomial generalised linear model (GLM) within a gravity 

modelling framework to examine the association between walking accessibility and shared e-

scooter trip volumes (Eq. 5-1). The negative binomial speci�ication was selected both for its ability 

to produce interpretable coef�icients and to appropriately account for overdispersion in trip count 

data (20). Within this framework, total trip demand (trip count) is modelled as a function of the 

attractiveness (e.g., accessibility) of both the origin and the destination, as well as the distance (or 

cost) between them. The expectation is that the attractiveness of an origin and destination is 

positively associated with trip count, whereas cost is negatively associated. The model was 

estimated using only OD pairs with at least one observed trip, thereby focusing on variation in 

trip volume conditional on trip presence. Estimation was undertaken via maximum likelihood, 

with initial values generated from a Poisson GLM and �inal estimates obtained using the glm.nb 

function in the MASS package. 

Formally, let 𝑦𝑦𝑖𝑖𝑖𝑖  denote the number of trips from origin 𝑖𝑖 to destination 𝑗𝑗. We assume 

𝒚𝒚𝒊𝒊𝒊𝒊  ∼  𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵 �𝝁𝝁𝒊𝒊𝒊𝒊,𝜶𝜶�,               𝒍𝒍𝒍𝒍𝒍𝒍 𝝁𝝁𝒊𝒊𝒊𝒊  =  𝜷𝜷𝟎𝟎  +  𝜷𝜷𝟏𝟏 𝒙𝒙𝟏𝟏,𝒊𝒊𝒊𝒊 + 𝜷𝜷𝟐𝟐𝒙𝒙𝟐𝟐,𝒊𝒊𝒊𝒊  +  ⋯  +  𝜷𝜷𝒑𝒑𝒙𝒙𝒑𝒑,𝒊𝒊𝒊𝒊            (Eq. 5-1) 

where 𝜇𝜇𝑖𝑖𝑖𝑖 = 𝔼𝔼[𝑦𝑦𝑖𝑖𝑖𝑖], 𝛼𝛼 is the overdispersion parameter, and 𝑥𝑥𝑘𝑘,𝑖𝑖𝑖𝑖 denotes explanatory variables. 

The dependent variable was the number of trips per OD pair at the SA1 level. The independent 

variables included in the analysis were the accessibility scores for education facilities, recreation 

zones, shopping centres, public transport services, and environmental “bads” (each measured 

separately for the origin and destination SA1s). The number of vehicles per household and the 

NZDep2023 deprivation index were also included for both the origin and destination zones. In 

addition, the mean network-based trip distance, mean trip-level temperature, and mean trip-level 

precipitation for each OD pair were speci�ied as independent variables. 

To assess the impact of in�luential observations, Cook’s distance was calculated for all OD pairs in 

the z-standardised negative binomial model. A conservative threshold of 4/n (where n is the 

number of OD pairs) was applied, corresponding to a cutoff of 5.77 × 10⁻⁵ in this study (483). OD 

pairs exceeding this threshold were excluded from the analyses to improve model �it. As a 

sensitivity analysis, the results based on the full sample, prior to the exclusion of in�luential OD 

pairs, are reported in Appendix C, whereas the trimmed-sample model formed the basis of the 
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main analyses. To examine whether origin and destination characteristics differed meaningfully, 

Pearson correlation coef�icients between origin and destination values were also calculated. 

Model estimates are presented as incidence rate ratios (IRRs) with 95% con�idence intervals 

(CIs), obtained by exponentiating the estimated coef�icients. 

Results 

Descriptive statistics 

Out of 478,028 trips, 60,014 valid OD pairs were retained after data cleaning and �iltering. After 

excluding OD pairs exceeding the Cook’s distance threshold, 57,842 OD pairs remained for the 

analysis. Figure 5-4 illustrates how shared e-scooter usage �luctuates throughout the day. Distinct 

morning and evening peaks are evident on weekdays, whereas weekend patterns are 

characterised by later starts and higher evening activity. 

 
Table 5-1 provides descriptive statistics for key variables used in the analysis of OD pairs. The 

average number of trips per OD pair was 6.90 (SD = 61.02), re�lecting substantial variability in 

trip frequencies across OD pairs, consistent with the high dispersion addressed in the subsequent 
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Hour of the day 
Figure 5-4. Average hourly distribution of e-scooter trips 
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modelling. The mean inter-SA1 network-based trip distance was 1.67 km (SD = 1.05), consistent 

with typical shared e-scooter trip lengths. 

Accessibility scores were generally balanced between origins and destinations, with higher scores 

(maximum = 9.97) indicating greater access and lower scores (minimum = 0) indicating poorer 

access. Among the �ive domains, the highest average accessibility was observed for recreation, 

with a mean of 9.66 (SD = 0.41) at origins and 9.64 (SD = 0.42) at destinations. Accessibility to 

shopping, education, and environmental “bads” was also relatively high, while public transport 

accessibility showed the lowest average scores, with a mean of 5.79 (SD = 4.21) at origins and 

5.63 (SD = 4.24) at destinations. Notably, Pearson correlation coef�icients between origin and 

destination scores were generally low to moderate, suggesting that each end of a trip captures 

distinct contextual conditions rather than mirrored characteristics. 

Socio-economic characteristics also showed minimal divergence across trip ends. Vehicle 

ownership per household averaged 1.39 (SD = 0.59) at origins and 1.42 (SD = 0.59) at 

destinations. The NZDep2023 had mean values of 5.26 (SD = 2.60) and 5.20 (SD = 2.61), 

respectively (i.e., mid-range deprivation). Lastly, the average temperature across OD pairs was 

17.26 °C (SD = 3.56), while mean precipitation was 3.12 mm/day (SD = 8.29). 

 

Table 5-1. Descriptive statistics for the study data 
Variables Mean (SD) 
Trip count per OD pair 6.9 (61.02) 
Trip distance (km) per OD pair 1.67 (1.05) 
Education accessibility (log rank)  
Origin 9.58 (0.51) 
Destination 9.57 (0.51) 
Recreation accessibility (log rank)  
Origin 9.66 (0.41) 
Destination 9.64 (0.42) 
Shopping accessibility (log rank)  
Origin 9.60 (0.45) 
Destination 9.59 (0.46) 
Public transport accessibility (log rank)  
Origin 5.79 (4.21) 
Destination 5.63 (4.24) 
Environmental bads accessibility (log rank)  
Origin 8.30 (0.94) 
Destination 8.34 (0.92) 
Vehicles per household  
Origin 1.39 (0.59) 
Destination 1.42 (0.59) 
NZDep2023  
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Table 5-1. Descriptive statistics for the study data 
Variables Mean (SD) 
Origin 5.26 (2.60) 
Destination 5.20 (2.61) 
Temperature (°C) per OD pair 17.26 (3.56) 
Precipitation (mm) per OD pair 3.12 (8.29) 

 

Negative binomial model results 

Table 5-2 reports the estimated associations between the predictors and e-scooter trip volumes, 

derived from the negative binomial regression model. Trip volumes were signi�icantly lower for 

OD pairs with longer network distance. A one-standard-deviation (SD) increase in log-

transformed distance, approximately equivalent to 0.8 km, was associated with a 32% decrease in 

expected trip count (IRR = 0.676; 95% CI: 0.671–0.682), representing the strongest association 

in the model. 

Domain-speci�ic accessibility measures at both trip ends were signi�icantly associated with e-

scooter use. Accessibility to recreation facilities and public transport showed consistent positive 

associations across both origins and destinations. For instance, a one-SD increase in log-

transformed public transport accessibility, approximately equivalent to 69 ranks on the original 

1–21,508 accessibility scale, at the destination was associated with a 6% increase in trip volume 

(IRR = 1.060; 95% CI: 1.050–1.070). Recreation accessibility at the origin showed an association 

of comparable magnitude, where a one-SD increase, roughly one rank on the original scale, was 

associated with a 5% increase in trip volume (IRR = 1.050; 95% CI: 1.040–1.070). 

Conversely, accessibility to environmental “bads” was negatively associated with trip volumes. At 

the destination, a one-SD increase in log-transformed accessibility, equivalent to roughly three 

ranks on the original scale, was associated with a 23% reduction in trip count (IRR = 0.773; 95% 

CI: 0.763–0.784). Negative associations were also observed for education and shopping 

accessibility. For education, a one-SD increase, approximately two ranks on the original scale, was 

associated with a 6.5% reduction in trip volumes at the origin (IRR = 0.935; 95% CI: 0.924–0.947) 

and a 4.2% reduction at the destination (IRR = 0.958; 95% CI: 0.946–0.971). For shopping 

accessibility, the corresponding decreases were 4% at the origin (IRR = 0.960; 95% CI: 0.946–

0.975) and 7.6% at the destination (IRR = 0.924; 95% CI: 0.910–0.938). 

Among socio-economic indicators, both vehicle ownership and area-level deprivation were 

inversely associated with e-scooter use. For example, higher vehicle ownership at the origin was 

associated with a 23% decrease in the expected e-scooter trip count (IRR = 0.770; 95% CI: 0.760–

0.780). Similarly, a one-SD increase in deprivation at the origin (approximately 2.6 ranks on the 
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1–10 NZDep2023 index scale) corresponded to a 9% reduction in trip volume (IRR = 0.911; 95% 

CI: 0.901–0.920). 

Finally, temperature was not signi�icantly associated with e-scooter trip use (IRR = 0.996; 95% 

CI: 0.987–1.000; p = 0.292), suggesting limited sensitivity to temperature �luctuations within the 

study context. However, precipitation showed a small but signi�icant negative association: a one-

SD increase in rainfall (≈8.3 mm) was linked to a 3% decrease in trip volume (IRR = 0.973; 95% 

CI: 0.965–0.981). 

Table 5-2. Estimated associations between accessibility and e-scooter OD trips 
Variable IRR (95% CI) Std. Error Z-value P-value 
Log distance z-score 0.676 (0.671-0.682) 0.004 -97.8 < 0.001 
Log education accessibility z-score     
Origin 0.935 (0.924–0.947) 0.006 -10.2 < 0.001 
Destination 0.958 (0.946–0.971) 0.006 -6.3 < 0.001 
Log recreation accessibility z-score     
Origin 1.050 (1.040–1.070) 0.008 6.1 < 0.001 
Destination 1.040 (1.030–1.060) 0.008 5.1 < 0.001 
Log shopping accessibility z-score     
Origin 0.960 (0.946–0.975) 0.007 -5.2 < 0.001 
Destination 0.924 (0.910–0.938) 0.007 -10.0 < 0.001 
Log public transport accessibility z-
score 

    

Origin 1.050 (1.040–1.060) 0.004 10.5 < 0.001 
Destination 1.060 (1.050–1.070) 0.004 11.7 < 0.001 
Log environmental bads 
accessibility z-score 

    

Origin 0.786 (0.776–0.796) 0.006 -36.5 < 0.001 
Destination 0.773 (0.763–0.784) 0.006 -38.7 < 0.001 
Vehicles per household z-score     
Origin 0.770 (0.760–0.780) 0.006 -39.3 < 0.001 
Destination 0.788 (0.778–0.799) 0.006 -35.9 < 0.001 
Deprivation index z-score     
Origin 0.911 (0.901–0.920) 0.005 -17.7 < 0.001 
Destination 0.919 (0.909–0.928) 0.005 -16.2 < 0.001 
Temperature z-score 0.996 (0.987–1.000) 0.004 -1.0 0.292 
Precipitation z-score 0.973 (0.965–0.981) 0.004 -6.5 < 0.001 
AIC = 224,602.9     

 

Discussion and conclusion 

This study investigated spatial patterns of shared e-scooter use in Auckland through the lens of 

OD �lows and their association with domain-speci�ic neighbourhood accessibility indices. 

Employing a directional gravity-based negative binomial model applied to a large set of trip pairs, 

the analysis provides a nuanced account of how different urban contexts generate and attract 
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shared micromobility demand. The results reveal marked asymmetries: shared e-scooter �lows 

were consistently and positively associated with access to destinations linked to discretionary 

and multimodal travel; however, accessibility to more utilitarian destinations showed inverse, and 

in some cases weaker, associations with trip generation and attraction. These spatial patterns 

were most strongly associated with trip length, which exhibited a pronounced distance-decay 

effect, and to a lesser extent, by socio-economic context, which provided important background 

but did not fully explain the spatial distribution of demand. 

Trip volumes were markedly lower for OD pairs with greater spatial separation, demonstrating a 

strong distance-decay relationship that aligns with �indings from international studies showing 

that shared e-scooters are predominantly used for short-range travel (276,484). In this study, the 

average network-based trip distance between origin and destination areas was 1.67 km, which is 

near the upper limit of what is generally considered walkable in urban planning contexts 

(12,485). This �inding suggests that shared e-scooters are most intensively used within spatial 

ranges that overlap with pedestrian travel, reinforcing their role as a mode suited for short-

distance mobility. While this analysis does not directly assess modal substitution, previous 

literature suggests that substitution patterns may depend on trip purpose and urban form. For 

instance, in leisure-oriented areas such as parks or entertainment districts, e-scooters may be 

used over distances typically associated with walking (240). In contrast, in employment-dense 

districts with higher levels of time-sensitive travel, they may substitute for short car trips, 

particularly in contexts with limited parking or roadway congestion (240,486). Although these 

interpretations remain speculative in the absence of user-level mode choice data, they underscore 

the importance of contextualising micromobility demand within the broader geography of urban 

land use and travel purpose. 

E-scooter trip volumes were signi�icantly higher between areas with greater access to public 

transport infrastructure, consistent with previous research highlighting the important role of 

transport-oriented opportunities in shared micromobility use (39,259,276). Notably, each 690-

rank increase in public transport accessibility (on the original 1–21,508 scale) was associated 

with a 60% increase in e-scooter trip volumes. This association likely re�lects the complementary 

role of e-scooters within multimodal travel systems, where they are used opportunistically as 

�irst- and last-mile connectors rather than as substitutes for transit (35,39,259). This 

interpretation is tentatively supported by recent survey data from New Zealand, where 42% of 

users with mobility impairments reported using e-scooters to connect to public transport, 

compared to 21% of non-impaired users, a disparity that could point to their enabling role for 

groups facing greater access barriers (487). At the same time, the proximity of trip clusters to 

transit services may also imply a degree of modal substitution for walking, particularly for short 
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access or egress segments (33). While such substitution may enhance convenience and system 

ef�iciency, it might also raise potential concerns regarding reduced incidental physical activity, 

with implications for transport-related health outcomes. 

The analysis also revealed a positive association with discretionary travel, particularly toward 

recreational destinations. While this aligns with �indings from studies conducted in other urban 

settings (39,256,276), it diverges from earlier survey-based research in New Zealand, which 

identi�ied commuting as the dominant trip purpose among shared e-scooter users, with 

approximately 55% of trips reported as being for work or study (234,487). This apparent shift 

may re�lect the evolving maturity of micromobility systems, alongside increased user familiarity, 

broader trip purposes, and expanded service coverage. As shared e-scooters become more 

embedded in urban mobility networks, usage patterns may diversify beyond commuting to 

encompass more �lexible, leisure-oriented behaviours (488). These �indings underscore the 

dynamic and context-sensitive nature of micromobility uptake, reinforcing the need for 

longitudinal, behavioural, and spatially resolved analyses to better understand how system roles 

and user preferences change over time. 

In contrast to the above, higher accessibility to education and shopping facilities, as well as 

proximity to environmental “bads” such as alcohol outlets and fast-food chains, was associated 

with lower shared e-scooter trip volumes. These amenity types, often embedded within car-

oriented urban forms characterised by ample parking and road capacity, may be less conducive to 

micromobility use and may coincide with greater car dependence. The particularly strong 

negative association with environmental “bads” may also re�lect behavioural and regulatory 

dynamics: although such amenities are concentrated in central locations like Queen Street and 

the Viaduct precinct, these areas are frequently subject to operational restrictions, including low-

speed limits or geofencing, which may reduce the functional appeal of shared e-scooters and, in 

turn, suppress trip activity (489,490). In addition, temporary disruptions caused by large-scale 

infrastructure projects, most notably Auckland’s City Rail Link, may also have contributed to the 

observed pattern. Survey data suggest that 54% of city-centre residents reported impeded 

walking due to construction, and nearly one-third (31%) noted disruptions to cycling or e-scooter 

use (491). These spatial and temporal constraints may partially account for the reduced trip 

volumes in otherwise accessible areas, indicating that infrastructure context, behavioural 

deterrents, and operational limitations can moderate or even override accessibility-driven 

demand. 

Patterns of shared e-scooter use also varied according to socio-economic context, albeit likely 

through different mechanisms. Areas with higher car ownership were associated with lower trip 

volumes, which may re�lect a greater reliance on private vehicles, particularly in Auckland’s outer 
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suburbs where lower density and car-oriented infrastructure could reduce the attractiveness or 

necessity of micromobility options. This pattern is broadly consistent with �indings from other 

urban settings, where higher car access has been linked to reduced adoption of shared 

micromobility services (234,492). In contrast, lower levels of shared e-scooter use were observed 

in more deprived areas. While this pattern may be consistent with barriers to micromobility 

uptake reported in previous research, including �inancial constraints and digital exclusion 

(493,494),  differences in service availability and deployment practices may also contribute to the 

observed associations. While dockless systems are often seen as offering broader geographic 

coverage, they may still fall short of serving disadvantaged communities if deployment strategies 

are guided primarily by demand potential rather than social need. Consequently, the lower usage 

observed in more deprived areas should be interpreted cautiously, as it may re�lect differences in 

demand, service provision, or a combination of both.  

Interestingly, though not unexpectedly, temperature was not a signi�icant correlate of e-scooter 

trip volumes in the Auckland context. Despite the dataset spanning more than one year, most trips 

occurred within a relatively narrow thermal band centred around 17 °C (IQR: 15–19 °C), 

suggesting minimal exposure to temperature extremes. This constrained variation likely limited 

the detectability of temperature associations, reinforcing the notion that, under consistently mild 

conditions, small thermal �luctuations may have limited association with micromobility usage. In 

contrast, precipitation exhibited a modest but statistically signi�icant negative association with 

trip volumes, indicating some reduction in demand during wetter periods. This aligns with 

�indings from other urban contexts where rainfall tends to suppress micromobility uptake by 

reducing perceived comfort and safety (278,495). However, the smaller effect observed in 

Auckland may re�lect the city’s light rainfall and users’ potential adaptation to mild wet 

conditions. These patterns highlight the context-dependent nature of weather associations with 

micromobility, though further behavioural data would be needed to con�irm these 

interpretations. 

Altogether, the �indings suggest that shared e-scooter demand in Auckland is more strongly 

associated with neighbourhood features that enable discretionary travel and multimodal access 

than with those that support routine utilitarian trips. This usage pattern implies that e-scooters 

currently serve more as opportunistic connectors, linking users to nearby leisure destinations or 

transit infrastructure, than as widespread alternatives to private vehicle use. While such 

associations may re�lect the present stage of system maturity and integration within the urban 

fabric, they also highlight structural constraints, such as dispersed land use and car-oriented 

planning, that may limit the extent to which shared micromobility can drive a broader modal shift. 

Without more supportive built environments and equitable spatial coverage, these services may 
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continue to cluster in already well-resourced areas, potentially reinforcing rather than alleviating 

transport inequities. Their long-term contribution to sustainable and inclusive mobility, 

therefore, is likely to depend on how they are integrated into the evolving geography of urban 

accessibility. 

Limitations and future directions 

These �indings should be interpreted in light of several limitations. While the study employed �ine-

grained accessibility indicators, these re�lect potential access rather than realised accessibility 

during the study period. The indices do not account for temporary constraints such as 

construction works, road closures, or service disruptions that may have limited users' actual 

ability to reach destinations. As a result, the accessibility measures capture opportunity 

structures in principle but may diverge from the conditions experienced in practice. Future 

research could address this by integrating static indicators with dynamic data, such as 

construction timelines, service interruptions, or temporary restrictions, to better capture real-

world accessibility. 

The analysis relied on aggregated origin–destination trip data to enhance statistical robustness 

and focus on spatial associates of e-scooter �lows. While this approach supports stable inferences 

at the neighbourhood level, it necessarily abstracts from temporal variability. Seasonal shifts, 

institutional calendars, and event-speci�ic �luctuations were outside the scope of analysis. Future 

work using temporally disaggregated trip records could explore these dimensions in greater 

detail and assess how short-term changes, including policy interventions or major events, 

in�luence micromobility demand. 

Another limitation relates to the potential dependence among origin–destination observations. 

Although the analysis was conducted at the OD-pair level, many observations shared the same 

origin or destination SA1s, resulting in repeated use of the same accessibility, deprivation, and 

vehicle-ownership values across multiple origin–destination pairs. Consequently, the assumption 

of fully independent observations may not have been completely satis�ied. In addition, potential 

spatial autocorrelation between neighbouring areas was not explicitly modelled. While the large 

number of origin–destination pairs provided substantial statistical power, unmodelled 

dependence may have affected standard errors and the apparent precision of some estimates. 

Future research could explore hierarchical, network-based, or spatial modelling approaches that 

explicitly account for shared origins, destinations, and spatial dependence. 

A further limitation relates to the use of trip data from a single shared micromobility operator. 

The observed trip volumes re�lect realised trips rather than underlying demand and may 

therefore be in�luenced not only by user behaviour but also by operational factors such as scooter 
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availability, �leet rebalancing practices, operating boundaries, parking restrictions, and 

geofencing policies. Because detailed �leet deployment and availability data were not available, 

these factors could not be explicitly incorporated into the analysis. Consequently, observed spatial 

differences in trip volumes may re�lect both demand-side and supply-side in�luences. Future 

research incorporating detailed operational and �leet availability data would help disentangle 

these effects. 

Although the study revealed strong spatial associations between trip volumes and neighbourhood 

characteristics, the mechanisms driving these relationships remain speculative. In particular, the 

absence of user-level or mode-choice data precludes direct inference regarding substitution 

effects or trip purposes. Future studies that combine spatial modelling with behavioural surveys 

or trip-level data would be better positioned to examine the motivations and contexts behind 

shared e-scooter use, thereby strengthening interpretations. 

Policy implications 

Shared e-scooters appear to function most effectively as short-range connectors to leisure 

destinations and public transport, particularly within urban corridors just beyond comfortable 

walking distance. For operators, this highlights the need for spatially adaptive strategies, such as 

prioritised �leet rebalancing and maintenance near high-demand recreational areas and transport 

nodes, aligned with predictable temporal and spatial patterns of use. For policymakers, 

maximising the value of shared micromobility requires integrated planning approaches, including 

dedicated parking infrastructure at key interchanges (e.g., bus or train stations), protected 

micromobility corridors, and digital platforms that embed e-scooter availability into multimodal 

trip-planning tools, such as an expanded Auckland Transport mobile app. However, this 

convenience may risk displacing active modes, particularly walking, rather than private car use. 

One potential mitigation strategy could involve using these digital tools to encourage balanced 

usage, for example through voluntary or incentivised weekly ride limits that discourage 

unnecessary substitution of walking trips. More broadly, complementary policies are needed to 

uphold the primacy of walking and cycling for short-distance travel, such as maintaining 

pedestrian-priority streets, improving footpath quality, and ensuring that active modes remain 

the most attractive and accessible option, while also investing in safe, connected micromobility 

infrastructure. 

While shared e-scooters were associated with discretionary and multimodal travel, the �indings 

also point to notable gaps in their role in necessity-based mobility. Although this study did not 

directly evaluate the structural barriers contributing to these patterns, several policy 

interventions may help address them. These include enhancing micromobility infrastructure 
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around key retail and educational destinations, maintaining continuity of safe travel routes during 

large-scale construction projects, and embedding shared e-scooters more fully within broader 

multimodal transport strategies. By addressing such contextual constraints, shared e-scooter 

systems could extend their utility beyond leisure and �irst-/last-mile connections, positioning 

them as a more viable option for routine, utilitarian travel. In doing so, they may play a greater 

role in advancing a more resilient, inclusive, and functionally diverse urban mobility system. 

The lower usage observed in high-deprivation and car-dominant neighbourhoods may re�lect 

deeper structural barriers, such as poor street connectivity, limited infrastructure, and the legacy 

of car-oriented planning, that constrain micromobility adoption. To address these disparities, 

regulators should consider implementing inclusive service obligations, including minimum 

coverage requirements for underserved areas, equity-adjusted pricing schemes, and sustained 

investment in safe, accessible infrastructure that supports micromobility use beyond the urban 

core. Where operators receive public subsidies or exclusive operating rights, such privileges 

should be conditional on demonstrable contributions to spatial equity and inclusive access. 
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Chapter 6. How accessibility relates to shared e-scooter trip length: 

Insights for sustainable micromobility deployment 

 

Preface 

The previous chapter examined how domain-speci�ic accessibility relates to e-scooter trip �lows, 

highlighting spatial factors associated with where micromobility trips occur. Continuing the third 

pathway toward reducing car dependency, this chapter shifts attention from trip counts to trip 

length, an underexplored dimension of e-scooter behaviour with important implications for 

sustainability and equity, particularly under distance-based pricing and multimodal integration. 

Addressing this gap, the next study applies an interpretable machine-learning framework (elastic 

net regression) to analyse associations between e-scooter trip length and domain-speci�ic 

accessibility measures. This manuscript is under review at Transportation Research Part D: 

Transport and Environment. The data-sharing agreement under which the data were received 

from a service provider in Auckland is presented in Appendix B. 
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Abstract 

Shared micromobility research has expanded rapidly, yet little is known about how accessibility 

to different destination types correlates with the spatial extent of e-scooter trips, limiting efforts 

to deploy these services sustainably. This study examines associations between domain-speci�ic 

accessibility and shared e-scooter trip length in Auckland, New Zealand. Using 473,096 trips, 

elastic net regression assessed how accessibility to education, recreation, shopping, public 

transport, and environmental “bads” such as alcohol outlets relates to trip distance, controlling 

for socio-economic, temporal, and weather conditions. Higher public transport accessibility at 

both trip ends is associated with shorter trips, while greater accessibility to recreation, education, 

and environmental “bads” corresponds to longer journeys. Shopping accessibility shows 

directional asymmetry: longer trips originate in retail-rich areas, whereas shorter trips end in 

them. Longer trips are also more common in more deprived areas with higher car-ownership 

levels, raising potential equity concerns. These �indings offer insights for sustainable 

micromobility deployment.  
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Introduction 

As cities pursue sustainability objectives and adopt transit-oriented development strategies, 

shared electric scooter (e-scooter) programmes, one strand of shared micromobility, have rapidly 

become integral components of urban transport systems (496). Their compact form and electric 

propulsion offer the potential to mitigate urban transport externalities, such as congestion and 

greenhouse gas emissions arising from increased motor vehicle use, particularly during peak 

periods, if they replace short car trips at a meaningful rate. However, evidence suggests that 

substitution is highly context-dependent (33,497,498).  With their predominantly dockless 

design, e-scooters offer the potential to support public transport, particularly in low-density cities 

with sparse transit services, such as those in New Zealand. They enable door-to-door travel and 

help bridge �irst- and last-mile gaps, improving accessibility and overall network ef�iciency for 

individuals with limited access to public transport (229–233). By requiring users to walk to and 

from vehicles at the beginning and end of trips, these services may also encourage short walking 

segments, complementing active travel modes (234). Although there is evidence indicating that 

e-scooters themselves do not qualify as active travel, raising concerns about reduced 

opportunities for health-enhancing movement, they can still play a valuable role in sustainable 

transport planning. When e-scooters replace short car journeys or complement public transport, 

they contribute to lower emissions and support car-free or car-lite lifestyles (228).  

However, emerging evidence highlights potential drawbacks: e-scooters may substitute for 

walking and cycling and complement car travel; for example, by enabling drivers to park farther 

from their destinations and complete the remainder of their journey by e-scooter, potentially 

reinforcing car dependency and reducing active travel (234). Their relatively high speeds, 

combined with the use of constrained pedestrian infrastructure, can disrupt walking 

environments and negatively affect pedestrians’ perceptions of safety when both modes share the 

pavement (235–237). Moreover, micromobility services may generate other adverse subjective 

well-being outcomes, including reduced autonomy when embedded within public transport trip 

chains (less control over timing and route), unpleasant social interactions (con�licts or discomfort 

in shared spaces), and stress associated with crowded pedestrian environments (overcrowding 

and competition for space) (235). These evolving dynamics, both bene�icial and adverse, 

underscore the importance of examining less-studied dimensions of travel patterns, including 

factors associated with trip length. 

In micromobility schemes, trip distance emerges as a critical yet comparatively underexamined 

dimension of travel behaviour, with direct implications for how these services function within 

broader urban mobility systems. Short-distance trips may indicate substitution for walking or 

cycling, for example as connectors to public transport. Whereas, longer trips may suggest 
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competition with private motorised modes and partial replacement of short car journeys 

(39,499). Beyond sustainability, understanding the factors associated with trip length might also 

have equity implications. Since most e-scooter pricing models charge by time or distance, longer 

trips can become disproportionately expensive compared to �lat-fare public transport, potentially 

disadvantaging users in areas where longer journeys are unavoidable. Prior research has 

provided insights on how meteorological conditions, temporal patterns, and broader economic 

dynamics are associated with shared e-scooter trip length (278,279,500). However, to inform 

urban planning and deployment strategies aimed at sustainable and equitable provision of 

micromobility services, it is vital to explore how availability of opportunities and accessibility to 

these activities (e.g., recreation, education, health) might interact with trip length. 

Neighbourhood accessibility, conceived as the ease of reaching nearby services and amenities 

from a given location (501), is consistently associated with both general travel behaviour and 

shared e-scooter usage (119,502–504). Despite its signi�icance, research on micromobility often 

depends on broad indicators of accessibility, such as the proximity to key urban areas (e.g., 

distance from the city centre) or general land-use diversity (e.g., (72,274)). While these measures 

help outline larger spatial patterns, they offer limited insight into how access to particular 

destinations correlates with travel behaviour. Moreover, combining different accessibility factors 

into a single index, such as public transport, health-related facilities, and recreational spaces, can 

obscure the unique impact of each factor (502). This blending may dilute the positive effect of one 

area or amplify the negative in�luence of another, compromising the clarity and reliability of the 

�indings. Thus, more re�ined approaches are needed to capture the nuanced relationships 

between access to speci�ic destinations and travel behaviour. By disaggregating accessibility into 

distinct domains and considering how these relate to the physical and social context, we can 

better understand the associates of micromobility use and its integration into the broader 

transport network. This more granular perspective has the potential to inform policies that align 

micromobility deployment with the accessibility needs of diverse urban populations, ensuring 

more equitable and ef�icient outcomes for users. 

Auckland, which ranks among the most car-oriented urban regions globally (505), presents a 

distinctive context for investigating the spatial and behavioural dynamics of shared micromobility 

use. Since the launch of a pilot e-scooter programme in 2018, adoption has grown to nearly two 

million trips annually, by the time of writing this study (59,60). Although this represents 

meaningful uptake given the novelty of the mode and its concentration in central areas, it remains 

modest relative to other transport modes. Aucklanders made roughly 89 million public transport 

boardings in 2024, and car travel accounts for more than 80% of trips (506,507). The per-capita 

rate of e-scooter use is slightly above one trip per person per year. This limited use highlights the 
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need for a more detailed understanding of micromobility patterns. Accordingly, this study 

endeavours to examine: (1) how accessibility to speci�ic activity domains and amenities at trip 

origins and destinations, along with weather, deprivation, and temporal attributes, are associated 

with variation in e-scooter trip length in the Auckland context; and (2) the extent to which 

domain-speci�ic accessibility measures at both trip ends, along with other covariates, predict 

shared e-scooter trip length, using an interpretable machine-learning framework. By focusing on 

Auckland, New Zealand, where empirical evidence on micromobility remains limited, this study 

provides contextual and methodological insights relevant to the local study context. 

Methods and materials 

Study area 

This study was conducted in Auckland (Figure 6-1), the largest and most populous city in New 

Zealand, with an estimated population of 1.76 million in 2023 (62). As shown in Figure 6-1, the 

population is predominantly concentrated in the central parts of Auckland, where administrative 

areas are smaller in size, re�lecting higher population density. Auckland is characterised by a 

highly urbanised environment, substantial suburban sprawl, and a reliance on private motor 

vehicles, alongside recent investments in micromobility infrastructure such as cycleways and e-

scooter sharing schemes (474). The city’s varied urban form and transport network make it a 

relevant context for examining relationships between urban form, socio-economic conditions, and 

shared micromobility use. 
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Study data 

For this study, anonymised e-scooter trip records were sourced from a shared micromobility 

provider, covering trips undertaken in Auckland, New Zealand, between 1 April 2023 and 31 May 

2024. The dataset includes origin and destination coordinates, as well as timestamp information 

for each e-scooter trip. The micromobility operator provided access to the trip data but had no 

role in the study design, data analysis, interpretation of �indings, or preparation of the thesis. 

Although the data-sharing agreement permitted the operator to review outputs prior to 

publication, it had no in�luence over the analyses, results, or conclusions presented in this thesis. 

This study employed an existing enhanced two-step �loating catchment area (E2SFCA)-based 

accessibility index that was previously developed for urban areas across New Zealand (349). The 

E2SFCA represents a well-established gravity-based approach for quantifying accessibility and 

forms part of the broader �loating catchment area (FCA) family of methods (350–352). In essence, 

these methods consider both the supply of destinations and the demand from surrounding 

populations, applying distance-decay weighting to re�lect the declining likelihood of access with 

increasing travel distance. 

The New Zealand E2SFCA index quanti�ies the relative ease with which residents can walk to a 

wide range of everyday destinations within a 30-minute walking threshold. It captures 

Population-based 
administrative boundaries 

Figure 6-1. Study area – Auckland, New Zealand 
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accessibility to a range of destinations, including education, public transport, recreational 

amenities, shopping facilities, and facilities such as fast-food and alcohol outlets that are labelled 

as environmental “bads”. The original index ranks domain-speci�ic accessibility in urban areas at 

the Statistical Area 1 (SA1) level, from 1 (highest accessibility) to 21,508 (lowest accessibility). 

SA1s are New Zealand’s smallest statistical geography (approximately 100–200 residents), 

offering �ine spatial granularity while preserving individual privacy (475). This index was adopted 

because it represents the most recent and comprehensive national dataset of accessibility 

available for New Zealand, ensuring consistency and comparability across study regions. Detailed 

methods for its construction are available elsewhere (349). 

To capture the socio-economic context, we incorporated NZDep2023, developed by the University 

of Otago, and car ownership data at the SA1 level from the 2023 New Zealand Census (476,477). 

NZDep2023 is the New Zealand Index of Socioeconomic Deprivation, a small-area measure 

constructed using 2023 Census data. It combines eight dimensions of deprivation, including 

communication, income, employment, education, home ownership, access to support, living 

space, and housing condition, to assign a deprivation score to each SA1. These scores are ranked 

into deciles, with decile 1 representing the least deprived areas and decile 10 the most deprived. 

The index measures area-level deprivation rather than individual or household circumstances 

and is widely used in public health and urban planning to identify and address social inequalities 

(477). 

Weather conditions were also incorporated into the analysis using temperature data from the 

Auckland Airport meteorological station, sourced via Meteostat (478). Although temperatures in 

Auckland are generally mild, this variable was retained to facilitate comparability with the 

international literature. Precipitation data were also obtained from NIWA, based on records from 

the Raoul Island meteorological station (479). 

Data processing 

Trip origin and destination coordinates were �irst spatially matched to SA1 polygons using ArcGIS 

Pro (version 3.5.2). Then, to estimate travel distances (in metres), a Python-based geospatial 

analysis pipeline was developed (Appendix D), leveraging OpenStreetMap (OSM) road network 

data. The bikeable road network for Auckland, New Zealand, was retrieved and projected using 

the osmnx library, forming the basis for network-based trip distance calculations. Origin and 

destination coordinates were geospatially matched to the nearest nodes on the OSM network 

using a Haversine-based nearest-neighbour search, which estimates great-circle distances 

between points on the Earth's surface based on latitude and longitude (480). Shortest-path 

distances between these nodes were computed via networkx, with edge weights corresponding to 
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the physical lengths of road segments. To reduce noise arising from GPS error and implausible 

routing, trips were �iltered to include only those with network-based lengths between 200 metres 

and 5,000 metres, following established best practices for e-scooter trips (482). 

SA1-level accessibility indices (education, recreation, shopping, public transport, and 

environmental “bads”) and socio-economic attributes (NZDep2023 and vehicle ownership) were 

assigned to both the origin and destination of each trip based on the SA1 in which each location 

was situated. 

For interpretability, the accessibility indices were reversed so that a value of 1 represented the 

lowest accessibility and 21,508 represented the highest accessibility to neighbourhood facilities. 

To reduce skewness, the reversed values were then log-transformed, such that ln(1) = 0 

represented the lowest accessibility and ln(21,508) = 9.97 represented the highest accessibility 

to neighbourhood facilities. Similarly, network-based trip distances were log-transformed to 

reduce skewness and improve model �it. Figure 6-2 summarises the methodological work�low, 

illustrating the data inputs, processing steps, and modelling approach used in this study. 

Statistical modelling 

To model variation in trip length and examine associations with accessibility, we employed Elastic 

Net regularised linear regression (via glmnet), which combines L1 (Lasso) and L2 (Ridge) 

penalties (508). This approach offers advantages over both traditional regression and more 

complex machine learning models. Compared to ordinary least squares regression, Elastic Net 

improves model robustness and predictive performance by applying regularisation, which 

mitigates over�itting and stabilises coef�icient estimates when predictors vary in scale or exhibit 

modest correlations (509). In contrast to machine learning algorithms such as random forests or 

gradient boosting, which prioritise prediction at the expense of interpretability, Elastic Net retains 

transparent, easily interpretable coef�icients that quantify the direction and magnitude of 

associations. This balance between predictive accuracy and interpretability makes Elastic Net 

Elastic net regression 

Figure 6-2. Methodological work�low of this study 
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particularly well suited for modelling e-scooter trip behaviour in relation to multidimensional 

accessibility and contextual factors. 

Following this modelling framework, the dependent variable was the log-transformed network-

based distance travelled by shared e-scooters. Independent variables comprised accessibility 

scores for education facilities, recreation zones, shopping centres, public transport services, and 

environmental “bads” such as alcohol and fast-food outlets (each measured separately for the 

origin and destination SA1s). These domains represent both bene�icial and adverse urban 

features, which may be associated differently with trip length due to their spatial distribution, 

density, and the distinct types of travel demand they typically generate (e.g., discretionary vs. 

convenience-based trips). 

Socio-economic, temporal, and weather attributes were included as covariates. Socio-economic 

indicators included the NZDep2023 index of deprivation (scaled from 1 = least deprived to 10 = 

most deprived) and the number of vehicles per household. Temporal variables were represented 

using categorical indicators for time of day (morning peak, evening peak, off-peak [reference]), 

season (warm [reference] vs cool), and day of week (weekday [reference] vs weekend). Ambient 

temperature (°C) and precipitation (mm) were entered as continuous predictors. 

The full dataset (n = 473,096 trips) was randomly partitioned into training (80%) and test (20%) 

subsets. The regularisation hyperparameter λ (lambda) was tuned via 10-fold cross-validation, 

with model performance evaluated across a sequence of α (alpha) values ∈ {0.00, 0.25, 0.50, 0.75, 

1.00}. Optimal hyperparameters were selected based on the minimum cross-validated mean 

squared error (MSE).  

To generate unbiased predictions on the original (metre) scale, Duan’s smearing estimator was 

applied to back-transform the log-transformed predictions (510). The smearing factor was 

computed as the mean of the exponentiated residuals from the training set and subsequently 

multiplied by the exponentiated model predictions to obtain corrected trip distance estimates. 

Model coef�icients were then estimated from the training data using the optimal parameter 

combination. These coef�icients were used to assess associations between accessibility, socio-

economic, temporal, and weather predictors and trip length (Aim 1). Model predictive 

performance (Aim 2) was evaluated on the test set using root mean square error (RMSE) and 

mean absolute error (MAE). All analyses were conducted in RStudio (version 2025.09.1). 
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Results 

Descriptive statistics 

Table 6-1 provides a summary of key socio-economic, temporal, and weather attributes in the 

dataset. Of the 473,096 trips recorded from 1 April 2023 to 31 May 2024, most occurred during 

off-peak hours (76.93%), with morning and evening peak periods accounting for 7.74% and 

15.33% of trips, respectively. E-scooter activity was higher during the warm season (October–

April), comprising 69.03% of all trips, compared to 30.97% during the cooler months (May–

September) in Auckland. Weekdays accounted for 71.07% of trips, while weekends represented 

28.93%. The average temperature at the time of travel was 17.12 °C (SD = 4.16), and precipitation 

averaged 3.21 mm (SD = 8.40), with a median of 0.20 mm and an interquartile range (IQR) of 2.00 

mm, indicating that most trips occurred under mild and relatively dry conditions. Socio-economic 

indicators, ranging from 1 to 10, showed moderate deprivation at trip origins and destinations, 

with mean NZDep2023 scores of 5.85 (SD = 2.43) and 5.87 (SD = 2.45), respectively. The average 

number of vehicles per household was similar across origin (0.89, SD = 0.52) and destination 

(0.90, SD = 0.54) areas, providing context for interpreting travel behaviour in relation to the built 

environment. 

To examine whether trip origins and destinations differed in their contextual characteristics, 

paired t-tests were conducted for all SA1-level variables used in the model, including accessibility, 

deprivation, and car ownership. While several comparisons were statistically signi�icant due to 

the large sample size (n = 473,096 trips), the corresponding effect sizes were negligible (Cohen’s 

d < 0.03). These results indicate that origins and destinations are statistically comparable in 

practical terms, supporting their joint inclusion as predictors in the modelling framework and 

con�irming that observed associations are not driven by contextual imbalances between origin 

and destination areas. 
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Building on the trip characteristics summarised in Table 6-1, Figure 6-3 shows the distribution of 

e-scooter trip lengths. The log-transformed data indicate that most trips cluster around one 

kilometre (exp (7)), re�lecting the short-range functionality typical of shared micromobility 

services. 

 

Table 6-1. Descriptive statistics of temporal, socio-economic, and weather attributes 
Variables n (%) Mean (SD) 
Time of day   
Off-peak 363,930 (76.93)  
Morning peak 36,640 (7.74)  
Evening peak 72,526 (15.33)  
Day of week   
Weekday  336,218 (71.07)  
Weekend 136,878 (28.93)  
Season (trip per month)   
Warm  99,295 (8,576) 
Cool  81,548 (3,926) 
NZDep2023   
Origin  5.85 (2.43) 
Destination  5.87 (2.45) 
Vehicles per household   
Origin  0.89 (0.52) 
Destination  0.90 (0.54) 
Temperature (°C)  17.12 (4.16) 
Precipitation (mm)  3.21 (8.40) 

Log(distance) 

Co
un

t 

Figure 6-3. E-scooter trip length distribution 
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To contextualise these behavioural patterns spatially, Figure 6-4 maps the distribution of e-

scooter trips across Auckland during the study period (April 2023–May 2024). Trip density is 

highest in the central business district, gradually tapering through the surrounding inner suburbs. 

 

In addition to overall trip and spatial characteristics, Table 6-2 summarises trip characteristics 

and log-transformed accessibility measures at both origins and destinations. The mean network-

based distance travelled by e-scooters was 1,076 m (SD = 745.46), consistent with the short-range 

nature of shared micromobility services. Education accessibility averaged 9.68 (SD = 0.43) at trip 

origins and 9.69 (SD = 0.41) at destinations. Recreation and shopping accessibility showed 

similarly close alignment, with mean values of 9.83 (SD = 0.23) versus 9.83 (SD = 0.24), and 9.80 

(SD = 0.27) versus 9.79 (SD = 0.28), respectively. Public transport accessibility was comparatively 

lower, averaging 7.72 (SD = 3.41) at origins and 7.69 (SD = 3.43) at destinations. Accessibility to 

environmental “bads” was lowest overall, with mean values of 7.41 (SD = 0.88) and 7.43 (SD = 

0.89) at origins and destinations, respectively. Although mean values were nearly identical across 

trip ends, both origin and destination measures were retained in the modelling to maintain spatial 

speci�icity and account for potential origin-destination asymmetries in associations between the 

built environment and trip patterns. Given that accessibility indices were ranked and log-

transformed across SA1s in Auckland, the high mean values for most domains primarily re�lect 

the compression of the transformed scale rather than uniformly high accessibility citywide, 

indicating that e-scooter trips occurred within generally well-connected urban areas. 

 

Frequency 

Figure 6-4. Spatial distribution of e-scooter trips 
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Elastic net regression results 

The Elastic Net model selected α = 0.75, with λ determined at λ.min = 0.000238. On the 

independent test set, predictive accuracy corresponded to a root mean squared error (RMSE) of 

approximately 715 m and a mean absolute error (MAE) of 527 m after back-transformation using 

Duan’s smearing estimator. Performance at the more conservative λ.1se penalty was nearly 

identical, indicating stability across penalisation thresholds and supporting the robustness of the 

�inal estimates. 

Table 6-3 presents the results of an elastic net regression examining predictors of e-scooter trip 

distance. Several accessibility domains showed signi�icant associations with trip length. Higher 

public transport accessibility at both trip origins and destinations was associated with shorter 

e-scooter trips (origin: β = −0.006, 95% CI [−0.007, −0.005]; Δ = −5.2 m; destination: β = −0.007, 

95% CI [−0.008, −0.006]; Δ = −6.5 m), such that each one-unit increase in the log-transformed 

accessibility index (ranging from 0 to 9.97) corresponded to an estimated reduction of 

approximately 5–7 metres in trip distance. 

Recreation accessibility showed positive associations with trip distance at both trip ends, with 

the larger coef�icient observed for origins (β = 0.082, 95% CI [0.064, 0.097]; Δ = +76.6 m), 

indicating that each unit increase in the log-transformed accessibility rank was associated with 

trips nearly 80 metres longer. The corresponding destination-side association was smaller but 

remained positive (β = 0.017, 95% CI [0.002, 0.032]; Δ = +15.6 m).  

Similarly, education accessibility was positively related to trip distances at origins and 

destinations (origin: β = 0.033, 95% CI [0.025, 0.039]; Δ = +30.0 m; destination: β = 0.038, 95% 

Table 6-2. Descriptive statistics for accessibility measures and trip characteristics 
Variables  Mean (SD) 
Overall trip distance (m)  1,076.05 (745.46) 
Education accessibility (log rank)    
Origin  9.68 (0.43) 
Destination  9.69 (0.41) 
Recreation accessibility (log rank)    
Origin  9.83 (0.23) 
Destination  9.83 (0.24) 
Shopping accessibility (log rank)    
Origin  9.80 (0.27) 
Destination  9.79 (0.28) 
Public transport accessibility (log rank)    
Origin  7.72 (3.41) 
Destination  7.69 (3.43) 
Environmental “bads” accessibility (log rank) 
Origin 
Destination 

   
 7.41 (0.88) 
 7.43 (0.89) 
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CI [0.030, 0.048]; Δ = +34.5 m). Accessibility to environmental “bads” (e.g., alcohol outlets) was 

also positively associated with trip distance, with a notably larger coef�icient at destinations 

(origin: β = 0.035, 95% CI [0.029, 0.040]; Δ = +31.5 m; destination: β = 0.053, 95% CI [0.048, 

0.058]; Δ = +48.4 m), indicating that each unit increase in the log-transformed accessibility rank 

corresponded to approximately 31–48 metres of additional travel. 

Patterns for shopping accessibility were asymmetric across trip ends. At origins, higher shopping 

accessibility was associated with longer trips (β = 0.037, 95% CI [0.025, 0.050]; Δ = +34.0 m), 

whereas at destinations, higher shopping accessibility was associated with shorter trips (β = 

−0.031, 95% CI [−0.042, −0.021]; Δ = −27.6 m). Interpreted on the 0–9.97 log-transformed scale, 

these estimates indicate that for each one-unit increase in log-transformed shopping accessibility, 

trips are approximately 34 metres longer when departing from shopping-rich areas, and about 28 

metres shorter when arriving in such areas.  

Temporal covariates showed consistent associations. Relative to off-peak periods, morning peak 

periods were associated with longer e-scooter trips (β = 0.082, 95% CI [0.075, 0.088]; Δ = +76.0 

m), as were evening peak periods (β = 0.027, 95% CI [0.022, 0.033]; Δ = +24.8 m). In contrast, 

weekend trips were shorter than weekday trips (β = −0.009, 95% CI [−0.014, −0.005]; Δ = −8.3 

m). 

Socio-economic and contextual variables also contributed, with NZDep2023 showing small 

positive associations at both ends (origin: β = 0.002, 95% CI [0.001, 0.003]; Δ = +1.5 m; 

destination: β = 0.005, 95% CI [0.004, 0.006]; Δ = +4.7 m) per unit increase in the NZDep2023 

index. Vehicles per household exhibited relatively large positive associations with trip distance 

(origin: β = 0.081, 95% CI [0.073, 0.089]; Δ = +75.7 m; destination: β = 0.133, 95% CI [0.124, 

0.141]; Δ = +127.0 m), suggesting that more auto-oriented residential contexts are linked to 

longer scooter trips. 

Seasonal and meteorological covariates showed modest effects. Compared to the warm season, 

the cool season was associated with shorter trips (β = −0.029, 95% CI [−0.035, −0.026]; Δ = −25.8 

m). Higher temperatures were also associated with slightly shorter trips (β = −0.002, 95% CI 

[−0.003, −0.002]; Δ ≈ −1.9 m per 1 °C increase). Precipitation, however, showed no discernible 

association with trip distance in this study context (β ≈ 0.000, 95% CI [−0.000, 0.000]; Δ ≈ 0 m). 
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Figure 6-5 visualises the modelled relationships between predicted e-scooter trip length and 

log(accessibility) scores across the �ive domains. Consistent with Table 6-3, greater accessibility 

to recreation (with less variation at destinations) and education facilities was associated with 

longer trips, with notably steeper gradients for recreation at trip origins. In contrast, higher 

accessibility to public transport and shopping destinations corresponded to shorter predicted 

trip lengths. Accessibility to environmental “bads” showed positive relationships with trip 

distance at both trip ends, particularly for destinations. Overall, these patterns highlight distinct 

spatial associations between accessibility and e-scooter travel behaviour, with origin- and 

destination-speci�ic patterns. 

Table 6-3. Elastic net regression results for predictors of e-scooter trip distance 

Variables Coeff. (β) 95% CI 
Δ 

distance 
(m) 

Public transport accessibility    
Origin -0.006 [-0.007, -0.005] -5.2 
Destination -0.007 [-0.008, -0.006] -6.5 
Recreation accessibility    
Origin 0.082 [0.064, 0.097] 76.6 
Destination 0.017 [0.002, 0.032] 15.6 
Shopping accessibility    
Origin 0.037 [0.025, 0.050] 34.0 
Destination -0.031 [-0.042, -0.021] -27.6 
Environmental “bads” accessibility    
Origin 0.035 [0.029, 0.040] 31.5 
Destination 0.053 [0.048, 0.058] 48.4 
Education accessibility    
Origin 0.033 [0.025, 0.039] 30.0 
Destination 0.038 [0.030, 0.048] 34.5 
Time of day (ref. = off-peak)    
Morning peak  0.082 [0.075, 0.088] 76.0 
Evening peak 0.027 [0.022, 0.033] 24.8 
Day of week (ref. = weekday)    
Weekend -0.009 [-0.014, -0.005] -8.3 
NZDep2023    
Origin 0.002 [0.001, 0.003] 1.5 
Destination 0.005 [0.004, 0.006] 4.7 
Vehicles per household    
Origin 0.081 [0.073, 0.089] 75.7 
Destination 0.133 [0.124, 0.141] 127.0 
Season (ref. = warm)    
Cool -0.029 [-0.035, -0.026] -25.8 
Temperature (°C) -0.002 [-0.003, -0.002] -1.9 
Precipitation (mm) 0.000 [-0.000, 0.000] 0.0 
Note:  β = regression coef�icient for log-transformed trip distance, Δ distance (m) = back-transformed 
using Duan’s smearing estimator 
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Discussion and policy implications 

This study explored how the spatial length of shared e-scooter trips is correlated with domain-

speci�ic accessibility measures and contextual conditions in Auckland, a highly car-dependent city. 

While analyses of trip counts and usage volume have yielded valuable insights into where and 

when e-scooters are used, understanding the factors associated with travel distance offers an 

additional behavioural perspective, particularly for advancing sustainability goals and equity 

principles in micromobility deployment. By linking a large dataset of e-scooter trips to domain-

speci�ic accessibility indicators at both trip origins and destinations, the study moves beyond 

aggregate usage analyses to consider how local urban context may be associated with the spatial 

extent of travel. An interpretable machine learning framework (Elastic Net) was used to model 

associations between accessibility and trip length, while controlling for temporal, weather, and 

socio-economic variation. Although predictive accuracy was modest, the results revealed 

consistent spatial patterns, suggesting that even in a discretionary, short-range mode like shared 

micromobility, travel distance is systematically correlated with built environment conditions. 

While the analysis enabled interpretable estimation, its predictive performance was limited. Error 

values (RMSE ≈ 715 m; MAE ≈ 527 m) were relatively large compared to the mean trip length 

(approximately 1,076 m), suggesting that much of the variation remains unexplained. This may 

re�lect unmeasured individual-level factors, such as trip purpose, attitudes, or lifestyle 

preferences. Findings from broader travel behaviour research support this interpretation, 

Figure 6-5. Predicted e-scooter trip length by accessibility domain 
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indicating that personal attributes are often more strongly associated with travel behaviour than 

environmental indicators (12,355,433,511,512). However, these individual-level preferences 

themselves are signi�icantly correlated, to some extent, with the surrounding built environment 

(512,513). Despite the model’s limited predictive power, the consistent associations observed 

between accessibility characteristics and trip length highlight that built environment conditions 

remain systematically associated with micromobility behaviour. 

A negative association emerged between public transport accessibility and e-scooter trip length, 

with shorter journeys more frequently occurring in transit-rich areas. Although the association is 

small (5 to 7 m reduction in trip length for each unit increase in log-transformed accessibility to 

public transport), it re�lects the limited variability in public transport access across the study area, 

with most origins and destinations concentrated at the upper end of the accessibility scale, 

creating a saturation effect. The sensitivity check con�irmed this pattern, while adding public 

transport accessibility to a controls-only model increased the out-of-sample R² by just 0.0014 

(from 0.0549 to 0.0563), indicating that the weak but stable association is due to constrained 

variability rather than model instability. 

Despite its modest magnitude, the negative relationship suggests an important behavioural 

distinction. In areas with higher accessibility to public transport, shared e-scooters are likely to 

support short-distance connectivity, potentially serving as access or egress links within broader 

multimodal journeys. Conversely, in areas with poor accessibility to public transport, users may 

rely on e-scooters for longer, standalone trips to reach their destinations. Although prior studies 

have not explicitly examined how trip length varies with transit accessibility, several have 

documented strong spatial clustering of e-scooter activity around public transport stops and 

central districts, where transit availability is a key correlate of demand (240,259,514). 

From an urban planning perspective, these results indicate that higher transit accessibility may 

be associated with shorter e-scooter trips, reinforcing their role as connectors and supporting the 

ef�iciency of public transport networks. For micromobility providers, this pattern highlights the 

potential value of prioritising short-trip pricing models or locating stations near transit hubs. 

However, given that the average e-scooter trip distance in this study context (approximately 

1,076 m) falls within typical walking thresholds, planners should also consider the health 

implications of reduced walking and ensure that strategies maintain opportunities for active 

travel. 

Shopping accessibility demonstrated a pronounced directional asymmetry between trip origins 

and destinations. Higher accessibility at origins was associated with longer e-scooter journeys, 

which may re�lect trip chaining and outbound movement. Shared e-scooter users starting a trip 
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in commercial zones may combine shopping with other activities, leading to longer trips (515). 

These areas may also be characterised by well-connected hubs from which micromobility users 

might disperse into more distant residential or recreational destinations. In contrast, greater 

accessibility at destinations corresponded to shorter trips, suggesting that arrivals into shopping-

dense areas typically involve compact commercial clusters where high accessibility is likely to 

reduce the need for extended travel and enable short, targeted errands. 

These patterns highlight differentiated implications for urban design and micromobility 

management. Shopping-rich origins may require infrastructure that supports longer, multi-

purpose trips (e.g., improved connectivity, parking, and safety features), whereas shopping-rich 

destinations may bene�it from facilities that accommodate high turnover and short-trip activity 

(e.g., quick-drop zones, dynamic pricing). For operators, these �indings suggest longer outbound 

trips from commercial hubs and shorter inbound trips to retail clusters, providing useful guidance 

for �leet distribution and rebalancing strategies. 

Recreation accessibility was positively associated with e-scooter trip length at both origins and 

destinations, with origin-side accessibility showing a stronger relationship. This pattern aligns 

with evidence that leisure-oriented trips often involve greater �lexibility, including the selection 

of indirect or elongated routes and slower travel speeds, which can contribute to longer spatial 

and temporal distances (39,516–518). These �indings suggest that recreational contexts are 

associated with a higher tolerance for distance compared to utilitarian purposes such as shopping 

or commuting (519,520). The larger association at origins indicates that the characteristics of 

areas where trips begin may play a stronger role in travel extent than those at destinations. 

Building on these observations, planning and operational strategies could be tailored to re�lect 

this demand pattern. Urban planning approaches might consider enhancing recreational 

infrastructure not only at destination leisure amenities such as parks but also within 

neighbourhoods, as greater origin-side accessibility appears linked to longer leisure-oriented 

trips. Such investments could support equitable opportunities for discretionary travel while 

informing micromobility deployment in areas where longer trips are more likely. For operators, 

these patterns point to the potential for higher demand and extended trip durations in recreation-

rich areas, suggesting adjustments to pricing structures, battery range, and �leet allocation to 

accommodate these behaviours. 

The analysis identi�ied a consistent relationship between longer shared e-scooter journeys and 

areas characterised by higher concentrations of environmental “bads”, such as fast-food and 

alcohol outlets. This suggests that such destinations may exert a spatial draw on users, potentially 

re�lecting travel motivated by leisure, convenience, or social engagement (521–523). The more 



 

129 
 

pronounced association at trip destinations indicates that these locations may function as 

attractors, encouraging longer journeys towards them. However, the origin association may 

re�lect that neighbourhoods with greater exposure to these outlets are situated within urban 

contexts, such as commercial corridors or mixed-use zones, that may inherently support longer 

travel distances (524,525). 

The above �inding carries implications for urban planning and micromobility infrastructure, 

particularly in areas where environmental “bads” are spatially concentrated. Furthermore, the 

observed association prompts re�lection on how micromobility systems interact with urban 

environments that may pose public health risks, highlighting the potential for integrated 

interventions, such as zoning regulations or targeted awareness initiatives, that align mobility 

access with health-promoting urban design. 

The positive association between education accessibility and e-scooter trip length may re�lect 

spatial and behavioural patterns linked to educational activities. At both trip ends, as accessibility 

to educational facilities increases users tend to travel farther by e-scooter. These patterns may 

re�lect student and staff travel behaviour, where e-scooters are used for medium-distance 

commutes to and from campuses (526–528). The slightly larger effect at destinations implies that 

users may be travelling toward educational hubs, such as universities, colleges, or schools, located 

farther from their starting points. This might also hold true for people departing from areas with 

more accessible educational facilities, possibly due to better infrastructure or broader activity 

options nearby. This interpretation is tentatively supported by the observation of longer trips 

during weekday morning and afternoon periods, which coincide with typical education-related 

travel times. 

Building on these patterns, urban master plans might bene�it from embedding educational zones 

within well-connected, mixed-use environments that support diverse travel needs. Such 

integration may help foster longer shared micromobility trips, substituting car trips and 

complementing sustainable transport goals. Additionally, prioritising high-quality micromobility 

infrastructure around educational institutions, particularly in areas with limited public transport, 

may enhance accessibility for students and staff, reduce reliance on private vehicles, and promote 

equitable, low-carbon mobility options (529,530). 

In addition to accessibility measures, socio-economic attributes demonstrated nuanced 

associations with e-scooter trip length. Longer trips were more common in areas with greater 

area-level deprivation (NZDep2023) and in highly auto-oriented zones, which are typically 

located farther from central areas and key transit connections (531). The stronger association at 

destinations with greater area-level deprivation, compared to origins, suggests that users may be 
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travelling longer distances into more deprived areas. Similarly, the stronger effect at highly auto-

oriented destinations, compared to origins, indicates that users often travel farther into car-

dependent zones, perhaps to visit friends, family, or services located in less walkable suburbs and 

lower-density environments with fewer nearby destinations (487,532). 

From an equity perspective, these patterns raise important concerns. Most shared e-scooter 

pricing models are distance- or time-based, meaning users in deprived or peripheral areas may 

incur higher costs simply because of structural land-use and accessibility gaps. This could 

exacerbate transport inequities by making micromobility less affordable for those who might 

bene�it most, particularly where public transport options are limited, and essential destinations 

are farther away (533). Addressing these disparities may require targeted interventions, such as 

fare caps or subsidies for trips starting or ending in high-deprivation zones and land-use 

strategies that bring key services closer to underserved communities. These measures could help 

ensure that micromobility systems support equitable access rather than reinforcing existing 

spatial and socio-economic inequalities. 

Seasonal and weather conditions showed only weak associations with e-scooter trip length. 

Journeys tended to be marginally shorter at higher temperatures and during the cooler months 

(May–September). Precipitation showed no meaningful association, which may be related to 

Auckland’s frequent but generally light rainfall. The limited sensitivity observed could also be 

consistent with Auckland’s mild oceanic climate, where seasonal contrasts are moderate and 

extreme conditions uncommon (534). Collectively, these patterns suggest that environmental 

factors are only weakly associated with variations in trip length, with built-environment, 

temporal, and socio-economic characteristics appearing to account for a greater share of 

observed differences.  

Limitations and future directions 

Although this study provided insights into how domain-speci�ic accessibility and contextual 

factors are associated with e-scooter trip length in a highly car-dependent city, these �indings 

should be interpreted with caution due to several limitations that warrant further consideration. 

One limitation concerns the routing method, which relied on shortest-path calculations derived 

from the OpenStreetMap bikeable road network. While this approach provides a reasonable 

approximation, it may not fully capture actual rider behaviour, such as the use of pedestrian links, 

shared paths, or informal shortcuts not represented in the network. Consequently, estimated trip 

distances may differ from actual travel distances, potentially introducing bias into the analysis of 

trip length patterns. Future research could address this by incorporating micromobility-speci�ic 

infrastructure into routing networks and, where feasible, leveraging anonymised GPS-based path 
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data from operators to develop behaviourally representative routing models. These 

enhancements would improve accuracy and strengthen the validity of associations between 

accessibility and trip length. 

A second limitation relates to the absence of user-level attributes. Because individual 

characteristics such as trip purpose, demographics, and attitudes were not available, the analysis 

relied exclusively on area-level variables. This means that some of the variation in trip length 

attributed to spatial and temporal factors may actually re�lect underlying individual behaviours, 

which could not be examined in this study. Future research could address this gap by integrating 

survey or pro�ile data with trip records, enabling explicit analysis of user heterogeneity and 

motivations. 

Finally, weather variables were derived from a single-station dataset, which likely reduced 

sensitivity to local variation in rainfall and temperature across Auckland. This aggregation may 

partly explain the minimal weather associations observed. Future research could address this by 

using spatially disaggregated or sensor-based climate data to capture microclimatic differences. 

 

 

 

 

 

 

 

 

 

 

 



 

132 
 

Chapter 7. General discussion 

Active travel is widely recognised as a cornerstone of sustainable urban mobility, delivering 

substantial health, environmental, and social bene�its. By embedding physical activity into daily 

routines, it reduces the risk of chronic disease, enhances mental well-being, and contributes to 

lower emissions and congestion, while fostering more liveable and equitable cities 

(1,4,5,535,536). These bene�its can be realised through direct engagement in active modes, such 

as walking and cycling, and indirectly through transport options that incorporate active segments 

within multimodal journeys. Public transport exempli�ies this indirect pathway: although not 

classi�ied as an active mode, it typically requires walking to and from stops, thereby integrating 

physical activity into everyday travel (537). Similarly, emerging micromobility services such as 

shared e-scooters, despite being motorised, involve short walking segments and can complement 

active travel by bridging �irst- and last-mile gaps (234). Together, these modes form an 

interconnected system that has the potential to reduce car dependency and support healthier, 

more sustainable urban lifestyles. 

The built environment is consistently associated with travel behaviour because it substantially 

structures the opportunities available for movement and is uniquely amenable to policy 

intervention. By adjusting land-use mix, street connectivity, and destination density, policy 

decisions can modify spatial conditions that may be associated with how people travel. At the 

centre of this association lies accessibility, the ease of reaching desired activities within 

acceptable time and effort, which serves as the mechanism linking spatial opportunity to mode 

choice (15,17). Yet persistent analytical gaps across modes limit the practical application of this 

relationship. More broadly, persistent reliance on self-reported walking measures, narrow 

operationalisation of public transport accessibility at a single spatial anchor, and coarse or 

aggregate approaches to micromobility analysis, often coupled with limited use of objective 

mobility data and interpretable modelling, continue to impede translation of accessibility 

research into practice. Collectively, these limitations constrain the development of evidence-

based planning and policy, weakening the translation of accessibility concepts into practical 

strategies for promoting sustainable and active mobility. 

Research summary 

The �irst study (Chapter 3) investigated whether neighbourhood accessibility was more strongly 

associated with local walking or walking to destinations beyond the immediate neighbourhood, 

using objective measures of mobility captured through GPS and accelerometers. Employing a 

multidimensional accessibility index and mixed-effects modelling of 2,503 trips, the analysis 
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showed positive accessibility coef�icients for walking both within and beyond home-

neighbourhood buffers, although these estimates were accompanied by substantial uncertainty. 

The association for walking beyond home-neighbourhood boundaries was estimated more 

precisely, but the �indings did not provide clear evidence that accessibility was more strongly 

associated with one setting than the other. Sociodemographic factors, particularly age, exerted 

stronger associations with walking behaviour than accessibility, with older adults walking more 

frequently across all contexts. These �indings underscored the spatial sensitivity of accessibility–

walking relationships and highlighted the importance of considering trip purpose and broader 

urban contexts when designing interventions. Rather than focusing solely on neighbourhood-

level improvements, planners may need to adopt strategies that enhance pedestrian 

environments around key destinations such as transit hubs and central business areas to support 

walking across wider spatial scales. 

The second study (Chapter 4) examined how accessibility to bus stops, measured from multiple 

spatial anchors (i.e., home, trip origin, and destination), related to actual bus use, using GPS and 

accelerometer data from 108 participants who recorded 835 trips. Mixed-effects logistic models 

revealed that home-based accessibility was negatively associated with bus ridership, suggesting 

that areas with dense stop networks may also offer walkable environments or experience 

operational inef�iciencies that might discourage bus travel. Destination-based accessibility 

showed a positive association with bus use only among newer residents, who may also have been 

younger and in transitional life stages, indicating that accessibility at destinations became a 

stronger associate during periods of residential adjustment. Work status moderated the home-

based relationship, with employed individuals more sensitive to local accessibility than 

unemployed participants, likely re�lecting time constraints. These �indings challenged the 

assumption that greater proximity to bus stops uniformly increased ridership and underscored 

the need for initiatives that incorporate demographic and behavioural context. Improving 

operational reliability and tailoring service provision to diverse user needs may be more effective 

than simply increasing stop density. 

The third study (Chapter 5) explored spatial associates of e-scooter trip volumes using a gravity-

based negative binomial model applied to 57,842 origin–destination trip pairs. The analysis 

revealed a pronounced distance-decay effect, con�irming that e-scooters were predominantly 

used for short-range travel, with average trip distances near 1.7 km. Accessibility to public 

transport and recreational amenities was positively associated with trip volumes, highlighting the 

complementary role of e-scooters in multimodal travel and leisure contexts. Conversely, higher 

accessibility to shopping and education facilities, as well as exposure to environmental “bads” 

such as alcohol outlets, was linked to lower usage. Socio-economic factors also mattered. Trip 
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volumes were lower in high-deprivation and high car-ownership areas, likely pointing to 

structural inequities in service uptake. These �indings underscored the need for equity-oriented 

deployment strategies and integrated planning that prioritised micromobility infrastructure near 

transit hubs and recreational destinations while addressing barriers in underserved 

communities. At the same time, policies should ensure that these improvements complement 

rather than replace walking, preserving opportunities for active travel through pedestrian-

friendly design and balanced mode choices. 

The fourth study (Chapter 6) extended the analysis by examining how domain-speci�ic 

accessibility and contextual factors are associated with the spatial extent of e-scooter trips. Using 

elastic net regression on nearly half a million trips, the study found systematic associations 

between trip length and built environment conditions, even for a discretionary, short-range mode 

like shared micromobility. Higher public transport accessibility was linked to shorter trips, 

consistent with a possible �irst- and last-mile connector role, while greater accessibility to 

recreation and education facilities corresponded to longer journeys, likely re�lecting leisure and 

campus-related travel patterns. Shopping accessibility exhibited directional asymmetry: trips 

originating in retail-rich areas tended to be longer, whereas those terminating in such areas were 

shorter, suggesting complex trip-chaining behaviours. Longer trips were also associated with 

auto-oriented and more deprived areas, raising equity concerns, particularly under distance-

based pricing models. These �indings highlighted the need for policies that integrate 

micromobility with public transport and address spatial inequities, while ensuring that these 

services complement rather than displace walking. Maintaining pedestrian-friendly 

environments and balanced mode choices remained essential to preserve health bene�its 

associated with active travel. 

Signi�icance of �indings 

This research advances understanding of how accessibility relates to mode choice and informs 

strategies to promote active and sustainable travel. By introducing context-sensitive measures 

and integrating emerging mobility options, it moves beyond traditional static approaches to 

reveal spatial, behavioural, and equity dimensions across walking, public transport, and shared 

micromobility. These contributions provide actionable insights for healthier, more sustainable 

urban mobility, as discussed below. 

Accessibility as a context-sensitive measure 

A central insight emerging from this thesis is that associations between accessibility and travel 

behaviour are not uniform; rather, its behavioural relevance depends on how it is conceptualised 
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and the context in which it is applied. Therefore, accessibility measures should be calibrated to 

the mode, spatial anchor, and population context. 

In Chapter 3 (walking behaviour study), accessibility measures showed positive associations with 

both local and extra-neighbourhood walking, although these estimates were accompanied by 

considerable uncertainty. While associations for walking beyond local areas were estimated more 

precisely, the �indings did not provide clear evidence that accessibility was more strongly 

associated with one setting than the other. This is broadly consistent with previous research 

suggesting that walking for transport and utilitarian purposes, which often occurs outside home-

neighbourhood buffers (e.g., work-related trips), may be more strongly associated with macro-

scale built environment characteristics such as accessibility (12,361,362). From a policy 

perspective, when the goal is to alleviate traf�ic externalities while improving the health and 

environmental bene�its of walking, policymakers and urban planners might need to prioritise 

investments that strengthen pedestrian access to major destinations beyond local 

neighbourhoods, such as employment centres, transit hubs, and mixed-use activity zones. 

However, the �indings of Chapter 4 (bus ridership behaviour) introduce a critical nuance: 

increasing accessibility to public transport, speci�ically bus stops, was associated with lower bus 

ridership. This might imply that indiscriminate accessibility improvements may not uniformly 

advance sustainable mobility goals. If bus-stop proximity is correlated with lower public 

transport use and its consequent walking, then accessibility strategies must be carefully 

calibrated. Rather than blanket enhancements, planners should adopt domain-speci�ic 

approaches that optimise investment across modes, ensuring that improvements for walking and 

transit complement rather than compete with each other. 

More broadly, accessibility should not be considered in isolation for any single transport mode. 

Accessibility associated with one mode may in�luence the attractiveness and use of competing 

modes. The �indings from Chapter 4 highlight this possibility, as bus ridership may be associated 

not only with accessibility to bus stops but also with the accessibility and convenience of 

alternative travel options. For example, accessibility favouring private vehicle use may reduce the 

relative attractiveness of public transport or walking, whereas improved accessibility to public 

transport may support both transit use and associated walking. Future research should therefore 

consider accessibility across multiple modes simultaneously rather than examining each mode 

independently. 

The moderating role of individual-level factors 

Consistent with prior research (355,433), the �indings from the walking and public transport 

analyses (Chapters 3 and 4) indicated that individual-level and socio-behavioural factors were 
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important correlates of travel behaviour, re�lected in the modest explanatory power of 

accessibility measures when considered in isolation. However, this research extends beyond 

established �indings by suggesting that the accessibility–ridership association may differ by 

employment status, with substantive policy implications for how accessibility interventions are 

designed and targeted. 

Walking behaviour among employed residents appeared only modestly responsive to variations 

in overall neighbourhood accessibility compared with unemployed participants. However, their 

response to changes in accessibility to bus stops was markedly different. As proposed in 

Chapter 3, this limited sensitivity to neighbourhood amenity accessibility may re�lect structured 

walking patterns tied to �ixed commuting routines, such as walking between home and public 

transport nodes, which makes employed residents more dependent on transit access than on local 

amenities (363,364). The moderation analysis in Chapter 4 reinforced this interpretation. 

Relative to unemployed individuals, employed residents showed greater variation in bus use 

behaviour across levels of accessibility to bus stops within their residential environment. From a 

policy perspective, this suggests that the type of accessibility being enhanced, whether 

transit-focused or amenity-focused, should be strategically aligned with the employment 

composition and mobility patterns of residents, and that investment priorities should be directed 

toward the accessibility improvements most likely to support eco-friendly travel behaviour in the 

targeted area given its speci�ic resident characteristics. 

Spatial selectivity of e-scooter �lows 

Although prior research has predominantly established that e-scooter activity tends to be 

concentrated within central urban districts (20,72,240,460), broader evidence about how speci�ic 

dimensions of spatial accessibility relate to this demand, and how these accessibility domains 

interact across origin–destination (OD) �lows, has remained limited. Chapter 5 advanced this 

understanding by demonstrating that e-scooter �lows did not simply rise in all highly accessible 

areas; rather, they followed a selective spatial logic. Flows intensi�ied around major mobility hubs 

and leisure-oriented destinations, aligning with patterns of movement that re�lect multimodal 

connectivity and recreational appeal (35,39,259). In contrast, �lows were markedly weaker in 

zones dominated by retail, educational, and health-risk amenities (e.g., fast-food and alcohol 

outlets), suggesting that the built environment typically surrounding these land uses may be less 

conducive to shared e-scooter use within the context of this study. Crucially, the spatial 

inequalities revealed in Chapter 5 provide only one dimension of the story. Chapter 6 extended 

this analysis by showing how the very same accessibility conditions were associated with how far 

people travelled by e-scooter, offering a complementary and integrated account of how 
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accessibility is associated with both where e-scooters are used and the spatial extent of those 

trips, an aspect of micromobility behaviour that has received considerably less attention in prior 

research. 

Considering trip frequency and trip length together provides a more nuanced understanding of 

how the role of shared e-scooters varies across different built-environment contexts. The �indings 

indicated that higher accessibility to educational, shopping, and health-risk facilities correspond 

with lower shared e-scooter use overall. This may be because these land-use clusters, often 

situated in central parts of the city, are embedded within urban forms characterised by extensive 

car-parking provision, arterial road frontages, and, in the case of Auckland, ongoing construction 

activities, all of which may suppress micromobility uptake and reinforce automobile primacy 

(72,259,272,274). Yet, Chapter 6 showed that these same central, amenity-rich areas, despite 

weaker e-scooter demand, were associated with longer e-scooter trips. Considered together in 

the Auckland setting, these �indings indicate that e-scooters in such areas appear less likely to 

function as local connectors within central districts and may instead serve as a medium-distance 

option linking surrounding residential neighbourhoods to central activity hubs. While the data do 

not allow direct identi�ication of the modes these trips might otherwise have replaced, the pattern 

of longer trips in amenity-rich central areas is consistent with the possibility that some e-scooter 

journeys substituted for short car trips rather than for very short walking trips. 

The origin–destination analyses revealed a signi�icant positive association between e-scooter 

activity and accessibility to public transport, suggesting that e-scooters often serve as connectors 

within the broader mobility network. This interpretation was further supported by �indings in 

Chapter 6, which showed that higher levels of public transport accessibility corresponded to 

shorter e-scooter trip lengths, reinforcing their role as a �irst- and last-mile solution (35,39,259). 

These �indings indicate that, rather than uniform deployment, service planning could bene�it from 

strategies that respond to spatial variations in accessibility. In areas with strong public transport 

accessibility, initiatives such as increasing device availability and improving parking management 

near transit nodes may help accommodate frequent short transfers. However, to avoid excessive 

substitution of walking for very short trips, policymakers and operators might consider 

complementary measures, such as pricing adjustments or usage limits, to encourage active travel. 

Conversely, in areas with lower accessibility, where trips are likely to be longer, ensuring that 

vehicles are well maintained and adequately charged remains important, alongside pricing 

strategies that balance affordability with operational sustainability for extended journeys. Such 

nuanced approaches can enhance operational ef�iciency while encouraging healthier travel 

behaviours within an integrated and sustainable transport system. 
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Study limitations and future directions 

In addition to the chapter-level limitations and directions already noted, several overarching 

issues warrant careful consideration. 

A key cross-cutting limitation is the absence of individual-level behavioural data across all four 

studies. Although spatial and transport measures were rich, the datasets did not capture 

person-level factors such as trip purpose, attitudes, perceived accessibility, or time constraints. 

Consequently, interpretations of mode choice remained partly inferential, as the analyses could 

not determine why trips occurred, what alternatives they may have replaced, or how individual 

motivations were associated with behaviour. This constrains the ability to disentangle 

behavioural mechanisms from spatial patterns. Future work combining GPS-derived mobility 

data with trip-purpose information, attitudinal surveys, or linked behavioural datasets would 

enable stronger inference and a more precise understanding of how individuals respond to 

accessibility in different contexts. 

In addition to the absence of individual-level behavioural data, several broader methodological 

considerations apply across the empirical studies. All analyses were observational and 

predominantly cross-sectional, meaning residual confounding, self-selection, and other sources 

of bias cannot be fully ruled out. Accessibility measures were also operationalised at different 

spatial scales and reference locations, which may have introduced exposure misclassi�ication 

where measured accessibility did not fully correspond to the environments in which behaviour 

occurred. Some analyses, particularly the origin–destination and trip-level models, may 

additionally be affected by spatial dependence or non-independence among observations. 

Furthermore, deprivation measures were analysed at the area level and therefore should not be 

interpreted as direct measures of individual socio-economic circumstances. Finally, the shared e-

scooter analyses relied on data from a single operator and did not incorporate detailed 

information on �leet availability or deployment practices, meaning that observed usage patterns 

may re�lect both demand-side and supply-side in�luences. 

All four studies were conducted in Auckland, a city characterised by high car dependency, a 

dispersed urban form, and relatively modest public transport provision. These structural 

conditions are correlated with both accessibility patterns and behavioural responses, meaning 

that the observed associations may not readily generalise to cities with denser land-use 

con�igurations, higher transit service levels, or different micromobility regulatory environments. 

For instance, the behavioural salience of accessibility to public transport or recreational amenities 

may be stronger in contexts with higher service quality or where micromobility systems operate 

under alternative pricing, coverage, or governance models (281). Similarly, the interaction 
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between accessibility and socio-economic factors may differ in cities with more comprehensive 

equity-oriented transport policies or more inclusive infrastructure provision. 

To strengthen external validity, future research might pursue comparative analyses across cities 

with diverse urban forms and policy regimes. Multi-city studies employing harmonised 

accessibility metrics and behavioural measures would enable clearer identi�ication of which 

associations are broadly transferable and which are context contingent. Incorporating contextual 

descriptors, such as transit intensity, micromobility governance frameworks, and land-use mix, 

into comparative or meta-analytic approaches could further clarify how structural conditions 

moderate accessibility–behaviour relationships. 

Conclusion 

This thesis examined how accessibility relates to travel behaviour across conventional and 

emerging transport modes in Auckland, with the aim of informing healthier, more sustainable, 

and more equitable mobility in a car-dependent urban context. Drawing on four empirical studies, 

it employed objective mobility traces, multi-anchor and domain-speci�ic accessibility measures, 

and interpretable models to characterise context-speci�ic associations between accessibility, 

mode choice, and travel patterns. 

Overall, the �indings indicate that accessibility is differentially associated with travel behaviour 

across modes and spatial reference points. Accessibility showed positive associations with 

walking behaviour, although evidence regarding differences between local and destination-

oriented walking remained inconclusive. For public transport, accessibility associations differed 

across home, origin, and destination anchors and were moderated by user characteristics, 

revealing behavioural asymmetries obscured by single-anchor approaches. In the micromobility 

context, domain-speci�ic accessibility was central to both trip volume and trip length: multimodal 

and leisure-oriented environments were associated with higher activity and shorter trips, while 

more utilitarian and auto-oriented settings were associated with longer journeys and equity 

concerns. 

Methodologically, the thesis advances accessibility research by moving beyond static residential 

indices toward activity-space, multi-anchor measures grounded in observed behaviour. 

Collectively, the �indings support planning approaches that prioritise pedestrian access at key 

destinations, adopt anchor-aware public transport strategies, and integrate micromobility as a 

short-range connector within multimodal systems, with explicit attention to equity. Overall, the 

thesis contributes a more nuanced understanding of how accessibility may support sustainable 

urban mobility in car-dependent cities. 
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180. Busco C, González F, Lillo N. Safety, Gender, and the Public Transport System in Santiago, Chile. 
Sustainability. 2022 Jan;14(24):16484.  

181. Kacharo DK, Teshome E, Woltamo T. Safety and security of women and girls in public transport. Urban 
Plan Transp Res. 2022 Dec 31;10(1):1–19. 

182. de Oña J. Service quality, satisfaction and behavioral intentions towards public transport from the 
point of view of private vehicle users. Transportation. 2022 Feb 1;49(1):237–69.  

183. Li J, Xu L, Yao D, Mao Y. Impacts of symbolic value and passenger satisfaction on bus use. Transp Res 
Part Transp Environ. 2019 Jul 1;72:98–113.  



 

151 
 

184. Tao S, He SY, Thøgersen J. The role of car ownership in attitudes towards public transport: A 
comparative study of Guangzhou and Brisbane. Transp Res Part F Traf�ic Psychol Behav. 2019 Jan 
1;60:685–99. 
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Modern Traf�ic Engineering in the System Approach to the Development of Traf�ic Networks. Cham: 
Springer International Publishing; 2020. p. 275–84. 

283. When and where can I ride an e-scooter legally? [Internet]. 2022 [cited 2026 Jan 8]. Available from: 
https://www.bbc.com/news/uk-48106617 

284. Sierpiński G, Staniek M, Celiński I. Travel Behavior Pro�iling Using a Trip Planner. Transp Res Procedia. 
2016 Jan 1;Transport Research Arena TRA201614:1743–52.  

285. RFI [Internet]. 2019 [cited 2026 Jan 8]. New French law to ban electric scooters on pavements. 
Available from: https://www.r�i.fr/en/france/20190504-new-french-law-ban-electric-scooters-
pavements 

286. The Local Germany [Internet]. 2019 [cited 2026 Jan 8]. E-scooters get the green light on Germany’s 
roads. Available from: https://www.thelocal.de/20190517/e-scooters-get-the-green-light-on-
germanys-roads 

287. Hurlet P, Manout O, Diallo AO. Policy implications of shared e-scooter parking regulation: an agent-
based approach. Procedia Comput Sci. 2024 Jan 1;The 15th International Conference on Ambient 
Systems, Networks and Technologies Networks (ANT) / The 7th International Conference on 
Emerging Data and Industry 4.0 (EDI40), April 23-25, 2024, Hasselt University, Belgium238:444–51.  

288. Global News [Internet]. [cited 2026 Jan 8]. Montreal to ban shared, dockless e-scooters - Montreal | 
Globalnews.ca. Available from: https://globalnews.ca/news/6568241/montreal-electric-scooters/ 

289. Hermawan K, Le DT. Examining Factors In�luencing the Use of Shared Electric Scooters. Sustainability. 
2022 Jan;14(22):15066.  



 

157 
 

290. Krauss K, Krail M, Axhausen KW. What drives the utility of shared transport services for urban 
travellers? A stated preference survey in German cities. Travel Behav Soc. 2022 Jan 1;26:206–20.  

291. Manout O, Diallo AO, Gloriot T. Implications of pricing and �leet size strategies on shared bikes and e-
scooters: a case study from Lyon, France. Transportation. 2024 Nov 14.  

292. Lee M, Chow JYJ, Yoon G, He BY. Forecasting e-scooter substitution of direct and access trips by mode 
and distance. Transp Res Part Transp Environ. 2021 Jul 1;96:102892.  

293. Reck DJ, Haitao H, Guidon S, Axhausen KW. Explaining shared micromobility usage, competition and 
mode choice by modelling empirical data from Zurich, Switzerland. Transp Res Part C Emerg Technol. 
2021 Mar 1;124:102947. 

294. WHO highlights high cost of physical inactivity in �irst-ever global report [Internet]. [cited 2023 Mar 
13]. Available from: https://www.who.int/news/item/19-10-2022-who-highlights-high-cost-of-
physical-inactivity-in-�irst-ever-global-report 

295. Cook S, Stevenson L, Aldred R, Kendall M, Cohen T. More than walking and cycling: What is ‘active 
travel’? Transp Policy. 2022 Sep 1;126:151–61.  

296. Perry AS, Dooley EE, Master H, Spartano NL, Brittain EL, Pettee Gabriel K. Physical Activity Over the 
Lifecourse and Cardiovascular Disease. Circ Res. 2023 Jun 9;132(12):1725–40.  

297. Cleven L, Dziuba A, Krell-Roesch J, Schmidt SCE, Bös K, Jekauc D, et al. Longitudinal associations 
between physical activity and �ive risk factors of metabolic syndrome in middle-aged adults in 
Germany. Diabetol Metab Syndr. 2023 Apr 26;15(1):82. 

298. Raiman L, Amarnani R, Abdur-Rahman M, Marshall A, Mani-Babu S. The role of physical activity in 
obesity: let’s actively manage obesity. Clin Med. 2023 Jul 1;23(4):311–7.  

299. Role of Physical Activity on Mental Health and Well-Being: A Review - PMC [Internet]. [cited 2024 Jul 
15]. Available from: https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9902068/ 

300. Washbrook K, Haider W, Jaccard M. Estimating commuter mode choice: A discrete choice analysis of 
the impact of road pricing and parking charges. Transportation. 2006 Nov 21;33(6):621–39.  

301. Health risks [Internet]. [cited 2024 Jul 15]. Available from: 
https://www.who.int/teams/environment-climate-change-and-health/healthy-urban-
environments/transport/health-risks 

302. Sharmin S, Kamruzzaman Md. Association between the built environment and children’s independent 
mobility: A meta-analytic review. J Transp Geogr. 2017 May;61:104–17.  

303. Marzi I, Demetriou Y, Reimers AK. Social and physical environmental correlates of independent 
mobility in children: a systematic review taking sex/gender differences into account. Int J Health 
Geogr. 2018 Dec;17(1):24.  

304. Smith M, Ikeda E, Hawley G, Mavoa S, Hosking J, Egli V, et al. An integrated conceptual model of 
environmental needs for New Zealand children’s active travel to school. J Transp Health. 2020 
Mar;16:100814. 

305. Hunt JD, Abraham JE. In�luences on bicycle use. Transportation. 2007 Jul 1;34(4):453–70.  

306. Heinen E, van Wee B, Maat K. Commuting by Bicycle: An Overview of the Literature. Transp Rev. 2010 
Jan 1;30(1):59–96. 

307. Dill J. Measuring Network Connectivity for Bicycling and Walking. 2004. 



 

158 
 

308. Mehriar M, Masoumi H, Aslam AB, Gillani SM, Suhail T, Zul�iqar A. The Relations between Street 
Network Con�iguration and Travel Behavior in Pakistan; the Optimal Level of Street Connectivity for 
a More Active Mobility. Appl Sci. 2021 Jan;11(22):22. 

309. Sallis JF, Frank LD, Saelens BE, Kraft MK. Active transportation and physical activity: opportunities for 
collaboration on transportation and public health research. Transp Res Part Policy Pract. 2004 May 
1;38(4):249–68.  

310. Hickman R, Bonilla D, Givoni M, Banister D. International Handbook on Transport and Development. 
Edward Elgar Publishing; 2015. 724 p. 

311. Li F, Fisher KJ, Bauman A, Ory MG, Chodzko-Zajko W, Harmer P, et al. Neighborhood In�luences on 
Physical Activity in Middle-Aged and Older Adults: A Multilevel Perspective. J Aging Phys Act. 2005 
Jan;13(1):87–114. 

312. Omwamba J, Rotaris L, Longo G. An assessment of proximity in the 15-Minute City: A systematic 
literature review. Urban Transit. 2025 Nov 1;3:100012. 

313. What are we missing when we measure accessibility? Comparing calculated and self-reported 
accounts [Internet]. 2020 Dec 6 [cited 2025 Oct 26]. Available from: https://osf.io/ja34d_v1 

314. De Vos J, Cheng L, Zhang Y, Wang K, Mehdizadeh M, Cao M. The effect of ease of travel on travel 
behaviour and perceived accessibility: A focus on travel to university campus. Transp Res Part F 
Traf�ic Psychol Behav. 2025 Feb 1;109:1170–81. 

315. Pot FJ, van Wee B, Tillema T. Perceived accessibility: What it is and why it differs from calculated 
accessibility measures based on spatial data. J Transp Geogr. 2021 Jun 1;94:103090.  

316. Williams TG, Logan TM, Zuo CT, Liberman KD, Guikema SD. Parks and safety: a comparative study of 
green space access and inequity in �ive US cities. Landsc Urban Plan. 2020 Sep 1;201:103841.  

317. Yang Z, Kwan MP, Liu D, Huang J. How objective and subjective greenspace, combined with air and 
noise pollution, impacts mental health through the mediation of physical activity. Urban For Urban 
Green. 2025 Mar 1;105:128683.  

318. Bhagat-Conway MW, Mirtich L, Salon D, Harness N, Consalvo A, Hong S. Subjective variables in travel 
behavior models: a critical review and Standardized Transport Attitude Measurement Protocol 
(STAMP). Transportation. 2024 Feb 1;51(1):155–91.  

319. Zhang X, Ma L. Impact of commuting on mental well-being: Using time-stamped subjective and 
objective data. Transp Res Part F Traf�ic Psychol Behav. 2024 Nov 1;107:395–412.  

320. Arao S, Maruyama T. Inferring in-home/out-of-home situations unreported in time-use surveys using 
supervised machine learning. Travel Behav Soc. 2025 Jan 1;38:100928.  

321. Zandieh R, Martinez J, Flacke J, Jones P, Van Maarseveen M. Older Adults’ Outdoor Walking: 
Inequalities in Neighbourhood Safety, Pedestrian Infrastructure and Aesthetics. Int J Environ Res 
Public Health. 2016 Dec;13(12):12. 

322. Steinmetz-Wood M, El-Geneidy A, Ross NA. Moving to policy-amenable options for built environment 
research: The role of micro-scale neighborhood environment in promoting walking. Health Place. 
2020 Nov 1;66:102462.  

323. Claudel SE, Shiroma EJ, Harris TB, Mode NA, Ahuja C, Zonderman AB, et al. Cross-Sectional 
Associations of Neighborhood Perception, Physical Activity, and Sedentary Time in Community-
Dwelling, Socioeconomically Diverse Adults. Front Public Health. 2019 Sep 13;7.  



 

159 
 

324. Høyer-Kruse J, Schmidt EB, Hansen AF, Pedersen MRL. The interplay between social environment and 
opportunities for physical activity within the built environment: a scoping review. BMC Public Health. 
2024 Aug 30;24(1):2361.  

325. Kepper MM, Myers CA, Denstel KD, Hunter RF, Guan W, Broyles ST. The neighborhood social 
environment and physical activity: a systematic scoping review. Int J Behav Nutr Phys Act. 2019 Dec 
9;16(1):124.  

326. Duncan S, Stewart TI, Oliver M, Mavoa S, MacRae D, Badland HM, et al. Portable Global Positioning 
System Receivers: Static Validity and Environmental Conditions. Am J Prev Med. 2013 Feb 
1;44(2):e19–29. 
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Appendix C – Supplementary Tables 

Appendix C. 1. Descriptive statistics of the neighbourhoods included in this study 
Neighbourhoods Aorere Oranga Wesley Waikōwhai 
variables n (%) n (%) n (%) n (%) 
Age     
Under 15 years 1263 (23.92) 1251 (21.25) 2712 (19.33) 1065 (18.36) 
15-29 years 1344 (25.45) 1347 (22.88) 3225 (22.98) 1443 (24.88) 
30-64 years 2205 (41.76) 2775 (47.14) 6570 (46.82) 2703 (46.61) 
65 years and over 468 (8.86) 513 (8.71) 1524 (10.86) 588 (10.14) 
Gender     
Male 2670 (50.48) 2871 (48.55) 7041 (50.11) 3021 (51.91) 
Female 2619 (49.52) 3042 (51.44) 7011 (49.89) 2799 (48.09) 
Ethnicity     
New Zealand European 663 (10.72) 2604 (37.16) 5064 (31.62) 1386 (21.65) 
Māori 867 (14.01) 888 (12.67) 1233 (7.70) 432 (6.75) 
Paci�ic 3228 (52.18) 1980 (28.25) 3297 (20.58) 1158 (18.09) 
Other 1428 (23.08) 1536 (21.92) 6423 (40.10) 3426 (53.51) 
Household income     
Less than 70,000 282 (32.15) 570 (31.40) 1503 (35.36) 420 (26.17) 
70,001 – 100,000 162 (18.47) 183 (10.08) 540 (12.70) 234 (14.58) 
100,001 – 200,000 411 (46.86) 657 (36.20) 1425 (33.52) 603 (37.57) 
More than 200,000 222 (25.31) 405 (22.31) 783 (18.42) 348 (21.64) 
No of vehicle     
None 45 (4.67) 144 (8.74) 387 (9.66) 63 (4.27) 
One 216 (22.43) 525 (31.88) 1434 (35.80) 375 (25.41) 
Two or more 702 (72.90) 978 (59.38) 2184 (54.53) 1038 (70.32) 

 

Appendix C. 2. Results of mixed-effects models examining the association between accessibility to bus 
stops and bus use behaviour – Unadjusted for socio-demographics 

Parameters Log-Odds SE 95% CI P-value 
Home-based bus access -0.24 0.16 [-0.56, 0.08] 0.147 
Origin-based bus access 0.04 0.05 [-0.06, 0.14] 0.480 
Destination-based bus access 0.13 0.05 [0.03, 0.24] 0.014 
Marginal R2 = 3.1 %; Conditional R2 = 33.5 % 
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Appendix C. 3. Results of mixed-effects models examining the association between accessibility to bus 
stops and bus use behaviour – Adjusted for socio-demographics 

Parameters Log-Odds SE 95% CI P-value 
Home-based bus access -0.82 0.33 [-1.45, -0.18] 0.012 
Origin-based bus access -0.19 0.18 [-0.54, 0.17] 0.304 
Destination-based bus access -0.02 0.10 [-0.21, 0.18] 0.870 
Age (ref. = 18–39)     
40–64 -0.27 0.45 [-1.15, 0.61] 0.544 
65 and over 0.30 0.77 [-1.21, 1.81] 0.701 
Gender (ref. = female) 0.02 0.43 [-0.82, 0.86] 0.967 
Household income (ref. = high income) -0.61 0.45 [-1.50, 0.28] 0.178 
Ethnicity (ref. = Māori)     
New Zealand European -0.16 0.77 [-1.68, 1.35] 0.832 
Paci�ic 0.29 0.88 [-1.43, 2.02] 0.741 
Other 0.81 0.79 [-0.75, 2.37] 0.308 
Neighbourhood residency (ref. = > 10 yrs)     
3–10 yrs -0.87 1.62 [-4.05, 2.32] 0.593 
< 3 yrs -2.95 1.77 [-6.42, 0.52] 0.096 
Work status (ref. = employed) -1.76 1.55 [-4.81, 1.28] 0.256 
Home-based bus accessibility*work status 0.18 0.38 [-0.56, 0.93] 0.629 
Home-based bus accessibility* residency (3–10 yrs) 0.36 0.42 [-0.46, 1.19] 0.386 
Home-based bus accessibility * residency (3 yrs >) 0.64 0.41 [-0.17, 1.46] 0.121 
Origin-based bus accessibility*work status 0.14 0.13 [-0.11, 0.39] 0.272 
Origin-based bus accessibility*residency (3–10 yrs) 0.13 0.19 [-0.25, 0.50] 0.509 
Origin-based bus accessibility*residency (3 yrs >) 0.29 0.19 [-0.09, 0.67] 0.132 
Destination-based bus accessibility*work status 0.25 0.16 [-0.06, 0.55] 0.116 
Destination-based bus accessibility*residency (3–10 yrs) 0.11 0.16 [-0.22, 0.43] 0.520 
Destination-based bus accessibility*residency (3 yrs >) 0.21 0.14 [-0.07, 0.49] 0.145 
Marginal R2 = 23.6 %; Conditional R2 = 38.9 % 
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Appendix C. 4. Estimated associations between accessibility and e-scooter OD trips – Pre-exclusion 
Variable IRR (95% CI) Std. Error Z-value P-value 
Log distance z-score 0.601 (0.595–0.607) 0.004 -106.00 < 0.001 
Log education accessibility z-score     
Origin 0.855 (0.843–0.867) 0.007 -22.20 < 0.001 
Destination 0.870 (0.858–0.882) 0.007 -19.40 < 0.001 
Log recreation accessibility z-score     
Origin 1.070 (1.050–1.090) 0.008 7.89 < 0.001 
Destination 1.070 (1.050–1.090) 0.008 7.51 < 0.001 
Log shopping accessibility z-score     
Origin 0.980 (0.964–0.996) 0.008 -2.39 < 0.001 
Destination 0.935 (0.920–0.951) 0.008 -7.92 < 0.001 
Log public transport accessibility z-
score     

Origin 1.060 (1.040–1.070) 0.005 9.59 < 0.001 
Destination 1.060 (1.050–1.080) 0.005 10.80 < 0.001 
Log environmental bads accessibility 
z-score     

Origin 0.725 (0.714–0.737) 0.007 -42.50 < 0.001 
Destination 0.716 (0.705–0.728) 0.007 -43.80 < 0.001 
Vehicles per household z-score     
Origin 0.715 (0.703–0.726) 0.007 -43.30 < 0.001 
Destination 0.743 (0.731–0.755) 0.007 -38.40 < 0.001 
Deprivation index z-score     
Origin 0.864 (0.854–0.874) 0.006 -23.70 < 0.001 
Destination 0.896 (0.886–0.907) 0.006 -17.90 < 0.001 
Temperature z-score 1.020 (1.000–1.030) 0.005 3.23 < 0.001 
Precipitation z-score 0.986 (0.977–0.996) 0.004 -2.85 < 0.001 
AIC = 278,235.6     
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Appendix D – Analysis Code 

Analysis codes - Chapter 1: 

1. Parse GPS data 

 

2. Parse accelerometer data 

 

3. Merge parsed data 
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4. De�ine cut-points 

 

5. Detect travel modes, wear times, and count vector measures 
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Analysis codes - Chapter 5 and 6 

1. Install packages 

 

2. Setting 

 

3. Load and clean trip data 

 

` 
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4. Load and clean spatial data

5. Snap origins and destinations to road nodes and clean OD nodes

6. Calculate trip distance and �ilter outliers
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