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1 Introduction

Public transport serves an important role in both cities and regional areas across the world. Not only
does this form of transport support efforts to reduce car dependency and trafhic congestion (Cullinane,
2002; Goodwin, 1993; Nguyen-Phuoc, Currie, De Gruyter, & Young, 2018), it can also enhance road
safety (Truong & Currie, 2019), reduce social exclusion (Currie, 2010), and contribute to sustainability
(De Gruyter, Currie, & Rose, 2016) and public health objectives (Badland, Rachele, Roberts, & Giles-
Corti, 2017). Public transport can also influence urban geography via effects on built form and structure
(Kasraian, Maat, Stead, & Van Wee, 2016).

An understanding of the spatial factors that influence public transport use is critical for planning
purposes and can inform approaches for increasing transit ridership and meeting wider societal objec-
tives (Chow, Zhao, Liu, Li, & Ubaka, 2006; Taylor, Miller, Iseki, & Fink, 2009). Much research has ex-
plored the influence of factors relating to the built environment on public transport use, car ownership
and travel behavior more generally (Cervero & Kockelman, 1997; Ewing & Cervero, 2010; NASEM,
2006; Tsai, Mulley, & Clifton, 2012; Zegras, 2010; Zhang, Hong, Nasri, & Shen, 2012). However,
these studies tend to consider all public transport modes in aggregate form, with very limited consid-
eration of how factors may vary by individual public transport mode, e.g., train, tram and bus. There
are of course good reasons for this, such as (but not limited to) small sample sizes in datasets relating to
individual public transport modes and a greater focus on understanding factors that influence car use vs.
non-car use (Boulange et al., 2017; Cervero & Murakami, 2010; McKibbin, 2011). Furthermore, and
mainly due to data availability constraints, most studies of the built environment and travel behavior
tend to neglect more specific transit-related variables known to strongly influence public transport use,
such as transit service frequency (NASEM, 20006).

Given the transport geography literature has not systematically differentiated between modes in
analysis of interactions with the built environment, there is a need for studies that respond to this over-
sight. The aim of the present study is to understand how the built environment and other characteristics
affect transit use for commuting (to work) by mode, specifically train, tram and bus services. This paper
asks 1) how do built environment and other characteristics affect transit use for commuting by mode for
tram, train and bus services? 2) how can a multi-modal single city case study assist to detail these modal
built environment differences? and 3) what implications might differences in modal relationships with
the built environment pose for integrated transport and land-use planning decisions?

A case study of Melbourne was chosen for the research due to the presence of an extensive and
integrated public transport system (train, tram and bus) and the availability of suitable data on the built
environment and related characteristics for the analysis. Melbourne is located in the southeast corner of
the Australian mainland and is home to over 5 million people (ABS, 2019). While the analysis is spe-
cific to Melbourne, the findings also have strong relevance for similar jurisdictions that operate multiple
public transport modes within the same city.

This research contributes to the literature through providing an understanding of how factors af-
fecting public transport commuting (to work) vary by train, tram and bus, within the same metropoli-
tan region. Using a transit commuting dataset compiled for the year of 2016, the research draws upon a
much larger sample size (n > 10,000) than is typically available in studies of the built environment and
travel behavior, and also incorporates other transit-related variables known to influence public transport
use, such as service frequency. An understanding of factors affecting public transport use, individually by
mode, can better inform transit planning and efforts to increase ridership by mode, while also providing
an important input to transit demand forecasting.

This remainder of this paper is structured as follows. Section 2 provides an overview of the relevant
literature, with a particular focus on studies that have assessed the influence of the built environment on
travel behavior. Section 3 provides context for the research through a description of Melbourne as the



Houw does the built environment affect transit use by train, tram and bus? 627

chosen case study location, along with an overview of its public transport system. Section 4 details the
analysis method employed to understand factors affecting transit use by mode, including the compila-
tion of data and the modelling approach. Results of the analysis are then presented in Section 5, followed
by a discussion of implications and concluding remarks in Section 6.

This research focuses mainly on the origin end of public transport commuting trips, represented by
household locations in small geographical areas across Melbourne. Attributes specific to the destination
end of commuting trips (e.g., car parking availability, price) are therefore not captured by the analysis.
The research is also cross-sectional in nature, limiting the ability to attribute causation. The findings
are therefore reported as “associations” between built environment characteristics and the use of public
transport for commuting purposes.

2 Literature review

Table 1 provides a synthesis of key factors that can influence travel behavior, including public transport
use. This synthesis is based on a total of 46 publications and is by no means exhaustive given the volume
of research that has been undertaken on this topic. However, it does serve to provide a sufficient under-
standing of the range of factors that can influence public transport use.

The factors listed in Table 1 are categorised under the commonly cited 7 Ds (Ewing & Cervero,
2010) of density, diversity, design, destination accessibility, distance to transit, demand management,
and demographics. An additional category is also included to capture “other” factors reported by the
literature. These categories contain some overlap, so are not mutually exclusive, but help to provide a
useful classification of variables considered in previous studies. In addition, “distance to transit” contains
a number of non-distance related variables (e.g., transit service frequency, route density) but are included
under this category for convenience of grouping transit-related variables together.

To help contain the number of factors to a manageable level, Table 1 only includes factors that
were reported by at least two studies. Examples of factors reported by only one study each included
bicycle ownership (Lin & Yu, 2011), pet ownership (Crane, 2000), political party affiliation (Taylor et
al., 2009) and topography (Zegras, 2010). Table 1 also indicates whether or not each factor was statisti-
cally significant, although it is noted that statistical significance was not tested in some studies, such as
literature reviews (Cervero, Ferrell, & Murphy, 2002; Crane, 2000).

As shown in Table 1, the most common factors identified by the literature include:

1. Car/vehicle ownership (29 studies)

Income (27 studies)

Land-use mix (26 studies)

Population density (22 studies)

Distance to transit station/stop (21 studies)
Intersection/street density (21 studies)
Employment density (19 studies)

PN AN

Jobs accessible within x mins by mode, transit service quality, adults/children/workers in house
hold, and household size (17 studies each).

While land-use mix and employment density were commonly identified by the literature, a much
smaller number of studies that tested for statistical significance (7 out of 20 studies for land-use mix; 7
out of 15 studies for employment density) reported these variables as significant. While transit service
quality is acknowledged as a key factor affecting public transport use, it was included in only 17 stud-
ies, making it the 8th most common factor identified by the literature (equal with a number of other
factors).
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Table 1 also shows that a collective total of 515 variables were considered across the 46 studies,
resulting in an average of approximately 11 explanatory variables per study. Of the 441 variables that
were tested for statistical significance, 282 (or 64%) were reported to be significant in influencing travel
behavior. As noted by some researchers, urban design features (e.g., land-use mix, quality of walking
environment) generally have a modest influence on public transport use compared with more direct fac-
tors such as distance to transit and the quality of public transport services (Arrington & Cervero, 2008;
Hendricks et al., 2005). Furthermore, Cervero and Kockelman (1997) note that in many studies of the
built environment and travel behavior, land-use variables often have little variation given one data point
per neighbourhood/site, compared to most control variables (e.g., income) which are typically by person
and measured on a continuous ratio scale, thus enjoying a predictive advantage.

While the literature to date provides an excellent understanding of factors affecting public transport
use overall, there is a very limited understanding of how these factors vary by individual public transport
mode (e.g., train, tram, bus). The research underlying this paper seeks to fill that gap using a case of
Melbourne, as described in the next section.

Understanding factors affecting the use of individual public transport modes is important as there
may be differential effects in the way that combinations of the built environment and mode leverage
higher public transport patronage. Decision-makers wishing to choose what public transport mode is
preferable when planning a new urban development need to understand how urban form, mode and
patronage intersect. If, for a given level of built environment, development planners can induce a higher
level of patronage by offering one mode over another, then that could influence decision making to the
benefit of cities. Given the difficulty in achieving better urban outcomes, any beneficial marginal gain
from differential mode selection deserves to be understood.

It is also worth highlighting that current transport and land-use planning practice tends to reflect
implicit built environment and mode relationships. Development around rail stations often follows a
“transit-oriented” model involving high density development within a large radial catchment. Light rail
development by comparison is more likely to be used in linear boulevards where the modal character-
istics of smaller scale and shorter stopping distances integrate better with high quality streetscapes. In
contrast bus rapid transit is relatively uncommonly associated with built environment intensification.
However, density alone is unlikely to attract sufficient ridership where development is poorly integrated
with public transport. Good urban design, particularly when approached from the perspective of visual
proximity, can play an important role in enhancing access and connectivity to public transport services
(Loukaitou-Sideris, Higgins, Cuff, & Oprea, 2013; Stojanovski, 2020).

3 Research context

This section describes the case study location of Melbourne that was chosen for this research to under-
stand how the built environment and other characteristics affect transit use for commuting,

Melbourne is located in the southeast corner of the Australian mainland and is the capital city
of the state of Victoria. During the period 2001-18, Melbourne grew from 3.5 million to 5 million
people, recording an average annual growth rate of 2.1% (ABS, 2019). This represented the 57th high-
est population growth rate out of 640 metropolitan areas located within countries that are part of the
Organisation for Economic Co-operation and Development (OECD, 2019). By 2063, Melbourne is
forecast to double in population to 10 million people, representing an expected average growth rate of
1.6% per annum (ABS, 2018).

Car ownership in Melbourne is relatively high at 593 vehicles owned per 1,000 people. This is
the 6th highest car ownership rate out of 63 metropolitan areas across the world that are included in
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the UITP Mobility in Cities Database (UITDE, 2015). This pattern is consistent with a relatively high
proportion of commuting trips in Melbourne undertaken by car at 75% (ABS, 2016). Public transport
accounts for 18% of commuting trips, with the remainder (7%) undertaken by other forms of transport
such as walking and cycling (ABS, 2016).

An overview of Melbourne’s public transport system is provided in Table 2. The system includes 17
train lines, 24 tram routes and 363 bus routes. There are also a small number of ferry services operating
in Melbourne, but these are generally considered to be ancillary to the conventional public transport
system (PTV, 2019a). Public transport in Melbourne is operated under a franchise agreement through
private companies contracted to the Victorian state government (PTV, 2019d).

While services are operated under a franchise agreement in Melbourne, the overall network struc-
ture means passengers may have more than one public transport mode available for undertaking a trip
between a given origin-destination, indicating a level of competition that exists between public transport
modes. This means that we cannot simply assume that passengers are captive to a particular mode for a
given journey origin-destination pair. In addition to factors such as journey time, service frequency and
routing, each mode of public transport also has its own intrinsic features which make it more/less attrac-
tive to users. For example, train and trams are generally perceived as “better” modes of public transport
in Melbourne due to better stop/station facilities, ease of boarding/alighting and better ride quality
(Australian Transport Council, 2000).

As detailed in Table 2, and partly reflective of the large number of bus routes in Melbourne, bus
services cover a far greater number of vehicle kilometres (167 million) than train or tram services (23
million and 25 million respectively). However, when ridership is considered, buses in Melbourne carry
much less passengers on a per kilometre basis on average (0.98 passengers/km) than trains or trams
(10.4 passengers/km and 8.4 passengers/km respectively). In terms of commuting to work by public
transport, train services carry a much larger proportion of passengers (236,000 out of 309,000, or 76%),
than trams (52,000 or 17%) and buses (21,000 or 7%). Most tram services are located within 10 km of
Melbourne’s CBD (89.6%), compared with train (31.5%) and bus services (15.1%).

Melbourne has an integrated public transport fare system, comprising of only two zones. A free
tram zone also operates in the Central Business District (CBD) and free “early bird” train travel is avail-
able to passengers who exit the train network before 7:15am (PTV, 2019b).
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Table 2. Overview of Melbourne’s public transport system

Characteristic Train Tram Bus Total
Lines/routes 17 24 363 404
Operator Metro Trains Yarra Trams Various'

Typical peak headway 5-10 minutes 5-10 minutes 10-30 minutes

Typical hours of operation’ ~ 4am-midnight 5am-lam 6am-10pm

Total annual ridership? 240.9 million 206.3 million 117.8 million 565.0 million
Total annual km operated® 23.1 million 24.5 million 119.8 million 167.4 million
Average ridership per km* 10.4 passengers’km 8.4 passengers’km  0.98 passengers’km 3.4 passengers/km
Average weekday ridership for 236,000 52,000 21,000 309,000
commuting to work only’

% route km within 10 km of  31.5% 89.6% 15.1% 26.8%
Melbourne’s CBD

! Total of 14 bus operators; key bus operators include Transdev Melbourne, Ventura Bus Lines and CDC Victoria.
2 On Fridays and Saturdays, all train services and a selection of tram and bus services operate all night.

3 Figures are based on actual performance in 2017-18 for all trip purposes (including commuting).

4 Calculated as annual ridership divided by annual km operated.

5 Figures based on the Victorian Integrated Survey of Travel and Activity (VISTA) conducted in 2018.

Sources: Department of Transport (2019b); PTV (2019c, 2019e); State of Victoria (2019).

The historical geographical development of Melbourne’s public transport network also provides
relevant context as it relates to the built environment. Melbourne was built around trams and trains
during the 19th Century and early 20th Century, while the post-WWII period was largely built around
the car and served by buses as public transport (PTV, 2012). Trams in Melbourne today tend to oper-
ate in older high-density areas as cars did not exist at the time they were introduced. The train network
produced suburban “beads on a string” settlement structures with gaps between them beyond walking
distance that were later filled in by car-based urban form.

To encourage land development near high quality public transport, Melbourne has a designated
Principal Public Transport Network (PPTN). This comprises all metropolitan train stations and tram
routes, plus a small selection of bus routes with a relatively high peak service frequency (Department of
Transport, 2019a). The spatial distribution of all public transport routes in Melbourne, including the
PPTN, is shown in Fig. 1.

In seeking to understand how the built environment and other characteristics affect transit use for
commuting, Melbourne offers an ideal case study. The presence of integrated and multi-modal public
transport system allows for factors affecting transit use to be tested separately for train, tram and bus
services within the same metropolitan region. Furthermore, Melbourne represents a rapidly growing
city in the developed world with a relatively high level of car dependence, particularly in new greenfield
suburbs located on the urban fringe, characteristics that are considered to pose key challenges to deliv-
ering effective public transport. Using Melbourne as a case study, the method used to explore factors
affecting transit use is detailed in the next section.
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Train Stations (PPTN)
Tram routes (PPTN)
—— Bus routes (PPTN)
—— Train lines y
Bus routes / ~
SAls o

/

Figure 1. Spatial distribution of Melbourne’s public transport network
Note: PPTN = Principal Public Transport Network; SAls = Statistical Areas Level 1.

4 Method

4.1 Compilation of dataset

A dataset of variables was compiled based on the literature review and other factors deemed relevant as
influencing public transport use. These variables are listed in Table 3, including their source and sum-
mary values. All variables were continuous and compiled for the year of 2016, in line with the last Aus-
tralian census. The unit of analysis for the research was private occupied households in Statistical Areas
Level 1 (SAls) in metropolitan Melbourne. SA1s are the smallest unit of census data, with an average
population of around 400 people (ABS, 2016). Metropolitan Melbourne has a total of 10,289 SAls,
thereby providing the basis for a relatively large sample size for the analysis.

Dependent variables for the analysis included the percentage of commuting trips (to work) from
each SA1 undertaken by transit across all modes in total, and separately by train, tram and bus. A total
of 38 independent variables were considered and classified under the 7 Ds (Ewing & Cervero, 2010).
Consistent with the literature review presented in Section 2, Distance to transit contained some non-dis-
tance related variables but were included under this category for convenience of grouping transit-related
variables together. The demand management variables, while related to transit, were grouped under this
category given their relationship to parking.

A key data source for the variables was the last Australian census in 2016 (ABS, 2016) which pro-
vided data for each of the dependent variables, along with the independent variables classified under
density, diversity, destination accessibility and demographics. Data for the design and demand management
variables was sourced from the Victorian Government’s Data Directory, DazaVic, an open data platform
containing over 4,000 separate datasets (Victorian Government, 2019). Transit-related variables under
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the distance to transit category were sourced from the 2016 public transport network housed within the
Victorian Integrated Transport Model (VITM), a strategic transport model maintained by the Victorian
Government (Spiridonos, 2013).

Table 3. Variables included in the analysis

Variable Units Source Range Mean Median
Dependent variables

Commuting trips by transit (all modes)' % ABS census  0-100 14.3 12.4
Commuting trips by train % ABS census  0-62.5 10.9 9.5
Commuting trips by tram % ABS census ~ 0-100 3.1 0.0
Commuting trips by bus % ABS census  0-30.9 2.5 1.6
Density

Population density ‘000 people / sq. km ABS census  0-189.1 3.3 2.9
Employment density ‘000 jobs / sq. km ABS census  0-240.8 1.3 0.3
Total population Population ABS census  0-4,354  435.8 418
Total dwellings Dwellings ABS census 0-2,699 178.2 164
Total jobs Jobs ABS census 0-29,948 198.5 57
Diversity

Non-apartment dwellings? % ABS census  0-100 86.1 100.0
Jobs to population ratio Jobs / population ABS census  0-7,011  4.39 0.13
Land-use mix® n/a (entropy index) ABS census 0-0.67 0.12 0.00
Land-use mix (excl. large scale uses)* n/a (entropy index) ABS census 0-0.86 0.08 0.00
Design

Intersection density Intersections / sq. km  DartaVic 0-754.7  70.0 62.9
3-way intersections % DataVic 0-100 89.8 95.8
4-way intersections % DataVic 0-100 11.2 6.7
Street density Total street km / sq. km  DataVic 0-48.3 13.7 13.7
Destination accessibility

Distance to CBD kilometres GIS 0.2-99.4  25.1 21.8
Residents with distance to work > 5 km % ABS census  0-100 38.9 40.1
Residents with distance to work > 10 km % ABS census  0-68.7 28.2 29.1
Distance to transit

Distance to nearest train station kilometres VITM 0-48.8 3.2 2.0
Distance to nearest tram stop kilometres VITM 0-86.9 13.1 8.1
Distance to nearest bus stop kilometres VITM 0-42.4 1.0 0.5
Distance to nearest train station on PPTN  kilometres VITM 0-56.3 3.8 2.1
Distance to nearest tram route on PPTN kilometres VITM 0-86.9 13.1 8.1
Distance to nearest bus route on PPTN kilometres VITM 0-60.1 4.3 1.4
Transit route density Total route m / sq. km ~ VITM 0-1,839  12.1 2.9
Effective transit headway in AM peak minutes VITM 0-120 6.2 2.6
Demand management

Nearest train station with bicycle parking kilometres DataVic 0-42.8 3.8 2.2
Nearest train station with car parking kilometres DataVic 0-42.6 3.3 1.8

Car parking capacity at nearest train station ~ Total parking spaces DataVic 0-676 137.0 92
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Variable Units Source Range Mean Median
Demographics

Persons aged 15-24 years old % ABS census  0-100 12.9 12.5
Households with children % ABS census  0-100 46.8 48.8
Persons with bachelor/postgraduate degree % ABS census  0-100 19.4 17.3
Persons studying full-time % ABS census  0-100 204 20.5
Persons employed full-time % ABS census  0-100 28.7 29.1
Persons employed as manager/professional % ABS census  0-100 17.6 16.7
Male persons % ABS census  0-100 48.3 49.1
Average household car ownership Cars / household ABS census  0-3.60 1.62 1.65
Average household size Persons / household ABS census  0-381.7  2.56 2.56
Non-renting households % ABS census  0-100 65.4 69.8
Households with income above median’® % ABS census  0-100 54.4 56.3

Note: ABS = Australian Bureau of Statistics; DataVic = Victorian Government Data Directory; GIS = Geographic Information

System; PPTN = Principal Public Transport Network; VITM = Victorian Integrated Transport Model.

1 All commuting trips by train, tram and bus; value is less than the sum of individual modes due to use of multiple modes.

2 Includes separate houses, semi-detached houses, row/terrace houses and townhouses.

3 Entropy index calculated based on the balance between the following ten land uses in each SAI: residential, commercial,
industrial, education, parkland, hospital/medical, transport, water, other, primary production; ranges from 0 where all land
in the SAI is a single use, to 1 where land is evenly divided among all land uses.

4 Large scale land uses excluded in calculation of entropy index: parkland, water, primary production.

5 Median weekly household income in 2016 was $1,542.

While identified through the literature review as influencing transit use, #ansiz fare levels were not
included as a variable in this research. This was due to the lack of variation in fare levels across Mel-
bourne, with only two main zones across the entire metropolitan area (PTV, 2019b). While the free
tram zone operates in the CBD, this was of less relevance as it is located at the destination end of com-
muting trips to the CBD. Other variables such as fuel prices, which can also influence transit use, were
not incorporated due to their lack of spatial variability across the metropolitan area. As noted by Cervero
and Kockelman (1997), variables at the person (or even household) level tend to enjoy a predictive ad-
vantage in travel behavior studies due to greater variability.

42 Data analysis

Following the compilation of all variables for each SA1, simple bivariate comparisons were first under-
taken to explore the association between public transport commuting and each independent (continu-
ous) variable. Pearson correlation coefficients were calculated to indicate the strength of the association
between each independent variable and public transport commuting, while testing for statistical signifi-
cance using a t-test. Independent variables with a high level of correlation were then plotted against the
percentage of commuting trips by transit, using discrete intervals for ease of interpretation. All bivariate
comparisons were undertaken separately for each public transport mode and in total across all modes
(train, tram, bus).

Following the bivariate analysis, multivariate modelling was undertaken to further explore factors
associated with public transport commuting. Regression models were estimated separately to predict the
percentage of commuting trips undertaken by public transport in total and the percentage undertaken
by each mode (train, tram, bus) for each SA1. All variables were analysed as continuous variables. To
explore spatial variability in the associations, separate models were also estimated for the inner metro-
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politan area (distance to CBD < 10 km) and outer metropolitan area (distance to CBD > 10 km). As
the values of each dependent ranged from 0 to 1 (i.e. percentages), both ordinary least squares (OLS)
and beta regression models were employed, in line with recommended practice from Kieschnick and
McCullough (2003). The OLS model specification is:

Yi:ﬁ0+ﬁ1 BEi+ﬁzserVicei+'83SDi+ei v

where Y i is the percentage of commuting trips (to work) from each SA1 undertaken by transit across
all modes in total, and separately by train, tram and bus; BE, Service,, and SD, represent built envi-
ronment, transit service, and socio-demographic variables respectively; , is a constant; ﬁl , ﬁz ) ﬁs are
the coefficients to be estimated; € is the error term.

For beta regression, we followed Ferrari and Cribari-Neto (2004) to specify the model as follows:

g(w)=logk =x'p 2)

where 1. € (0,1) denotes the expected value of Y; g(i) is a link function that is strictly monotonic
and twice differentiable; X" denotes a set of independent variables.

For all OLS models estimated, robust standard errors were used to correct for possible bias from
heteroscedasticity. Variance Inflation Factors (VIFs) were also derived to detect potential multicollinear-
ity in variables. After removing variables that were likely to exhibit multicollinearity, the VIFs in all
models were less than 3.0, indicating no concerns for multicollinearity (Allison, 1999). Variables that
were not statistically significant were excluded from the analysis. However, if a variable was significant in
one model, it was retained in the other models for comparison purposes. Results from the OLS and beta
regression models were relatively similar in terms of coefhicient signs and levels of significance, so results
from the OLS models were reported for ease of interpreting coefficients. All models were estimated us-
ing Stata/MP 14.0.

5 Results

This section of the paper details the results of the analysis. Bivariate comparisons are presented first to
explore the association between commuting by transit and each independent variable. Results of the
regression analysis are then presented to better understand how the built environment and other charac-
teristics affect transit use for commuting by mode, specifically train, tram and bus services.

5.1 Bivariate analysis

Table 4 details the strength of the association between each independent variable and public transport
commuting (by mode and in total), using Pearson correlation coefhicients.

With the exception of 3-way intersections, all independent variables have a statistically significant
association with public transport commuting in total (across all modes). Independent variables with
a relatively high correlation include persons with bachelor/postgraduate degree (0.70), distance to CBD
(-0.65), distance to nearest tram stop / route (on PPTN) (-0.57), persons employed as manager/professional
(0.50) and distance to nearest train station (on PPTN) (-0.41). The signs of all correlation coefhicients are
as expected and consistent with the literature.
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For commuting by train, results are similar to commuting by all transit modes, albeit containing
weaker associations with each independent variable. Here, independent variables with a relatively high
correlation include persons with bachelor/postgraduate degree (0.47), distance to CBD (-0.46) and distance
to nearest tram stop / route (on PPTN) (-0.43). It is noted that distance to the nearest train station has
a weaker association than distance to the nearest tram stop / route (-0.37/-0.38 for train vs. -0.43 for
tram). This may reflect a geographical difference as tram services are more concentrated within the inner
city where car ownership is lower and the propensity to use public transport is generally higher. It is also
noted that in addition to 3-way intersections not being statistically significant, residents with distance to
work > 10 km, households with children and average household size are also not statistically significant for
commuting by train.

For commuting by tram, all independent variables have a statistically significant association with
the exception of jobs to population ratio and male persons. Independent variables with a relatively high
correlation include persons with bachelor/postgraduate degree (0.506), non-apartment dwellings (-0.51), dis-
tance to CBD (-0.40), residents with distance to work > 10 km (-0.46), persons employed as manager/profes-
sional (0.45) and households with children (-0.41). It is noted that some of these associations are stronger
than for public transport commuting in total (all modes) which may reflect the concentrated inner city
location of the tram network relative to train and bus.

For commuting by bus, associations with each independent variable tend to be the weakest out of
all public transport modes. The strongest associations are found with distance to CBD (-0.25), distance
to nearest tram stop / route (on PPTN) (-0.25), and distance to nearest bus stop on PPTN (-0.23). In addi-
tion, a number of independent variables are not statistically significant, including: employment density,
total jobs, land-use mix, residents with distance to work > 5 km and average household size. This suggests
that there are likely to be other factors that influence bus use for commuting that are not captured by
the analysis.
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Table 4. Pearson correlation coefficients (r) between independent variables and commuting trips by transit

Variable Total Train Tram Bus

Density 034 ™ 012 ** 040 ok 0.07 ke
Employment density 023 ™ 003 ** 034 001

Total population 024 ** 019 ** 015 011 X
Total dwellings 036 ** 020 ** 033 011 ok
Total jobs 0.08 **  -0.03 ** 0.16 ok -0.01
Diversity

Non-apartment dwellings -0.37 = -0.12 **  -051 e -0.02 *
Jobs to population ratio -0.06 **  -0.06 ** -0.01 -0.03 o
Land-use mix 0.09 **  0.05 ** 0.08 x0.00
Land-use mix (excl. large scale uses) 022 ™ 014 **  0.19 oK 0.05 oK
Design

Intersection density 035 020 ** 032 0 0.09 o
3-way intersections -0.01 -0.01 -0.02 x 0.06 ok
4-way intersections 023 ™ 010 ** 025 e 0.07 o
Street density 039 ** 024 ** 033 ok 0.14 o
Destination accessibility

Distance to CBD -0.65 046 ** -0.46 o -0.25 o
Residents with distance to work > 5 km 002 * 021 ** 021 *0.00
Residents with distance to work > 10 km -0.29 **  -0.01 -046  **  -0.05 o
Distance to transit

Distance to nearest train station 041 ™ 037 ** 019 **  -014 orx
Distance to nearest tram stop -0.57 ** 043 ** 036 **  -025 o
Distance to nearest bus stop -0.19 **  -0.15 **  -0.10 2013 o
Distance to nearest train station on PPTN -041 **  -038 ** -0.18 ok -0.16 ok
Distance to nearest tram route on PPTN -0.57 ™ -043 ** 036 *  -025 o
Distance to nearest bus route on PPTN -0.38 > 032 **  -0.18 023 ok
Transit route density 026 ** 0.18 ** 0.20 O 0.04 X
Effective transit headway in AM peak -0.19  **  -013 ** -014 *=*  -0.10 X
Demand management

Nearest train station with bicycle parking -0.37 ¥ 038 **  -0.12 2015 ok
Nearest train station with car parking -0.35 **  -036 **  -0.12 2014 X
Car parking capacity at nearest train station -0.21 ¥ -0.08 ¥ -0.22 o -0.08 o
Demographics

Persons aged 15-24 years old 020 ™ 0.08 ** 0.20 011 X
Houscholds with children -0.25 = -0.01 -0.41 e -0.03 o
Persons with bachelor/postgraduate degree 070 ** 047 **  0.56 e 0.18 ok
Persons studying full-time 0.15 ** 014 ** 0.03 0.2 Hx
Persons employed full-time 028 = 019 ** 026 e -0.04 orx
Persons employed as manager/professional 0.50  ** 032 ** 045 E0.02 *
Male persons 010 > 011 ™ 0.02 0.07 o

Average household car ownership -0.37 > -0.18 **  -0.39 2011 Hx
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Variable Total Train Tram Bus
Average household size -0.04 **  -0.01 -0.04 ok 0.00
Non-renting households -0.37 017 ™ -0.40 1013 e
Households with income above median 012 * 013 ** 0.04 ok -0.06 ok

Note: *** p<0.01, ** p<0.05, * p<0.10

Based on the above findings, independent variables with a high level of correlation (persons with
bachelor/postgraduate degree, distance to CBD and distance to nearest train/tram/bus on PPTN) are plotted
against the percentage of commuting trips by transit in Fig. 2 to Fig. 4. While having a weaker associa-
tion with public transport commuting, effective transit headway in AM peak is also shown in Fig. 5 given
its role in supporting public transport ridership. The bivariate relationships are as expected, with public
transport commuting increasing as persons with bachelor/ postgraduate degree increases (Fig. 2) and declin-
ing as the other independent variables increase. Commuting by tram, and to a lesser extent bus, appear
to be more sensitive to changes in the independent variables than commuting by train. For distance to
CBD (Fig. 3), bus use tends to be highest for distances approximately 10-25 km from the CBD, while
tram use is highest for distances less than 10 km from the CBD, thereby reflecting the geographical
coverage of these services.
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Figure 2. Persons with bachelor/postgraduate degree vs. commuting trips by transit

Note: Unit of analysis is Statistical Areas Level 1 (SA1s), the smallest available unit of census data.
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Figure 3. Distance to CBD vs. commuting trips by transit
Note: Unit of analysis is Statistical Areas Level 1 (SA1s), the smallest available unit of census data.
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Figure 4. Distance to nearest train/tram/bus on PPTN vs. commuting trips by transit
Note: Unit of analysis is Statistical Areas Level 1 (SAls), the smallest available unit of census data.
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Figure 5. Effective transit headway in AM peak vs. commuting trips by transit.

Note: Unit of analysis is Statistical Areas Level 1 (SA1s), the smallest available unit of census data.

5.2 Regression analysis

Table 5 details the results of the regression analysis for all of metropolitan Melbourne, separately by each
public transport mode and in total (across all modes). For ease of comparing results across modes, the
description of results is structured in line with the 7 Ds, with the exception of Demand management
variables which were not significant. In describing the results, regression coeflicients are quoted (in pa-
rentheses) where relevant to indicate the strength of the association of independent variables with public
transport commuting. Firstly though, it is worth noting that all models have relatively high explana-
tory power (R? ranging from 0.40 to 0.69), with the exception of the bus only model (R? = 0.14). The
weaker prediction for bus indicates that there are likely to be other factors not captured by the analysis
that better explain commuting by this mode. This may include, but is not necessarily limited to, at-
tributes specific to the destination end of bus commuting trips. It is also worth noting that the results
of the regression analysis are not always consistent with the results from the bivariate analysis, primarily
due to correlations between independent variables in the regression analysis. Further, regression analysis
presents the net effect of each built environment variable after accounting for other built environment,
transit service and socio-demographic variables, while the bivariate analysis shows simple correlations
without controlling for other variables.

For the Density variables, population density, employment density and total dwellings were all sig-
nificant in each model. Population density had the strongest (positive) association with commuting by
tram (0.0016) but had a negative association with commuting by train (-0.0008) and bus (-0.0002).
Employment density also had a negative association with train (-0.00013) and bus ( 0.0003), compared
to a positive association with tram (0.0009). These results highlight the concentration of tram services
in higher density environments in Melbourne, compared to train and bus services. As expected, roal
dwellings were positively associated with public transport commuting by each mode. Across all public
transport modes, the results suggest that an increase in population density of 10,000 people/sq. km is
associated with a modest 0.005 percentage point increase in public transport commuting, while an in-
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crease in employment density of 10,000 jobs/sq. km is associated with a 0.003 percentage point decrease
in public transport commuting. As the unit of analysis is at the household level, these results are intuitive
as residents living in areas of high employment density generally have greater opportunity to also work
in the same area which is likely to be associated with lower public transport use due to higher levels of
walking/cycling to work. For population density, the results are also intuitive as train and bus services
tend to operate in lower density environments than trams.

For the Diversity variables, jobs to population ratio had a very small but significant association with
commuting by each public transport mode. Land-use mix had a stronger association, particularly for
train (0.0299), but was not significant for bus as these services tend to operate in lower density environ-
ments with greater homogeneity in land use (e.g., residential). Across all public transport modes, a 10
percentage point increase in land-use mix is associated with a 0.37 percentage point increase in public
transport commuting,.

Under Design, 4-way intersections were positively associated with commuting by each mode, except
by train which was not significant. The strongest association was found with tram (0.0198), consistent
with its presence in higher density, more walkable environments. Across all public transport modes, a
10 percentage point increase in 4-way intersections is associated with a 0.17 percentage point increase
in public transport commuting,

For the Destination accessibility variables, distance to CBD had an expected negative association with
public transport commuting, implying that commuting by public transport decreases with distance
from the CBD. This variable was not included for tram as these services are concentrated mostly within
a 10 km radius of the CBD. Residents with distance to work > 10 km had a positive association with
public transport commuting, particularly for train (0.2041) but a negative association with commuting
by tram given the shorter routes generally offered by this mode. Across all public transport modes, a 10
percentage point increase in residents with a distance to work of more than 10 km is associated with a
0.84 percentage point increase in public transport commuting.

For the Distance to transit variables, distance to nearest train station / bus route on PPTN was nega-
tively associated with commuting by train and bus respectively, as expected. However, distance to nearest
tram route on PPTIN was not significant in explaining commuting by tram, potentially reflecting an
already sufficiently dense network of tram routes in the inner area. This is consistent with the lack of
statistical significance of #ransit route density for tram, but a significant association with commuting by
train and bus. Effective transit headway in AM peak was negatively associated with commuting by tram
and bus, as expected, but was not significant for train. This result may be explained by a lack of vari-
ability in train service frequencies in the AM peak.

In terms of Demographics, results are generally in line with expectations. Consistent with the re-
sults of the bivariate analysis, persons with bachelor/postgraduate degree had a strong positive association
with public transport commuting, particularly by train (0.3563) but less so for tram (0.0984) and bus
(0.1051). Average household car ownership was negatively associated with public transport commuting,
particularly by train (-0.0540) but less so for tram (-0.0137) and bus ( 0.0074). Across all public trans-
port modes, a 10 percentage point increase in average household car ownership is associated with a 0.59
percentage point decrease in public transport commuting.
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Table 5. Regression coefficients for commuting by transit for all of metropolitan Melbourne

Variable (units) Total Train Tram Bus

Constant 0.0793 **  0.0607 ** 0.0016 RE0.0171 0
Density 0.0009

Population density (‘000 people / sq. km) 0.0005 **  -0.0008 *** 0.0001 R .0.0002
Employment density (‘000 jobs / sq. km) -0.0003 **  -0.0013 *** -0.0003  ***
Total dwellings (dwellings) 0.0001 **  0.0001 ** 0.0000 ¥ 0.0000
Diversity 0.0094 o

Jobs to population ratio (jobs / population) -0.0001 *** 0.0000 ** 0.0000 *
Land-use mix (excl. large scale uses) 0.0366 **  0.0299 ** 0.0198 ¥ 0.0016
Design

4-way intersections (%) 0.0169 ** -0.0037 0.0065  ***
Destination accessibility -0.1387

Distance to CBD (km) -0.0018 ** -0.0012 *** -0.0003  ***
Residents with distance to work > 10 km (%) 0.0843 ***  0.2041  *** 0.0348  ***
Distance to transit 0.0000

Distance to nearest train station on PPTN (km) -0.0012 **  -0.0014 ***

Distance to nearest tram route on PPTN (km) 0.0000

Distance to nearest bus route on PPTN (km) -0.0001 X 0.0004  FF*
Transit route density (total route m / sq. km) 0.0002 *** 0.0002 *** 0.0000 *
Effective transit headway in AM peak (mins) -0.0001 **  0.0000 -0.0916 R _0.0001  F+*
Demographics 0.0984 o

Households with children (%) -0.0463 *** 0.0396 *** 0.1910 B 0.0110  **
Persons with bachelor/postgraduate degree (%) 0.4269 *** 0.3563 *** 0.1605 01051
Persons studying full-time (%) 0.1653 ** -0.0069 0.0548 *0.0340
Persons employed full-time (%) 0.0802 *** -0.0321 * -0.0015 -0.0352  ***
Persons employed as manager/professional (%) -0.1191 ™ -0.1434 ** -0.0137  ** -0.1086 ***
Male persons (%) 0.1243 ** 0.1076 ** 10,289 0.0479  ***
Average household car ownership (cars/household)  -0.0592  ***  -0.0540 **  0.55 -0.0074 ***
Number of observations (n) 10,289 10,289 0.55 10,289
R-squared (R2) 0.69 0.40 0.14
Adjusted R-squared (adj. R2) 0.69 0.40 0.14

Note: *** p<0.01, ** p<0.05, * p<0.10

Opverall, the regression analysis has highlighted how factors associated with public transport com-

muting can vary by mode, both in terms of the factors themselves and their relative influence. In par-

ticular, the findings point to specific differences for commuting by tram, for which services are generally

focused within a 10 km radius of Melbourne’s CBD. For this reason, a second set of regression analyses

were undertaken, separately for inner metropolitan Melbourne (<10 km from CBD) and outer metro-
politan Melbourne (>10 km from CBD). The results are detailed in Table 6.

This shows that, when separated by location, most built environment variables have a weaker as-

sociation with public transport commuting (due to greater homogeneity in the built environment) while

distance to nearest train / tram / bus on PPTN has a stronger association within inner Melbourne. This

highlights the relative influence of the built environment across a metropolitan scale, compared to the

more localised influence of public transport service provision.
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6 Discussion and conclusion

Using a case study of Melbourne, the aim of this research was to understand how the built environment
and other characteristics affect transit use for commuting (to work) by mode, specifically train, tram
and bus. Results of the analysis showed that the built environment has a significant influence, but with
notable differences between individual public transport modes.

Commuting by tram was found to have the strongest association with the explanatory variables,
while bus had the weakest explanatory power. Differences in the geographical coverage of public trans-
port services in Melbourne play a key role in explaining the influence of the built environment. For ex-
ample, population density is positively associated with tram use (as this mode operates in higher density
environments) but is negatively associated with train and bus use. Furthermore, the association between
land-use mix and public transport commuting is only significant for train and tram use as bus services
tend to operate in environments with greater land-use homogeneity. When the analysis was limited to
inner Melbourne only (<10 km from the CBD), where tram services predominantly operate, the influ-
ence of the built environment is diluted, while distance to public transport becomes more significant.
Socio-demographics were also found to play a key role in explaining public transport commuting. In
particular, a greater proportion of people with a bachelor/postgraduate degree and lower household car
ownership were associated with higher levels of public transport commuting, with these effects being
strongest for train use.

In comparing the findings back to the literature, this study reports a range of factors associated with
public transport use that are consistent with previous research (Boulange et al., 2017; Cervero, 1994;
Chow et al., 2006; Ewing & Cervero, 2010; Taylor et al., 2009). An exception to this is income which
was not reported to be significant in this study, compared to previous research (Dill, Schlossberg, Ma, &
Meyer, 2013; McKibbin, 2011; Renne et al., 2016; Taylor et al., 2009; Tsai et al., 2012). This may be
due to the focus on public transport commuting, rather than public transport use for all trip purposes.
In Melbourne, public transport commuting is largely undertaken by train (as shown earlier in Table 2)
which has a radial network that is directed towards the CBD. As a key centre of employment, the CBD
also has high car parking costs which deter car use. This study also found that the effects of the built envi-
ronment become diluted when focusing on inner Melbourne where the tram network is predominately
located. This is consistent with the findings of Arrington and Cervero (2008) who noted that “factors
like mixed land uses, traffic calming, pedestrian amenities, and even density seem to matter little” when
commuters live close to transit.

Perhaps the most notable finding of this study, compared with previous research, is how factors as-
sociated with public transport commuting can vary by mode, not only in terms of the factors themselves
but also their relative influence. Despite the implications of these findings for practice, this has not been
a large focus of previous research. A mode-specific approach towards increasing transit ridership may
therefore prove more effective than a blanket (all-mode) approach, given the inherent differences that
exist in factors that influence ridership by mode.

Using the results of this study, it may be possible to better account for factors that influence the
use of different public transport modes in transit demand forecasting models, while noting the intrinsic
link between the built environment and the geographical coverage of public transport services. The
results of this research can also be useful for planning new public transport services, particularly in new
greenfield developments, where proposed features of the built environment (including public transport
characteristics) can be used to help inform decision making on the type/s of public transport modes to
be introduced. Here, the segmented model results provided earlier in Table 6 may be useful when focus-
ing on a specific geographical area. The findings could also be useful for targeting changes to the built
environment through land-use planning policies as a way to leverage higher public transport patronage.
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Planners may choose to more actively initiate modal conversion to achieve built environment effects,
such as shifting from a frequent at grade bus service to light rail, or by adding a heavy rail station around
which higher density development may be leveraged.

However, accounting for the large number of variables that can influence public transport ridership
by mode, as identified by this study, can also poses practical challenges. Urban planning and develop-
ment typically considers a subset of these variables only (e.g., population density, distance to public
transport), with often limited information about socio-demographics. This issue therefore needs to be
considered when applying the findings in practice.

There are also other limitations associated with this study. First, the analysis focused mainly on the
origin end of commuting trips, as represented by household locations in small geographical areas across
Melbourne (SAls). While this allowed for a relatively large sample size to be used (n > 10,000), future
research should also consider attributes relevant to the destination end of commuting trips (e.g., car
parking availability/price) as these have also been found to influence travel behavior (Cervero, 1994).
Second, the analysis was limited to public transport commuting trips to work based on household loca-
tions in SAls. Data was not available for other trip purposes and geographical areas at an equivalent
(or greater) sample size, so this represents an opportunity for further research. Third, the analysis was
cross-sectional in nature, thereby limiting the ability to attribute causation. Longitudinal studies are
particularly rare in this context, typically hindered by a lack of historic data on public transport service
characteristics. However, efforts should be directed towards addressing this gap in future research to
provide a stronger understanding of temporal effects and causality.

Despite the above limitations, this research has provided an understanding of how factors affect-
ing commuting can vary by public transport mode within the same metropolitan region. The findings
have important implications for public transport planning and policy, not only in terms of improving
demand forecasting but also in how efforts can be better directed towards increasing transit ridership by
mode. Doing so can help to deliver a range of wider societal benefits through reduced car dependency
and social exclusion, plus enhanced road safety, sustainability and health outcomes.
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