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ARTICLE INFO ABSTRACT

Keywords: Introduction: Active transport (e.g., walking, cycling, and public transport) is associated with
Active transport numerous health benefits and is the most environmentally sustainable means of personal
Walking transport. The introduction of autonomous vehicles (AVs) is expected to result in wide-scale
Bicycling

changes to active transport behaviors. Assessing the likely extent of these changes is important to

gsﬁgc health inform strategies designed to minimize disruptions to active transport resulting from AVs.
Envir}(lmment Methods: An online survey was administered to a national sample of 1624 Australians of driving

age (16 years and older). Respondents reported their current levels of engagement in walking,
cycling, and/or public transport, and how likely they would be to use an AV instead of these
activities. Regression models were used to explore how demographic, psychological, and various
transport-related factors were associated with the likelihood of substituting AVs for each mode of
active transport.

Results: Substantial minorities of respondents indicated that they would be likely to use AVs
instead of walking (18%), cycling (32%), and public transport (48%). The examined factors
accounted for significant amounts of variance in each regression model. One factor was sig-
nificant in all three models: a more favorable general attitude to AVs was associated with a
greater likelihood of replacing walking, cycling, and public transport with AV use.

Conclusions: Overall, the results suggest that AVs could substantially reduce participation in
active transport, with corresponding disbenefits for individuals and society. Policies need to be
implemented immediately to promote the use of active transport and minimize the migration
from active transport to AVs.

1. Introduction
1.1. Active transport

Transport options that involve physical activity are referred to as active transport (Frank et al., 2010). The primary forms of active
transport are walking, cycling, and public transport (Pérez et al., 2017). While public transport itself does not involve physical
activity, it is considered to be a form of active transport because journeys undertaken using public transport typically involve walking
or cycling for a portion of the trip (Saghapour et al., 2018).
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Active transport has many individual and societal-level benefits, particularly in terms of physical activity and greenhouse gas
emissions (Frank et al., 2010; Pérez et al., 2017). Physical inactivity is a substantial health issue that contributes to the development
of non-communicable diseases such as type 2 diabetes, cardiovascular disease, and cancer (Wagner and Brath, 2012). Non-com-
municable diseases resulting from physical inactivity are estimated to cause three million preventable deaths per year worldwide,
place a substantial burden on healthcare systems, and reduce productivity (Muka et al., 2015; World Health Organization, 2009).
Conversely, the use of active transport increases physical activity, thereby reducing rates of non-communicable diseases (Jarrett
et al.,, 2012). In terms of greenhouse gas emissions, active transport generates fewer emissions per person per mile than private
vehicles (Woodcock et al., 2007). In addition, the vehicle manufacturing process is resource intensive and thus further contributes to
emissions (Neves and Brand, 2018). Combining both these sources of emissions, the average car produces approximately 10 times
more emissions per mile travelled over its lifespan compared to a bicycle (Neves and Brand, 2018). As such, increasing the use of
active transport can reduce the significant carbon footprint that is currently created by private vehicles (Ngo et al., 2018).

Governments are increasingly implementing strategies to encourage the use of active transport to improve health outcomes,
reduce emissions, and increase the livability of cities (Alvanides, 2014; Decker et al., 2012). Examples of these strategies include
urban designs that promote the use of active transport and discourage the use of cars (Wefering et al., 2013), health promotion
programs that encourage children and adults to use active transport for their commutes to school/work (Larouche et al., 2018;
Merom et al., 2008), and greater expenditure on public transport (Hidalgo and Huizenga, 2013; Jiang et al., 2017). In Australia, the
context of the present study, the level of motor vehicle ownership is among the highest in the world at 776 vehicles per 1000 people
(Australian Bureau of Statistics, 2018c; Wu et al., 2014). Only 9% of Australians travel to work via public transport, 1% by bicycle,
and 4% by foot (Australian Bureau of Statistics, 2017). The Australian government has recognized that Australia's reliance on cars is
unsustainable and that there is a need to encourage and facilitate greater use of active transport (Arundel et al., 2017; Infrastructure
Australia, 2016).

1.2. Autonomous vehicles

The wide-scale introduction of autonomous vehicles (AVs) is expected to change people's transport behaviors, including those
relating to active transport (Soteropoulos et al., 2019). AVs are vehicles that can independently perform the tasks associated with
driving, thereby removing the need for a human driver (Milakis, 2019). The replacement of conventional vehicles with AVs is
expected to provide many public health benefits, including reduced traffic fatalities, lower emissions, decreased traffic congestion,
and increased mobility for people who are unable to drive (Kelley, 2017; Pettigrew, 2017). However, AV use might also have
unintended negative consequences, including increased congestion and reduced active transport (Childress et al., 2015; Crayton and
Meier, 2017). Compared with active or public transport, AVs offering door-to-door transport will reduce physical activity require-
ments (Crayton and Meier, 2017), and while AVs are predicted to produce fewer emissions than conventional vehicles due to being
electric and more efficient (Milakis et al., 2017), active transport will still remain a more sustainable option (Creger et al., 2019). As
such, despite the benefits that AVs will bring, active transport will continue to be the preferred mode of transport across many health
and environmental outcomes (Creger et al., 2019).

As AVs are not yet widely available, there is limited understanding as to how they will affect the use of active transport (Hall et al.,
2018). It is possible that AVs will complement active transport by increasing pedestrian/cyclist safety and providing a convenient
‘first and last mile’ service for public transport (Combs et al., 2019; Creger et al., 2019). Alternatively, AVs could provide a more
appealing transport option that results in many people replacing active transport altogether (Childress et al., 2015). Younger people,
males, and those with longer commutes have been found to be more willing to use AV technology (Becker and Axhausen, 2017),
making it likely that these population sub-groups will be more predisposed to substituting active transport with AVs. Research is
needed to provide policy makers with insights into how the use of active transport is likely to change with the advent of AVs across
the population and for specific sub-groups to enable the formulation of appropriate strategic responses (Crayton and Meier, 2017;
Fagnant and Kockelman, 2015; Taeihagh and Lim, 2019).

1.3. Insights from modelling research

Due to the lack of empirical evidence available to assess how AVs are likely to affect transport choices (Hall et al., 2018),
simulation models are commonly used to investigate different hypothetical AV scenarios. Soteropoulos et al. (2019) reviewed 37 AV
computational modelling studies, 10 of which simulated the effect that AVs would have on public transport, five on walking, and
three on cycling. The results of these studies varied considerably, especially in terms of public transport outcomes. Usage levels of
public transport were predicted to change by —75% to +138%. The simulations that predicted an increase in the use of public
transport hypothesized that AVs would be integrated into public transport networks, thereby increasing the efficiency and range of
public transport (Gelauff et al., 2017). By comparison, those that predicted a decrease assumed that AVs would offer a more com-
fortable and faster option than public transport at a competitive price (De Almeida Correia and Van Arem, 2016). Most of the AV
simulations that projected changes to walking and cycling predicted declines (change in walking: —56% to +7%; change in cycling;
—45% to —2%). The only study predicting an increase in walking assumed that all conventional vehicles (cars, motorcycles, taxis,
and buses) were no longer available, which resulted in the simulated users switching to AVs, public transport, and walking, with
walking demonstrating the smallest increase (Martinez and Viegas, 2017).

Decreases in the use of all modes of active transport were particularly pronounced in simulations that assumed AVs would be
privately owned rather than being a part of a shared fleet (Childress et al., 2015). Private AVs were expected to be preferred over
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shared AVs and active transport due to their added comfort, time efficiency, and ease of use (Childress et al., 2015; Soteropoulos
etal., 2019). AVs were also predicted to reduce the ‘cost’ of travel time, as it was expected that they will allow passengers to engage in
activities such as socializing, working, or relaxing while travelling (De Almeida Correia and Van Arem, 2016; Soteropoulos et al.,
2019).

Simulation studies are limited by the restricted scope of the factors they investigate and the values that are assigned to these
factors. Estimated variables commonly incorporated into simulation models include the level of AV market penetration, the cost of
using AVs to the passenger, whether AVs are shared or private, and the cost of travel time. The large differences in values assigned to
these variables produced substantial variations in the predicted changes to active transport (Soteropoulos et al., 2019). Due to their
nature, the simulations did not attempt to examine human factors that have previously been shown in survey studies to affect
intentions to use AVs, such as age, gender, knowledge of AVs, and attitude to AVs (Becker and Axhausen, 2017; Haboucha et al.,
2017). Theoretical frameworks such as the Theory of Planned Behavior, the Unified Theory of Acceptance and Use of Technology,
and the Technology Acceptance Model note the potential importance of these variables in influencing behavioral intentions (Ajzen,
1991; Venkatesh and Davis, 2000; Viswanath et al., 2003), highlighting the importance of including these variables in future ana-
lyses.

1.4. The present study

An exploratory study was undertaken to (i) assess the extent to which AVs are likely to be used in place of active transport and (ii)
examine the potential role of factors that may influence substitution intentions. Individuals who currently use active transport were
directly asked about their replacement intentions, thus extending the understanding of this issue beyond the results of previous
simulation studies. The factors assessed in the present study that have not been included in AV simulation research were age, gender,
location (metropolitan vs. non-metropolitan), knowledge of AVs, attitude to AVs, likelihood of buying an AV, likelihood of using an
AV ride-share, overall physical activity, and current hours spent using each form of active transport. These factors have been ex-
amined in previous general AV research and active transport research (Becker and Axhausen, 2017; Haboucha et al., 2017; Merom
et al., 2008; Nordhoff et al., 2018), but to date do not appear to have been investigated in the context of intentions to replace active
transport with AV use.

2. Method
2.1. Sample

The data for this study were gathered as part of a larger research project examining the potential social implications of the advent
of AVs. An online survey was administered to a national sample of Australians of legal driving age (16 years and older, n = 1621) by
PureProfile, a large web panel provider that has been accredited by the International Organization for Standardization (ISO).
Respondents received a small financial reward for participating in the survey. Quotas were applied to the sample to ensure an equal
gender split and an even representation across three age categories (33% 16-30 years, 33% 31-50 years, 34% 51 + years). Table 1
compares the demographic characteristics of the sample to national demographic distributions. The project was approved by the

Table 1
Sample profile (n = 1621).
Demographic Attribute n Present Study (%) Australian Population * (%)
Gender
Female 811 50 51
Male 810 50 49
Age
Mean (SD) 42.9 (17.6) N/A
16-30 years 530 33 24
31-50 years 543 34 34
51+ years 548 34 42
Socioeconomic status "
Low 481 30 34
Mid 758 47 41
High 376 23 25
Missing © 6 0.4 N/A
Education
Tertiary 586 36 31
Non-tertiary 1035 64 69

Note: Proportions may not add up to 100% due to rounding. N/A = not available.

@ Percentages for age and gender are from the Australian Bureau of Statistics (2016) census data. Percentages for education are based on the
Australian Bureau of Statistics (2018b) Education and Work data cubes for persons aged 20-64 years.

> Socio-Economic Indexes for Areas (SEIFA) classification (Australian Bureau of Statistics, 2018a).

¢ Treated listwise.
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Curtin University Human Research Ethics Committee.

2.2. Survey instrument

Consistent with the theoretical frameworks mentioned above, the survey incorporated items relating to sociodemographic, at-
titudinal, and behavioral intentions variables. Respondents reported their demographic characteristics (age, gender, postcode) and
the average number of hours per week they spent walking, cycling, and on public transport. General attitude to AVs was explored by
asking “How do you feel about fully autonomous vehicles being widely used in the future?” (response options: 1 (Very negative) to 5 (Very
positive)). To examine self-perceived knowledge of AVs, respondents were asked “How much do you know about fully autonomous
vehicles?” (response options: 1 (Nothing at all) to 4 (A large amount)). Intention to use private or shared AVs was assessed by asking
whether they would “Ever buy a fully autonomous vehicle?” and “Use an autonomous vehicle ride sharing service (like Uber) if it was
available?” (response options: 1 (Very unlikely) to 5 (Very likely)). Reflecting the expectation that AVs and non-AVs will share the
roads in the coming decades (Taeihagh and Lim, 2019), respondents were then told to “imagine a scenario in which both conven-
tional driver-operated cars and autonomous vehicles are available”. Respondents were asked how likely they would be to replace
their existing forms of active transport with an AV. For example, “How likely would you be to use an autonomous vehicle for trips that you
currently walk?” (response options: 1 (Very unlikely) to 5 (Very likely) and ‘Don't know/Not applicable’).

2.3. Data analysis

Data were analyzed using SPSS version 24. Three ordinary least squares multiple regression models were used to determine
whether the assessed factors (age, gender, location (determined via postcode), knowledge of AVs, attitude to AVs, intentions to use
AVs, engagement in physical activity, and current use of active transport) were associated with intentions to use AVs in place of
walking, cycling, or public transport. The factors were simultaneously entered into each regression model to estimate the variance
accounted for by each factor. Respondents were only included in each regression analysis if they currently engaged in that form of
active transport. Additionally, respondents who answered ‘Don't know/Not applicable’ for the likelihood of using an AV in place of a
mode of active transport were excluded from the respective regression model. To assess the robustness of the resulting models,
ordinal regressions were also conducted. These analyses revealed a comparable pattern of findings (results not shown).

3. Results

Table 2 presents the results for respondents’ intentions to use an AV in place of each active transport option. Among those
reporting regular walking (n = 1528), 18% indicated being somewhat/very likely to use an AV instead. In terms of regular cycling
(n = 362) and public transport use (n = 625), replacement rates were higher at 32% and 48% respectively.

The assessed factors accounted for a significant amount of variance in the likelihood of substituting walking with an AV (adjusted
R?=0.15, F (9, 1309) = 25.68, p < 0.001), cycling (adjusted R?>=10.14, F (9, 307) = 5.38, p < 0.001), and public transport
(adjusted R? = 0.33, F (9, 550) = 29.41, p < 0.001). Fig. 1 illustrates the significant predictors identified across the three modes of
active transport and the complete results of the regression models are presented in Table 3. Just one factor, a more favorable attitude
to AVs, was significantly positively associated with substitution in all cases. Age was negatively associated with two active transport
mode replacements: older respondents were less likely to report using AVs in place of walking and public transport, but not cycling.
The numbers of hours spent walking and on public transport were also positively associated with the likelihood of replacing those
modes of active transport.

4. Discussion

Consistent with the findings of simulation studies (Chen and Kockelman, 2016; Kroger et al., 2018; Soteropoulos et al., 2019), the
results of the present study suggest that AVs have the potential to significantly reduce participation in all three primary forms of
active transport. This was found to be especially the case for public transport, which is likely to reflect the fact that this form of
transport is primarily used for commuting, whereas walking and cycling are also often undertaken for exercise or leisure, the benefits
of which cannot be replicated by AV use (Redman et al., 2013; Xia et al., 2017). The results highlight the need to proactively develop
strategies to optimize the use of active transport before, during, and after the wide-scale introduction of AVs. Ideally these strategies
would be designed to minimize the number of people who choose to substitute their current use of active transport with AVs, while
also encouraging more people to engage in active transport to increase population-level participation.

The only factor that was significant in all three regression models was a positive attitude to AVs, indicating that this variable will
be an especially important consideration in the development of strategies to lessen the impact that AVs are likely to have on active
transport. The two other factors that were significant in at least two models were age and existing time spent engaging in the relevant
transport mode. In line with previous research predicting more rapid AV adoption rates among younger people, younger respondents
reported higher levels of replacing walking and public transport with AVs than older respondents (Becker and Axhausen, 2017;
Kyriakidis et al., 2015). Respondents who spent more rather than less time walking and using public transport demonstrated a greater
likelihood of substituting these forms of active transport with AV use, which is congruent with previous research finding that people
with longer commute times tend to be more willing to adopt AV technology (Becker and Axhausen, 2017).
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Fig. 1. Significant predictors identified in each regression model. The standardized P coefficients are reported for each predictor. Negative values
indicate a negative relationship between the predictor and criterion variables. *P < 0.05. **P < 0.01. ***P < 0.001.

Table 3

Results of three active transport regression models, including unstandardized (B) and standardized () regression coefficients for each predictor.
Variable Walking Cycling Public Transport

B [95% CI] B B [95% CI] B B [95% CI] B

Gender (male) .17 [—-.30, —.04] .07* —.09 [-.21, .39] .03 .14 [-.05, .33] .05
Age —.01 [-.01, —.01] —.15%** —.01 [-.02, .01] —.08 —.01 [-.01, —.00] —.10*
Metro (non-metropolitan) —.05 [-.20, .01] —-.02 —.11 [—.49, .27] -.03 .35 [—.02, .69] .07*
Knowledge about AVs <.01 [-.01, .01] <.01 .18 [—.04, .39] .09 -.17 [-.31, —.03] —.09*
Attitude to AVs .23 [.16, .31] 20%** .26 [.07, .44] .20%* .48 [.36, .60] 37HE
Likely to ever buy an AV —.08 [.01, .15] .09* .14 [-.02, .31] .14 —.04 [-.07, .15] .04
Likely to use AV rideshare .07 [ <.01, .13] .07 —.03 [-.19, .14] —.03 .21 [.11, .31] 207
Engagement in physical activity < .01 [-.01,.01] .02 < —.01 [-.02,.01] —.04 <.01 [-.01,.011] .03
Hours spent on relevant activity .01 [ <.01, .03] .06* .04 [-.01, .08] 11 .03 [.01, .06] .10%

Note: Hours spent on relevant activity refers to the hours per week that the person engaged in that form of transport (e.g. hours spent walking per
week). 3 regression coefficients are standardized in terms of the units of measurement.
*P < 0.05. **P < 0.01. ***P < 0.001.

4.1. Strategies to encourage active transport

The anticipated reduction in active transport associated with more favorable attitudes to AVs presents a particular dilemma for
policy makers because these positive attitudes need to be fostered to achieve the many expected public health benefits of conversion
from traditional vehicles (Pettigrew et al., 2018), while also encouraging the prioritization of active transport. To achieve this
difficult task, potential strategies will need to be multifactorial in nature to take into account the numerous external and psycho-
logical factors that shape transport choices (Bouscasse et al., 2018; Lanzini and Khan, 2017).

Relevant external factors include the relative cost, convenience, safety, and comfort of transport options (Xia et al., 2017). Cost is
a particularly important determinant of transport use (Buehler, 2011), making pricing strategies a critical means of encouraging the
continued and increased use of active transport during the introduction of AVs. For example, it is expected that road user charges will
be applied on a cost-per-mile basis to enable governments to fund road and transport systems once license, registration, and fuel
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excise revenues cease being viable funding sources (Simoni et al., 2019). This will provide the opportunity to apply variable charges
according to the type of transport (e.g., shared vs private vehicles) and route (e.g., whether public transport is available along the
same travel corridor: Creger et al., 2019) to encourage the use of more socially beneficial forms of transport. Cycling could be
promoted through free bike-sharing programs, with research indicating that people are receptive to this idea as a means to support
active transport (Fishman et al., 2015; Xia et al., 2017).

The external environment can also be modified to support active transport via infrastructure changes that prioritize the use of
active transport over personal car ownership (Cavoli and Cohen, 2019; Legacy et al., 2019). Urban densification is being pursued by
numerous cities to improve various outcomes, including greater use of active transport (Arundel et al., 2017; Fan et al., 2014;
Hawkins, 2013). Participation in walking and cycling can be promoted by developing networks of connected walkways/cycle paths
(Brown et al., 2017; Tribby et al., 2017). Creating drop-off and pick-up zones for AVs could also further facilitate the use of walking
(Creger et al., 2019; Vanwolleghem et al., 2014), although door-to-door AV services would need to be provided for people with
reduced mobility given this is a key anticipated social benefit of AVs (Pettigrew et al., 2018).

In terms of psychological factors, transport habits are likely to be crucial in determining people's choices once AVs are a viable
transport option (Lanzini and Khan, 2017). Transport habits involve the same mode of transport being used continually without
alternatives being considered (Gardner and Abraham, 2008; Lanzini and Khan, 2017). People are more open to initiating the use of
alternative modes of transport when the context around their habitual transport choice changes (Thomas et al., 2016; Verplanken and
Wood, 2006). The impending advent of AVs represents one such disruptive change that is likely to cause individuals to reconsider
their preferred mode(s) of transportation. Preemptive interventions will therefore be needed to prevent habitual active transport
users from changing their current habits, and also to potentially encourage more people to adopt habitual active transport use during
this phase of transport disruption. There is some evidence that interventions involving the provision of free public transport for a
limited time can successfully persuade habitual car users to start using public transport, however the likelihood of long-term behavior
change remains unclear (Abou-Zeid and Fujii, 2016; Lieberoth et al., 2018; Taniguchi et al., 2014).

4.2. Limitations and future research

The present study was exploratory in nature and had a number of limitations. While substantial minorities of respondents in-
dicated that they would likely use AVs in place of the assessed forms of active transport, this may not translate into actual behavioral
change due to the intentions-behavior gap (Sheeran, 2002) and the difficulty associated with envisaging a world in which AVs are
common place. People might be more likely to use AVs instead of active transport when they can better appreciate the level of
convenience that AVs will offer, with trial data indicating that Australians are more accepting of AVs after personally experiencing
one (Royal Automobile Club, 2017). In addition, as the questions for active transport replacement intentions related to a possible
future scenario, hypothetical bias may have resulted in respondents being overoptimistic in their intentions to continue using active
transport once more convenient AVs are available (Burgess et al., 2010). The results of the present study may therefore underestimate
the actual substitution rates once AVs are widely available. However, it is also possible that people will be more inclined to use active
transport when AVs are available due to greater demonstrated safety for pedestrians and cyclists, which could ultimately make
walking and cycling more appealing (Pettigrew et al., 2018).

Another limitation is the use of a web panel for respondent recruitment, which may have resulted in sampling bias. Although this
was minimized through the use of quotas, the sample was somewhat younger than the national population. Future research could
apply alternative sampling and data collection methods to provide comparison points. In addition, work is needed in other geo-
graphical locations to assess the extent of substitution that is likely to occur in other physical and cultural contexts.

The availability of measures investigating AV-related behaviors is limited due to this being a new areas of research, and as such
the measures employed in the present study have not been previously validated. Furthermore, the present study did not directly ask
respondents about replacement intentions for conventional vehicles, therefore the predicted reductions in active transport partici-
pation cannot be compared to potential reductions in conventional car use. Investigating whether replacement intentions for con-
ventional cars differ to active transport is an important avenue for future research.

5. Conclusion

Both active transport and autonomous vehicles present numerous benefits for individuals and society. The introduction of AVs is
likely to affect the number of people who use active transport, but until AVs are widely available the scale of this impact will be
unknown. The present findings suggest that many people may replace their existing active transport behaviors with AV use, and that
this is likely to be especially pronounced among those with more positive attitudes to AVs, younger people, and those exhibiting
higher current levels of active transport use. To minimize the substitution of active transport with AVs, policy makers need to be
proactive in implementing a range of strategies addressing relevant psychological and external factors to encourage the use of active
transport prior to, during, and after the introduction of AVs (Legacy et al., 2019). AVs are set to fundamentally change transport in a
way that will force extensive policy and infrastructure change (Fagnant and Kockelman, 2015). This represents an opportunity to
consider the implications for active transport and ensure proactive efforts are made to both prepare for AVs and prioritize the use of
active transport.
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