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Abstract: The growing worldwide awareness of the significant benefits of bicycling as an urban
transport mode has aroused great interest in exploring the role that bikeways play in promoting
utilitarian bicycling. However, few studies assess the contribution of citywide bikeway provision
with the inclusion of all facility types and differentiation of facility utilities. This study provides new
evidence by evaluating the collective effects of bikeway kilometers per square kilometer, bikeway
kilometers per 10,000 population, and low-stress bikeway proportion on the bicycle-commuting
share in 28 US cities between 2005 and 2017. Using linear panel regression models, we found that
the expansion of citywide bikeway infrastructure positively influences the share of commute trips
by bicycle. The results also indicated that the proportion of low-stress bikeways has a stronger
impact on the bicycling-to-work share than bikeway kilometers per 10,000 population, while the
impact of bikeway kilometers per square kilometer ranks last. These findings may aid policy
makers and planners in formulating sound city-level bikeway policies favoring sustainable urban
transportation scenarios.

Keywords: provision of bikeway infrastructure; bicycling to work; city level; collective effects;
panel analysis

1. Introduction

Automobile-oriented urban development results in many problems, such as traffic
accidents and congestion, air and noise pollution, fuel consumption, social segregation,
and insufficient physical activities, which increase economic costs to society and erode
quality of life [1]. In order to mitigate these negative impacts caused by auto overuse, many
cities around the world have strived to encourage utilitarian bicycling [2,3]. Among the
various interventions, the provision of bikeway infrastructure is one of the most crucial
strategies to achieve this vision [4-6]. To assist in formulating sound bikeway policies, there
has been a growing interest of academics in exploring the relationship between bikeway
provision and utilitarian bicycling [7-9]. For example, a multilevel longitudinal study of
13 US metropolitan areas found that the presence of bikeway facilities was associated with
increased volumes of bicycle traffic, offering supportive evidence to facilitate bicycle travel
by expanding bikeway infrastructure [10].

Nonetheless, three major gaps are not fully filled in the available empirical research [7].
Firstly, prior studies have investigated the association between the provision of specific
bikeways (e.g., on-street lanes) and bicycle ridership [11-13]. However, considering various
types of bikeways in real-world implementations and budget constraints on bikeway
investments, it is necessary to address the effect of citywide bikeway provision with
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inclusion and differentiation of all facility types. Secondly, despite it is being argued that
some types of bikeways are low-stress facilities that provide higher rates of utilization for
bicycling [14], few studies have empirically validated this claim [15], let alone estimated
the collective effects of the overall and low-stress bikeway provision within urban areas.
Thirdly, previous studies have generally applied a single metric to quantify the supply of
the studied bikeways, with the data collected by the centerline-kilometer measure [11,16,17]
or without explicit description of methods for data acquisition [18]. In-depth research
using multiple metrics to reflect the characteristics of citywide bikeway provision with data
acquired by lane kilometers will help to systematically understand the intrinsic mechanisms
of certain actions in motivating bicycle travel.

Given the aforementioned limitations, this study aims to identify how bikeway pro-
vision influences bicycle commuting at the city level. It uses a sequential linear panel
regression modeling approach to multi-year (between 2005 and 2017) aggregate data from
28 US urban areas to address the following two questions: (i) How much do citywide
bikeway provision characteristics collectively contribute to real-world bicycle commuting
in automotive cities that are experiencing bicycling renaissances? and (ii) Among the
bikeway provision attributes respectively measured by bikeway kilometers per square
kilometer, bikeway kilometers per 10,000 population, and low-stress bikeway proportion,
which one weighs more in encouraging commuters to shift to bicycling?

This study has three contributions. First, we employed unbalanced panel data from
28 US cities across multiple years (between 2005 and 2017) rather than cross-sectional data
collected in a single year. Second, we took all types of bikeways with differentiation of
facility utilities into account to assess their collective effects on bicycling-to-work behavior.
Third, we applied three metrics simultaneously to quantify the characteristics of citywide
bikeway provision and explored their influencing mechanisms in boosting bicycle com-
muting in cities with emerging bicycling cultures. The results will improve the efficacy of
city-level bikeway policies toward the vision of increasing bicycling-to-work shares and
reducing auto dependence.

The paper is structured as follows. Section 2 offers a literature review of existing
academic studies on the relationship between bikeway provision and utilitarian bicycling
and identifies the research gaps. Section 3 provides an introduction to the data and models
used in this study. Section 4 presents the results of our analysis. Section 5 discusses the key
results, the associated implications for planning policies, as well as the weaknesses and
future perspectives. Section 6 draws the conclusion.

2. Literature Review
2.1. Bikeway Provision and Utilitarian Bicycling

An increasing number of empirical studies have evaluated the link between bikeway
provision and utilitarian bicycling, owing to the rising demands for sound planning
policies on expanding bikeway infrastructure to support bicycle travel. To date, many
studies have focused on the effects of the provisions of off-street paths and/or on-street
lanes [11-13,16,19]. Bikeway infrastructure (Table 1) is a generic term for linear bicycle
facilities specifically designated for exclusive use or sharing with other transportation
modes [20]. Ignoring the supply of other types of bikeways, like bicycle boulevards, will
overstate the effect of the supply of the specific types included in the research and lead
to omitted variable bias. Meanwhile, the analyses of the influence of expanding on-street
lanes, a combination of protected, buffered, painted, and shared bike lanes (Table 2), will
miscalculate the effects of bikeways with different designs. Moreover, due to limited
financial resources of bikeway programs and investments, policy makers and planners are
looking to prioritize certain actions that can efficiently accommodate bicycling. Therefore,
it is essential to consider the overall supply of citywide bikeway infrastructure with
differentiation of facility types while analyzing their relationship to utilitarian bicycling.
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Table 1. Illustrations of bikeway infrastructure 1

Location

Bikeway Types

Bicycle—Vehicle

Vehicle Traffic Passing by

E Volume Speed
Xposure (ADT2) (mph)
Bike path
An off-road pathway for
? bicycling. The shared-use path for Completel
Off-street : yeung p p y
? both bicycling and walking is separated.
¢ ‘ also included.
Protected bike lane Also known as “cycle track,” it is
$ an exclusive bikeway protected
| ™ by vertical barriers, such as curbs, ngn;l: :i:gy
<’ bumps, bollards, and P ’
\ parked vehicles.
Buffered bike lane
? A bike lane paired with an st/loa(iiiti <15.000 2530
s additional painted buffer zone. . paj 4 !
— interaction exists.
|
Bike lane A painted dedicated space for
¢ bicycling, including shoulder bike Moderate
On-street - lane, contra-flow bike lane, and separation, <8000 25-30
- bike lane in the uphill direction of  interaction exists.
a climbing bike lane.
Shared lane Also known as “sharrow,” itis a
4 travel lane where bicycles and Exposed to
| vehicles share the same space, vre)hicles 3000~ 2530
- - including the shared lane in the interaction e;dsts 15,000
‘ downhill direction of a climbing )
bike lane.
Bicycle boul d
1cycle boulevar Also called “bicycle street, or Exposed to
¢ neighborhood greenway,” it is a VehIi)CIes but Speed limit
¢ residential street with traffic . S <1500 p
bicyclists have up to 25

calming interventions. Bicycling
has absolute priority.

priority.

! Consulting from two authoritative manuals: Guide for the Development of Bicycle Facilities (https:/ /nacto.org/wp-content/uploads/2015
/04/AASHTO_Bicycle-Facilities-Guide_2012-toc.pdf, accessed on 8 February 2021) and Urban Bikeway Design Guide (https:/ /nacto.org/
publication/urban-bikeway-design-guide/, accessed on 8 February 2021). 2 Average daily traffic.

In recent years, there has been a growing consensus that of all types of bikeways, bike
paths, protected bike lanes, and bicycle boulevards are low-stress facilities that offer more
utilities in favor of bicycling [14]. A study evaluating bike improvement plans in uptown
Cincinnati (Ohio, US) revealed that protected bike lanes exhibited a more significant
advantage over bike lanes concerning bicycling [21]. In a study on user preferences for
bicycle infrastructure in the San Francisco Bay Area, Griswold et al. found that urban
bicyclists preferred bicycle boulevards to buffered bike lanes or bike lanes [22]. Another
study examining facility preferences of 1178 respondents from six communities in Alabama
and Tennessee (US) found that although the introduction of multi-use paths, protected
bike lanes, buffered bike lanes, and bike lanes promotes respondents’ willingness to bike,
the regression coefficients of the former two treatments were much larger than those of
the latter two types [23]. In terms of empirical evidence, a multilevel study of 36 British
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cities and towns indicated that the proportion of low-stress bikeways correlates positively
with the share of bicycle commuting [15]. However, more empirical findings with further
clarification are still required.

Regarding the above concerns, it is imperative to identify the combined effects of city-
wide bikeway provision with the overall supply and the proportion of low-stress bikeways
taken into account. To the best of our knowledge, a city-level study found that increasing
the provision of the studied bikeways (including bike paths, protected bike lanes, buffered
bike lanes, bike lanes, and shared lanes) and the proportion of high-quality bikeways
(including bike paths and protected bike lanes) could nudge bicycle commuting in the
right direction [17]. Nonetheless, the research ignored the influences of bicycle boulevard
provision and other factors that affect bicycling-to-work behavior. Moreover, few studies
have investigated the intrinsic mechanisms between bikeway provision and bicycle com-
muting. This study seeks to explore how bikeway provision collectively influences bicycle
commuting in cities with emerging bicycling traditions, controlling for social-demographic,
transport mode choice-related, and climatic variables.

2.2. Measures of Bikeway Provision

Although previous empirical studies shed light on the relationship between bikeway
provision and bicycle ridership, there is limited discussion on the metrics used to quantify
the supply of bikeway infrastructure. The most simplistic measures are the length of
bikeways [4,6,18] and the frequency of bikeways [13], see Table 2. However, both metrics
are not fully comparable across cities because of the differences in land area and population
size. Bikeway density can eliminate the influence of land area. It has two common
expressions. One is the ratio of bikeway length to land area [12], the other is the length of
bikeways within a certain distance buffer, like meters of cycleways at 0, 1-999, and 1000+
meters buffers [24], and kilometers of bike lanes within a 1.6 kilometer buffer [25]. Bikeway
length per capita aims to overcome the influence of population size and has been applied in
some studies. For example, a cross-sectional study of 18 US cities used kilometers of bicycle
pathways per 100,000 residents to attribute differences in levels of bicycle commuting to
the overall supply of pathways [26]. Buehler and Pucher applied kilometers of bike paths
per 100,000 population and kilometers of bike lanes per 100,000 population to compare the
effects of the provisions of the two-group bikeways on bicycling to work [11].

Bikeway density and bikeway length per capita reflect the supply of bikeways in
consideration of land area and population, respectively, but are restrictive in distinguishing
the provision of specific types of the infrastructure. Some studies cope with this problem
by using bikeway proportion, which is the ratio of the length of the specific types to that
of total facilities. A study of over 50 districts in England and Wales, for instance, used
the proportion of off-road bicycle routes to investigate the bikeway-supply determinant
on the share of commute trips by bicycle [27]. Recently, a limited number of studies have
applied this metric to quantify the provisions of specific groups of bikeways consisting
of types of facilities with similar utilities. Based on Level of Traffic Stress criteria [14],
Cervero et al. [15] and Wang et al. [28] divided citywide bikeway facilities into four ordinal
groups and used their proportions to estimate the association between the four-group
bikeway supply and bicycling-to-work level.
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Table 2. Summary of bikeway provision metrics used in the literature.

Bikeway Provision Metrics Reference Descriptions of the Adopted Metrics
[4] Kilometers of all types of bikeways
Kilometers of bike paths and lanes !
Kilometers of all types of bikeways
. Kilometers of bike paths, (protected)
Bikeway length (6] bike lanes, shared lanes, and
bicycle boulevards
[18] Kilometers of cycle tracks, lanes, and
green routes
. Frequency of off-street trails and
Bikeway frequency [13] on-street bicycle facilities !
Bikeway [12] Kilometers of on-street bicycle lanes !
length/land area per square kilometer
2
Bikeway density Bikeway length [24] Meters of cycleways < at 0 m, 1-999 m,
' . within a certain and 1000+ m buffers
Single metric distance buffer [25] Kilometers of bike lanes within
1.6 km buffer
[11] Kilometers of bike paths and lanes ! per
100,000 population
. . Kilometers of bike paths and lanes per
Bikeway length per capita [16] 1000 population
[26] Kilometers of bicycle pathways ! per
100,000 residents
Length of a
particular type of . 3 .
bikeway/total [27] Proportion of off-road bike routes
bikeway length
Bikeway proportion Length of types of [15] Proportion of very low-stress, low-stress,
bikeways with medium-stress, and high-stress links
similar utility /total [28] Proportion of very low-stress, low-stress,
bikeway length medium-stress, and high-stress links
Kilometers of five types of bikeways per
Bikeway length per capita and 1000 commuters
Two metrics [17]

Proportion of Class I and Class
II bikeways

bikeway proportion

1 Referring to (protected or buffered) bike lanes and shared lanes. 2 Referring to bike lanes and set-aside street space for recreational cyclists

and pedestrians.

Thus, using a single metric cannot fully reflect the features of citywide bikeway provi-
sion. Yang et al. [17] adopted bikeway length per capita and bikeway proportion together to
estimate the effects of the supply of the studied bikeways. Nevertheless, in addition to the
limitations mentioned in Section 2.1, this study also overlooked the influence of land area,
which may misestimate the value of bikeway provision and consequently offer suboptimal
bikeway-related implications to policy makers and planners for future investments. Fur-
thermore, previous studies usually do not mention the statistical methods used in collecting
bikeway provision data [18] or employ the data collected by centerline-kilometer mea-
sure [11,16,17], which understate the facility supply on-street segments with bikeways in
both directions relative to those in only one direction. The lane-kilometer measure accounts
for the length of the infrastructure in one direction and could reflect the types of bikeways
if different designs are implemented on each side of the same street segment. In these
regards, the present study employed bikeway density, bikeway length per capita, and
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low-stress bikeway provision simultaneously to measure the lane kilometers of bikeways
within urban areas and weighed their importance in fostering bicycling-to-work shares.
The results are beneficial to identify the priorities of actions on bikeway extensiveness and
tailor effective urban bikeway policies.

3. Data and Methods
3.1. Choice of US Cities as Study Areas

The US is a typical country with a rich automobile culture. Recognizing the significant
benefits of utilitarian bicycling, there has been a considerable expansion of bikeway infras-
tructure throughout the US in the past 15 years. In the 50 most populous cities, the amount
of citywide bikeway infrastructure doubled in density, from 0.56 kilometers per square
kilometer in 2007 to 1.12 kilometers per square kilometer in 2016 [2], with most of the
cities” annual bicycle commute shares grown over 50% during the same period [29]. In the
recently published Strategic Agenda for Pedestrian and Bicycle Transportation [30], continuous
enhancement of bikeway infrastructure for more bicycling trips is still a goal action for the
Federal Highway Administration. Taking into account the reliability and comparability
among cities, data collection efforts were hence concentrated on the 70 most populous cities.

3.2. Bikeway Provision Data and Metrics
3.2.1. Data Sources

Yearly data on bikeway provision with differentiation of facility types of an individual
city are hard to collect and determine the sample size. After massively searching the
70 most populous cities” government websites and randomly comparing with the data
from Google Earth Pro, we gathered the annual lane kilometers of different types of
bikeways in 31 cities over multiple years (between 2005 and 2017, most of the cities’
facilities are not recorded every reference year). Although the lane-kilometer measure
does not distinguish the detailed attributes of bikeways (e.g., daily bicycle traffic flows,
lane widths, and lane pavements), it distinguishes between street segments with bikeways
serving one or both directions.

Bikeway facilities in this study contained bike paths, protected bike lanes, buffered
bike lanes, bike lanes, shared lanes, and bicycle boulevards, see Table 1. It is worth
mentioning that the bikeway on the same side of a certain street segment may be upgraded
as time goes on. For example, to make the 2nd Avenue from East 2nd Street to East
14th Street in Manhattan (New York City) more bicycle-friendly, a nine-year step-by-step
improvement, from no bikeway in 2000 to buffered bike lane in 2001 and protected bike
lane in 2009, was applied. However, this is not a problem as the yearly citywide bikeway
provision differentiates bikeway types, which already includes such information.

3.2.2. The Three Metrics

As noted, we used three metrics, including bikeway density, bikeway length per
capita, and low-stress bikeway proportion, to quantify the provision of citywide bike-
way infrastructure. Bikeway density and bikeway length per capita were defined as
annual bikeway kilometers per square kilometer and annual bikeway kilometers per
10,000 population, respectively. The annual square kilometers of land area and annual
number of population within the urban areas were derived from the U.S. Census Bureau
(https:/ /www.census.gov/, accessed on 8 February 2021).

In light of the Level of Traffic Stress developed by Mekuria et al. [14] and the specific
designs of different types of bikeways (e.g., spatial separations and potential interactions
between bicycles and vehicles), we divided the six types of bikeways into three classes:
bike paths, protected bike lanes, and bicycle boulevards classified as “C1 bikeways (low
stress)”; buffered bike lanes and bike lanes as “C2 bikeways (medium stress)”; and shared
lanes as “C3 bikeways (high stress)”. The annual proportion of Cx bikeways (x = 1-3) was
the ratio of the annual length of Cx bikeways to that of total bikeways.
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3.3. Bicycling to Work

Even though commuter bicycling is only a part of utilitarian bicycling, we chose to
focus on it for two reasons. Firstly, commuting is a significant aspect of travel behavior.
In the US, it covers approximately 20% of the number of daily trips [31]. Secondly, the
home-workplace journey is an activity confronted with a fixed schedule and time pressure.
Consequently, it has higher requirements for citywide bikeway provision.

We acquired data on the annual proportion of commutes by bicycle (the ratio of
the annual number of bicycling-to-work commuters to that of total commuters) from the
League of American Bicyclists [32], who got the ratio through digging deeply into the raw
data set of one-year estimates collected by the American Community Survey (ACS). The
specific question presented to survey respondents was: “How did this person usually get
to work last week? If this person usually used more than one method of transportation
during the trip, mark (X) the box of the one used for most of the distance.” Respondents
can only mark the “bicycle” box if he or she rode a bicycle or other vehicle that is pedaled
for most of the commute distance. Strictly speaking, the ACS data only captured the single
primary commuting mode for the week before the survey, which cannot precisely represent
the annual commuting mode share. Such limitation notwithstanding, it is a reliable source
for longitudinal changes in bicycling-to-work share across multiple cities in the US.

3.4. Control Variables

Control variables captured factors beyond the bikeway provision that influence
bicycling-to-work behavior. Table 3 presents the definitions and data sources of the control
variables contained in our research.

Table 3. Definitions and data sources of control variables.

Variables Definitions Data Sources
% Gender Annual proportion of male and
female commuters
Annual proportion of commuters
% Tncome earn less than USD 14,999, USD
Social-demographic variables ? 15,000-49,999, and USD 50,000 [33]

and above

Annual proportion of commuters
% Motor vehicle ownership with 0 vehicle, 1 vehicle, and
2 vehicles or more

Annual retail gasoline price (dollars

Gasoline price 1 [34]
Transport mode per gallon)
choice-related variables Transit revenue kilometers Annual transit revenue kilometers [35]
per capita per 10,000 population
Temperature Annual mean temperature (°C)
Climatic variables [36]
Precipitation Annual inches of precipitation

Variables, which measure cultural and psychological attributes (e.g., social norms,
attitudes, and habits), pro-bicycling policies and programs (e.g., bike parking, bike-sharing
program, and bicycling education and training), as well as built and natural environments
(e.g., land use, network layout, and hilliness) [8,37], were excluded from this study as
city-level comparable data were not available.

3.5. Modeling Approach

The goal of this multivariate modeling was to address the combined effects of city-
wide bikeway provision on real-world bicycling-to-work behavior, controlling for social-
demographic, transport mode choice-related, and climatic variables. Considering data
features and sample size, we adopted a sequential linear panel regression modeling ap-
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proach (the package of plm) in RStudio (Version 1.2.1335) developed by Croissant and
Millo [38] to carry out this research.

Ensuring appropriate expression of the dependent variable and choosing the suitable
level of the same independent variable were two essential steps before modeling. Data
prepared for the dependent variable represented the annual proportion of commute trips
by bicycle, which was bounded by 0 and 1 (excluded 0 and 1). To meet the assumption
of linear functional form models, we natural logarithm-transformed the annual bicycle-
commuting share and used boxplots to delete the outliers. This produced a data set of
167 valid observations (an unbalanced panel: Icity = 28, Tyear = 1-13, N = 167) for modeling,
with the natural log-transformed annual bicycle-commuting shares closely following a
normal distribution. Meanwhile, to pick out the appropriate level of the same independent
variable, we conducted Pearson’s correlation analyses to examine the correlations for each
pair of variables and ran collinearity diagnostics to avoid the presence of multicollinearity
among the selected independent variables.

We employed a two-step linear panel regression modeling approach to develop our
models: a base model and a full model. The base model tested the influences of the control
variables. The full model evaluated the influences of the key explanatory variables of
interest—annual bikeway kilometers per square kilometer, annual bikeway kilometers per
10,000 population, and annual proportion of C1 bikeways—with the inclusion of factors
included in the base model. It is worth noting that: (i) we hypothesized that to starter
cities [39], the provision of bikeway infrastructure offered the facility opportunity for
fostering the level of utilitarian bicycling; (ii) we hypothesized that differences across the
28 cities had effects on annual bicycle commute shares, which could be captured by random
effects, and ran Hausman tests to validate our hypotheses; and (iii) many of the study cities
were concentrating on expanding C1 and C2 bikeways, which results in a low or very-low
(close to 0) annual proportion of C3 bikeways. Therefore, we did not introduce the annual
proportions of bikeways that were labeled as C2 or C3 into the full model.

4. Results
4.1. Descriptive Analyses and Bivariate Relationships

Figure 1 maps the 28 cities, highlighting their five-year (2013-2017) average propor-
tions of home-workplace commutes by bicycle. Our samples, on the one hand, were to
some extent evenly distributed across the US. On the other hand, they covered urban areas
that had low bicycling-to-work shares as well as places with relatively moderate to high
shares, like Portland, Washington DC, and Minneapolis, while all of them belonged to
starter cities in bicycle commuting [39]. Notably, New York City has been making efforts
to transform automobile-oriented streets into bicycle-friendly ones to encourage bicycle
commuting [4]. However, it was excluded from our research because of several reasons,
such as the high percentage of commuters with no vehicle available and the high amount of
public transit use. Moreover, our samples also included twin cities (Minneapolis-Saint Paul,
Phoenix-Mesa, and San Francisco-Oakland) and central-satellite cities (Los Angeles-Long
Beach), which may result in intercity commuter bicycling. Due to that, data, particularly
on bikeway infrastructure provision and bicycling-to-work proportions, were collected
separately, we consequently omitted this bias.

Table 4 presents the descriptive statistics of the variables introduced into our models
and bivariate Pearson’s correlations between independent and dependent variables. As ex-
pected, bicycling to work was positively and significantly correlated with annual bikeway
kilometers per square kilometer (r = 0.422, p < 0.000) and annual proportion of C1 bikeways
(r = 0.368, p < 0.000). There was a weak Pearson’s correlation between annual bicycle
commute share and annual bikeway kilometers per 10,000 population (r = 0.150), with
the magnitude of the coefficient (p = 0.052) slightly larger than 0.05. The bivariate correla-
tions for the control variables were generally interpretable. Furthermore, the correlations
between each pair of the independent variables were either weak or insignificant, apart
from the significant negative correlation between the annual proportion of C1 bikeways
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and annual mean temperature (r = —0.568, p < 0.01). Nonetheless, diagnostics of modeling
variables for multicollinearity did not indicate any problem as the tolerance values were
between 0.35 and 0.87, all above 0.10.

Scatlle
)
Portland LOttava L. S
Saint Paul \ — 4
Minneapolis
Milwaukee f
Boston
Chicago
Denver o amees Phifadelphia
Sacramento Colorado Springs ~Raiington DC
Oakland
5 San Jose
San Francisco " % Fresno
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Long Beach++ © Riverside P"“,f;i,‘;( tiahta. by bicyele (No, = 28)
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1Sun Diego—_ Tucson
oF S % 1.0 - 2.0(8)
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Figure 1. Map of 28 US cities with five-year (2013-2017) average bicycle commute shares.

Table 4. Descriptive statistics and bivariate Pearson’s correlations with the dependent variable.

lati

Variables Min Max Mean SD Correlation
r p-value

Dependent variable
In (annual proportion of commutes by bicycle) —5.298 —2.765 -3911 0.604
Independent variables
Bikeway provision-related variables [40-67]
Annual bikeway kilometers per square kilometer 0.089 5.898 1.767 1.252 0.422 0.000 ***
Annual bikeway kilometers per 10,000 population 0.906 30.383 7.624 5.520 0.150 0.052
Annual proportion of C1 bikeways 0.026 0.622 0.283 0.149 0.368 0.000 ***
Social-demographic variables
Annual proportion of male commuters 0.498 0.574 0.532 0.016 —0.410 0.000 ***
Annual proportion of commuters earning < USD 14,999 0.134 0.302 0.196 0.032 —0.269 0.000 ***
Annual proportion of commuters with 0 vehicle 0.016 0.090 0.047 0.021 0.311 0.000 ***
Transport mode choice-related variables
Annual retail gasoline price 2.024 3.984 3.049 0.541 0.198 0.010*
Annual transit revenue kilometers per 10,000 population 0.143 4.773 1.235 0.907 0.381 0.000 ***
Climatic variables

Annual mean temperature 6.394 25.065 14.901 4.266 —0.476 0.000 ***
Annual inches of precipitation 3.230 74.260 29.294 16.948 0.295 0.000 ***

Significant levels: * p < 0.05, *** p < 0.001.

4.2. Modeling Results

Table 5 presents the modeling results for exploring citywide bikeway provision influ-
encing the proportion of commute trips by bicycle across 28 US cities for multiple years.
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Table 5. Modeling results.

Base Model Full Model
Variabl Unstandardized . Unstandardized .
ariables Coef. Stangl:zglzed p-value Coef. Stanélszglzed p-value
B Std. Err. B Std. Err.
Bikeway provision-related variables
Annual blkeway kilometers per 0.090 0.044 0.188 0.041 *
square kilometer
Annual bikeway kilometer per "~
10,000 population 0.027 0.009 0.251 0.002
Annual proportion of 1.623 0.345 0.400 0.000 ***
C1 bikeways
Social-demographic variables
Annual proportion of male ~8.657 3.573 ~0.233 0.015* ~3.488 3.012 ~0.094 0.247
commuters
Annual proportion of commuters

earning < USD 14,999 -1.712 1.958 —0.092 0.382 —0.254 1.808 —0.014 0.888

Annual proportion of commuters 5 g 2.230 0.069 0.363 8.188 2.596 0.280 0.002 **
with 0 vehicle
Transport mode choice-related variables
Annual retail gasoline price 0.531 0.167 0.476 0.002** 0.238 0.105 0.213 0.023 *
. Annual transit revenue 0.036 0.060 0.053 0.551 0.007 0.051 0.010 0.898
kilometers per 10,000 population
Climatic variables

Annual mean temperature —0.044 0.011 —0.309 0.000 *** —0.016 0.011 —0.113 0.157
Annual inches of precipitation 0.005 0.003 0.149 0.059 0.008 0.003 0.231 0.002 **
Constant —0.206 2.045 0.920 —3.943 1.761 0.025 *

R-squared 0.436 0.607
Adjusted R-squared 0.411 0.582

Significant levels: * p < 0.05, ** p < 0.01, ** p < 0.001.

The middle columns of Table 5 present the results of the base model. The relation-
ships were generally congruent with the findings revealed in previous studies [10,11,16,23].
Among the social-demographic variables, the share of male commuters was significantly
negatively associated with the proportion of commutes by bicycle. This was inconsistent
with some studies [15,28]. The potential reason might be that women live closer to work-
places than men and thus bicycle more in commute trips [68]. The coefficients for the
percentages of low-income and zero-vehicle commuters were not statistically significant.
For the transport mode choice-related variables, higher gasoline price was significantly
associated with a higher level of bicycle commuting. The coefficient for public transport
supply (transit revenue kilometers per 10,000 population) was also positive, but not sta-
tistically significant. Additionally, high temperature worked against home-workplace
bicycling, while there was no significant relationship between bicycle-commuting share
and wet weather.

The right-hand columns of Table 5 show the outcomes of the full model. The relation-
ships between the control variables and dependent variable in the full model were generally
in line with those in the base model. Notably, the coefficient for male commuter proportion
remained negative, but no longer significant. A plausible reason for this alternation might
be that the expansion of citywide bikeway infrastructure makes the road environment more
bicycle-friendly, attracting both male and female bicycle commuters [4]. The alternation of
the significance of the coefficient for the proportion of zero-vehicle commuters (p < 0.05)
was interpretable as the provision of bikeway infrastructure drawing more zero-vehicle
commuters onto bicycles [15]. The coefficient for temperature was no longer significant.
This was also seen in past work [11]. An unexpected result was the change of the signifi-
cance of the coefficient for precipitation. One potential reason for this might be that cities
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have better bikeway facilities, and higher bicycling-to-work shares are mainly coastal cities
(Figure 1), which also have higher inches of precipitation. More importantly, the coefficients
for the key explanatory variables, which reflected the characteristics of citywide bikeway
provision, were all significantly positive. According to the full model, a unit increase in
annual bikeway kilometers per square kilometer was associated with a 0.090 increase in
In (annual bicycling-to-work proportion). Similarly, a unit increase in annual bikeway
kilometers per 10,000 population and annual proportion of C1 bikeway separately resulted
in a 0.027 and 1.623 increase in In (annual bicycling-to-work proportion), holding the rest
of the variables constant. The results also suggested that the annual proportion of C1
bikeways had a slightly stronger impact on the share of bicycle commuting than annual
bikeway kilometers per 10,000 population, while the impact of annual bikeway kilometers
per square kilometer ranked last, with standardized coefficients of —0.188, 0.251, and 0.400,
respectively. Furthermore, by adding the three key explanatory variables to the base model,
the adjusted R-squared value increased from 0.411 to 0.582, which underscored that the
addition of bikeway supply-related variables appreciably improved upon the predictive
and explainable powers of the base model.

5. Discussion
5.1. Summary of Key Results and Policy Implications

This study aims to fill the research gaps in the relationship between bikeway provision
and bicycle commuting in cities with emerging bicycling cultures, using data acquired
from 28 US cities over multiple years. In the following paragraphs, we will elaborate on
the intrinsic mechanisms of citywide bikeway provision for motivating bicycle commuting,
providing valuable insights for bikeway planning policies.

Our findings provide evidence that the overall supply of citywide bikeway infras-
tructure plays a role in bicycle commuting. As the annual bikeway kilometers per square
kilometer and annual bikeway kilometers per 10,000 population increased, so did the an-
nual share of commutes by bicycle. This supports the concept that the absence of bikeway
infrastructure is a crucial barrier for utilitarian bicycling [69] and is congruent with prior
empirical findings that the availability of suitable bicycling infrastructure is a critical factor
to bicycle travel [4,17]. What is more, compared to annual bikeway kilometers per square
kilometer, annual bikeway kilometers per 10,000 population has a stronger impact on
annual bicycle commute share. As defined, the annual bikeway kilometers per square
kilometer is the ratio of the annual bikeway length to the annual land area. A fine-grained
bikeway system that lies on a gridiron street network establishes convenient bicycle access,
creating a fundamental road space for bicycle commuting. The annual bikeway kilometers
per 10,000 population takes population size into account, reflecting the capacity of bikeway
infrastructure. Since a city is a human settlement with a concentration of population, a con-
venient bikeway system is necessary but not enough in promoting utilitarian bicycling.
Population size, which to some extent reveals the number of existing and potential bicycle
commuters, should also be fully considered to meet the requirements for bikeway capacity.
For example, cities with similar scales of land areas but larger population sizes need more
bikeways (e.g., increase the number of lanes on the same street segments) to match the
same levels of facility demands for bicycle commuting.

Increasing the share of low-stress bikeways also provides benefits. The annual pro-
portion of C1 bikeways was significantly positively associated with the annual proportion
of commutes by bicycle, which was consistent with results from prior empirical [15] and
preference studies [22,23]. More importantly, the annual proportion of C1 bikeways had a
stronger impact on bicycle commuting than annual bikeway kilometers per 10,000 popu-
lation. On the one hand, bicycling safety plays a critical role in utilitarian bicycling [70].
Collisions with vehicles are the main causes of bicyclists” injuries and deaths [71]. Min-
imizing the frequency of bicycle-vehicle conflicts (including decreasing the probability
of severe injuries and deaths in crashes) along with offering confidence to existing and
potential bicyclists are two major motivations for designing bikeway infrastructure [72].
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The C1 bikeways, a category of bikeways that either aims to spatially separate bicyclists
from motor vehicles (bike paths and protected bike lanes) or focuses on restricting the
volumes and speeds of motor vehicle traffic to guarantee the priority of bicycling (bicycle
boulevards), are identified as the top effective designs for improving both objective and
subjective safety. On the other hand, the C1 bikeways are also regarded as the highest
comfort facilities in encouraging utilitarian bicycling [48]. Combining the two aspects, it is
reasonable that, compared to annual bikeway kilometers per 10,000 population, annual
proportion of C1 bikeways has a stronger explanatory power for bicycle commuting.
Overall, this study demonstrates that the feature of citywide bikeway provision that
can effectively foster bicycle commuting is the availability of convenient, high-capacity,
and low-stress bikeways. That includes expanding the overall supply of bikeways, with
land area and population size taken into account, and increasing the share of bike paths,
protected bike lanes, and bicycle boulevards as much as possible. Nevertheless, urban
policy makers and planners should not presume that by adding bikeways with these
characteristics, bicycling to work will explode in popularity. In cities with emerging
bicycling traditions, both short-term bikeway construction and long-term continuous
enhancement are necessary to facilitate bicycling-to-work trends in the right direction.

5.2. Limitations and Future Directions

This study has a few limitations. First, it was limited to exploring the effects of bikeway
provision on bicycle commuting at the city rather than the neighborhood, block, street,
household, or individual level. This resulted in ignoring the linear or even the nonlinear
associations at lower levels. Meanwhile, which city a commuter lives in and which year
a commuter commutes during can have bearings on bicycle commuting. Investigating
the relationship at multiple levels by applying more advanced modeling approaches with
city-fixed effects and year-fixed effects tests is encouraged.

Second, intersection bicycle infrastructure, like bike boxes and two-stage turn queue
boxes, is a critical component of the citywide bikeway network and plays a crucial role in
bicycling-to-work behavior [7,72]. Due to data availability, this study failed to involve the
provision of intersection-related bicycle infrastructure. Future research can supplement
our findings at multiple levels with the inclusion of node-based infrastructure supply
by using more metrics, such as the connectivity and complexity of the citywide bikeway
network, proximity to bikeway facilities in the neighborhood and workplace, and coverage
of bikeway facilities on the bicycling-to-work route.

Thirdly, we also acknowledge that psychological attributes, like social norms and
attitudes, and other pro-bicycling policies, like bicycle parking and storage availability at
workplaces, influence the level of bicycle commuting [8,37,73]. Future studies with such
variables included are required to gain more robust insights.

6. Conclusions

This study examined the influence of bikeway provision on bicycle commuting in 28 US
cities during 20052017 from the urban perspective. We applied three metrics—bikeway
kilometers per square kilometer, bikeway kilometers per 10,000 population, and low-stress
bikeway proportion—to measure the characteristics of citywide bikeway provision and
evaluated their combined effects on bicycle commuting.

We conclude that there is a positive and significant relationship between the presence
of bikeway infrastructure and the share of bicycle commuting, controlling for other in-
fluencing factors. Among the three metrics, the proportion of low-stress bikeways has a
stronger impact on bicycling-to-work share than bikeway kilometers per 10,000 population,
while the impact of bikeway kilometers per square kilometer ranks last. Our work provides
insights into how citywide bikeway provision attributes have promoted bicycle commuting
over multiple years in various urban areas in the US. These findings might be useful for
urban policy makers and planners to quantify the requirements for citywide bikeway
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provision and structure the corresponding infrastructure policies toward the vision of
fostering bicycle commuting and mitigating auto dependence.
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