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ARTICLE INFO ABSTRACT

Keywords: Background: Traffic speed and volume are important determinants of road traffic injury rates for
Road traffic injuries all travel modes, and high traffic speed and volume can deter walking and cycling. Te Ara Mua —
Speed Future Streets is a project in Mangere, Aotearoa New Zealand, that aims to make it safer and

Traffic volume
Intervention
Street hierarchy
Human factors

easier for people to get around their local neighbourhood, especially by walking and cycling. Key
components include implementation of a street hierarchy and street design changes to reduce
speeds on neighbourhood streets, as well as other components including improved active trans-
port infrastructure.

Methods: We used tube counters to measure motor vehicle speed and volume before and after the
intervention, at different levels of the street hierarchy: arterial, collector and local streets. A
difference-in-differences approach was used to assess changes in the intervention area compared
with a matched control area.

Results: We found post-intervention mean speed reductions of 8 km/h on local streets, and 5-6
km/h on collector streets, relative to the control area. Mean traffic volumes reduced by 17-24%
on local streets, with no change on collectors or arterials. Both post-intervention time points
showed similar results, indicating a sustained effect.

Conclusions: Overall, this intervention successfully reinforced a street hierarchy, creating local
residential streets that are more conducive to road safety and active travel. Implementation of
similar interventions in disadvantaged neighbourhoods could help reduce road traffic injury in-
equities within cities. The findings suggest a promising contribution to safer streets that are more
attractive for walking and cycling. Our future research will evaluate broader impacts of this
intervention on travel mode shift, injury rates and other health and social outcomes.
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1. Introduction

It is well known that higher traffic speed and volume are strongly associated with a higher risk of road traffic injuries and fatalities
for all road users (Elvik, 2012). Consequently, interventions to reduce traffic speeds are an important way to improve road safety.
Disadvantaged socio-economic groups and people living in poorer areas are consistently at higher risk of road traffic injury (Peden
et al., 2004), highlighting the need for evidence-based interventions to reduce inequities, (Hosking, Woodward, Macmillan, Jones,
Ameratunga, Smith) including systemic, structural and environmental changes. A range of environmental infrastructure approaches
have been used to reduce traffic speeds. Evaluations of many speed reduction projects have found substantial reductions in crashes,
injuries and fatalities (Bunn et al., 2003; Grundy et al., 2009; Mackie et al., 2013). For example, in many parts of the United Kingdom,
20 mph zones have been implemented, using engineering measures to slow traffic to no more than 20 miles an hour (32 km/h) (Grundy
et al., 2009). ‘Mini -Holland’ projects have also been implemented in the United Kingdom, combining measures to calm and reduce
local traffic with protected cycle lanes on main streets and cycle hubs at train stations (Aldred et al., 2019). The ‘Self-Explaining Roads’
approach, originating from the Netherlands, involves the identification of different road categories within a road hierarchy and design
of each road type to have a distinct ‘look and feel’, with smaller local streets designed to achieve lower speeds without the need for
posted speed limits and enforcement (Charlton et al., 2010; Theeuwes and Godthelp, 1995). However, despite there being many
examples of evidence-based approaches for reducing injuries for the total population, there is relatively little evidence for effective
strategies to reduce road traffic injury inequities.

Higher speeds and volumes of traffic are commonly associated with less walking and cycling. A shift in travel mode from car use to
active travel, such as walking and cycling, is widely recognised as being important for improving health, as well as a wide range of
other health, social and environmental benefits, such as reducing greenhouse gas emissions (World Health Organization, 2012;
Macmillan et al., 2020). Morrison et al. (2004) observed generally higher numbers of people walking after a traffic calming inter-
vention in Glasgow, Scotland, but the study design did not include a control group. Charlton et al. (Mackie et al., 2013) observed more
people walking, and fewer motor vehicles, after a self-explaining roads intervention in Tamaki Makaurau Auckland, Aotearoa New
Zealand, but again there was no control group, and statistical significance was not reported. Evaluation of mini-Hollands, which
include substantial walking and cycling infrastructure alongside traffic calming elements, suggested that these interventions increased
active travel among residents by 40-45 min/week, mostly due to more walking (Aldred et al., 2021). More difficult to evaluate are
feedback loops, in which increases in active travel may be associated with further speed reductions, leading to further increases in
active travel, as suggested by modelling research (Macmillan et al., 2014). There are therefore several reasons to believe that in-
terventions to lower traffic speeds may lead to mode shift from car use to active travel, while also improving safety, but studies with
more robust designs are needed. Again, there is an absence of studies with a focus on examining health and social equity effects.
Interventions to traffic speeds that are effective, and that can be successfully implemented in more deprived neighbourhoods, could
help reduce inequities within cities in road traffic injuries, and may also promote walking and cycling in more deprived
neighbourhoods.

Te Ara Mua (translation “the path ahead shaped by the past”) Future Streets (hereafter Future Streets) is a controlled before-after
intervention study involving suburb-wide infrastructure and street design changes that aimed to make it safer and easier for people to
get around the local neighbourhood, especially by walking and cycling. The project was implemented in Mangere, a suburb of Tamaki
Makaurau Auckland that has long experienced transport and other structural inequities, in Aotearoa New Zealand.

The study design and intervention design have been described more fully elsewhere (Mackie et al., 2018; Macmillan et al., 2018).
Briefly, the project was initiated by the multidisciplinary research team, with an initial partnership developed between the research
team and Auckland Transport, the regional transport planning authority. We collaborated with a range of other groups and agencies,
including the Local Board (one of 21 such agencies representing sub-areas within the Tamaki Makaurau Auckland region), mana
whenua (local Maori, indigenous New Zealanders, who have authority over their locality), and Waka Kotahi - New Zealand Transport
Agency (involved in some local road funding as well as strategic planning for transport in Aotearoa New Zealand). The research team
also undertook extensive community engagement to inform the intervention design. An initial funding commitment of NZ$1 million
from Auckland Transport was later supplemented by further funding from that agency as well as Waka Kotahi and the Local Board,
totalling approximately NZ$9 million for the infrastructural work.

The intervention had the overall goal of making streets safer and easier to use for walking and cycling, and traffic calming was a key
design feature used to achieve this. The project was informed by self-explaining roads principles, including the delineation of a road
hierarchy that categorises streets as arterial roads (highest speeds and vehicle volumes), collector streets (mid-level speeds and vehicle
volumes), and local streets (lowest speeds and vehicle volumes, primarily residential streets). The project implemented changes in
selected locations across Mangere, including enhanced infrastructure for walking and cycling on arterial and collector streets (e.g.
separated cycle lanes, improved crossings), speed reduction measures on local streets and improved routes for walking or cycling
through selected parks.

The objective of this study was to identify pre-post changes in vehicle travel in the Future Streets intervention area (Mangere
Central), compared to a nearby control area (Mangere East). In particular, the objective was to assess changes in motor vehicle speed
and volume, and changes in motor vehicle type (specifically, heavy vehicles). Consistent with the causal theory underlying the project
(Macmillan et al., 2018, 2020; Mackie et al., 2018), later studies will investigate the impacts on walking and cycling uptake.
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2. Material and methods
2.1. Setting and study design

Tamaki Makaurau Auckland is the largest city (population 1.7 million) in Aotearoa New Zealand. As a result of more than half a
century of car-focused urban design and urban sprawl, it is a heavily car-dependent city, with 81% of trips to work made by private
motor vehicles and very low levels of walking (5%) and cycling (1%) (Stats NZ - Tatauranga Aotearoa, 2001). Following a suburb
selection process, Mangere was chosen as the study location based on a list of selection criteria that included a road traffic injury rate
that was higher than the city average, similar destination accessibility and road types, high levels of socio-economic deprivation and
social and health inequities associated with structural racism. Area maps and a full description of area selection criteria were published
previously (Mackie et al., 2018). Within Mangere, two smaller neighbourhoods were randomly assigned to be an intervention area
(Mangere Central) and a control area (Mangere East). The intervention area and control area have similar characteristics (e.g. de-
mographic profiles and street layouts) and are separated by a motorway (Fig. 1).. (Mackie et al., 2018)

2.2. Intervention

As described in depth elsewhere (Mackie et al., 2018), the design of the intervention was informed by the results of community
engagement, evidence from transport planning literature, expertise within the design team and baseline data on traffic speed, volume
and injuries. The design team included representatives from the research team, city council and local community, supported by other
safety, disability, indigenous and walking and cycling expertise. Early in this process, design principles were developed to guide the
intervention. The principles included a street/route hierarchy giving greater priority to pedestrians and cyclists, reducing traffic speed
and making traffic speeds more consistent, improving people’s ability to cross the road safely, and placemaking elements reflecting the
identity and history of the indigenous peoples of Mangere (Raerino et al., 2021).

The desired street hierarchy category for each street was informed by the baseline street category assigned by the city council,
traffic data, community engagement and the judgement of the design team. At baseline, signposted speed limits were 50 km/h for all
streets, and although the intervention aimed to lower speeds on local streets, there were no changes to the signposted speed limits.
Components of the final intervention included infrastructure to improve sense of security, facilitate walking and cycling and calm
traffic, as well as planting, wayfinding elements, and references to local and indigenous culture (see map in Fig. 2 and images of

Legend

Case Study Areas
Census Area Units

Fig. 1. Map of intervention (Central) and control (East) areas within Mangere.
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Fig. 2. Map of key intervention elements within intervention area. Note: images from locations A, B and C are available in Mackie et al., 2018)
(Mackie et al., 2018).

intervention treatments in Fig. 3). Not all streets in the intervention area received changes, with priority given to collector streets and
to those streets that at baseline were identified as unsafe by residents and as functioning in a way that did not match their expected
category in the street hierarchy. Budget restrictions also meant that not all changes that were originally planned were able to be
implemented, particularly in lower volume and lower risk streets such as cul-de-sacs. However, the highest priority changes were
successfully implemented, and ultimately the project team considered that the final project elements that were implemented were
sufficient to address the major safety and accessibility issues identified during the initial community engagement process. The
intervention was implemented mostly in 2015 and 2016, with one further road treated in the first half of 2017.

2.3. Equipment

This paper focuses on traffic speed and volume measurements made using tube counters. Rubber pneumatic tubes were used to
collect data using the MetroCount system (https://metrocount.com). Based on the pattern of tube activation by vehicle wheels, Based
on the pattern of tube activation by vehicle wheels, vehicle types were classified, which enabled heavy vehicles of various types to be
distinguished from light vehicles such as cars. It was not possible to reliably differentiate bicycles, which were also detected by the
tubes, from motor scooters and other small motorbikes.

Measurements were undertaken in early to mid-Autumn (March and April) in 2014, 2017 and 2018. Data were collected over 24 h
for at least 7 consecutive days, and 7-day periods were used for analysis in order to eliminate variation by day of the week. All ob-
servations were undertaken during March and April, with the exception of site ‘control local 4a’ in 2018, where additional obser-
vations were undertaken in late May and early June. For each site, 14 days of data were analysed, except for sites ‘control arterial 1’
and ‘control collector 1’ in 2014, where 7 days of data were analysed. As well as mean speeds, 85th percentile speeds were calculated as
this value is commonly used to assess the appropriateness of speeds and used to guide street design (Global Road Safety Partnership,
2008).

2.4. Data collection sites

Sites for the tube counters were selected in the intervention area (9 sites) and control area (8 sites), spread across the three street
types (arterials, collectors and local streets). One of the goals for selecting tube locations was to include all three categories in the street
design hierarchy. However, we also collected video data at these locations in order to assess changes in road user behaviour, walking
and cycling. Video data collection needs were also taken into account in selecting locations, though video data are not reported in this
article and instead are reported elsewhere (Hirsch et al., 2022). As a result, data collection locations were not evenly shared across the
street design hierarchy. In some cases we used more than one data collection site on the same street, if those sites were considered
particularly important and had substantially different traffic characteristics (e.g. as reflected in 2014 data in Table 1) and in such cases
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Fig. 3. Examples of intervention treatments on local and collector streets.

we treated the sites as being independent. Among the intervention area data collection sites, all but one street received street design
treatments (‘intervention local 2’ was untreated). It was identified that baseline traffic behaviour on one particular street (‘intervention
local 1°) was consistent with the collector street category, but the most desirable category in the street hierarchy for this street was
local street, and so the treatment of this street reflected this desired change.

2.5. Weather data

Hourly weather data were obtained for the nearest data collection point (Mangere East) from Aotearoa New Zealand’s National
Climate Database using the CliFlo online portal (https://cliflo.niwa.co.nz/), which is provided by the National Institute of Water and
Atmospheric Research (NIWA). In selecting weather variables, we followed Tin Tin et al. a study that was also set in Tamaki Makaurau
Auckland, and which investigated the relationship between weather variables and cycling (Tin Tin et al., 2012). Specifically, weather
variables included maximum wind-speed (m/s), total amount of rain (mm), maximum temperature (°C) and total amount of sunshine
(hours).

2.6. Statistical analysis

The primary hypothesis for this analysis was that the Future Streets intervention would reduce traffic speeds and volumes, and the
proportion of heavy vehicles on local streets in Mangere, between 2014 and 2018. The secondary hypothesis was that initial changes in
traffic speed and volume would be maintained between 2017 and 2018. To guide our analysis and make explicit our causal as-
sumptions, we developed directed acyclic graphs (DAGs) (Greenland et al., 1999) representing the hypothesised effects of the Future
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Streets intervention on motor vehicle traffic volume and speed (Supplementary Material).

Some of the variables represented in our DAG (Supplementary Material) were not included in the analysis. Traffic count and speed
data were collected continuously, but as we were interested in changes in daily values, we analysed the data using daily counts and
daily mean speed. For this reason, the time of day variable (included in our DAG) was not included in our multivariate models. Di-
rection of travel (towards or away from the city centre) was not able to be reliably categorised for our data collection sites, so this
variable was also not included in our models. Finally, the number of lanes was one per direction for all but one data collection site, so
this variable was also not included. The effect of day of week was accounted for by analysing 7-day periods.

We used a ‘difference in differences’ (DID) analysis, in which the effect estimate was the change in the intervention area minus the
change in the control area. Changes were calculated relative to a 2014 baseline (Card and Krueger, 2000). The DIDs were estimated by
the interaction effects in a linear mixed model, with area as random effect and the interaction between year (2014, 2017 & 2018),
intervention (intervention & control) and road type (arterial, collector &local) as fixed effects. In order to determine if there was a
mediator effect of vehicle speed on vehicle count, or a mediator effect of vehicle count on vehicle speed, DIDs for each road type were
calculated with and without the mediator included. Average Causal Mediation Effects (ACME) and the proportion mediated (Hicks and
Tingley, 2011) were derived by taking the difference between the DID calculated without mediator and DID calculated with mediator.
95% confidence intervals for the ACMEs were calculated using bootstrap re-sampling (Bollen and Stine, 1990). All analyses were done
in R, version 4.03 (R Core Team. R, 2020) using the Ime4 package (Bates et al., 2015). The formula used was

response ~ (intervention*year + confounders [+ mediator]):RoadType + (1lsite)

Counts were analysed on the logarithmic scale and speed was analysed untransformed. Residual analysis was done with the
package DHARMa (Hartig, 2021).

We took an ‘intention to treat’ approach, including the untreated street in the intervention area with other measurements in the
‘intervention’ group of streets in the analysis.

3. Results
3.1. Street-by-street results

Table 1 shows traffic volumes, and mean and 85th percentile speeds, for each data collection site for the years 2014, 2017 and
2018. Data were not available in 2018 for one intervention area arterial and one intervention area collector site, due to technical
problems. In the control area, there was little change in mean traffic speeds between 2014 and 2018, but most control sites saw an
increase in traffic volumes. In both intervention and control areas, baseline traffic volumes tended to be highest for arterials and lowest
for local streets, with collector streets in between, though one control area local street site (‘control local 3”) was an exception to this
pattern. Mean traffic speeds at baseline did not show as consistent a pattern by street type, especially in the control area. The highest
mean speed at baseline in the control area was on site ‘control local 3’, designated a local street. This demonstrated a poor match
between street design speeds and each street’s category in the street hierarchy at baseline.

Table 1
Traffic volume and speed, intervention and control sites, in 2014, 2017 and 2018.
Site name Traffic speed — mean (km/ Traffic speed — 85th percentile Daily traffic volume
h) (km/h)

Area Street type 2014 2017 2018 2014 2017 2018 2014 2017 2018
Control arterial 1 Control Arterial 38.66 39.06 39.46 48.02 48.50 49.07 20,482 21,414 20,683
Control collector 1 Collector 45.64 45.35 46.88 53.00 53.25 54.67 10,457 11,665 11,366
Control local 1a Local 40.82 40.86 40.30 48.38 47.94 46.95 1238 1489 1419
Control local 1b 48.06 46.08 48.70 55.39 53.22 56.20 4359 4744 4377
Control local 2 39.37 36.58 38.17 47.44 44.74 47.35 1784 1885 1661
Control local 3 49.55 48.02 49.41 55.18 53.87 55.45 10,168 11,569 11,259
Control local 4a 38.69 37.70 38.05 44.13 43.22 45.96 4644 5558 7059
Control local 4b 45.12 43.21 43.39 51.93 49.69 49.77 5903 7122 6759
Intervention arterial 1 Intervention Arterial 50.29 41.10 n/a 55.86 46.76 n/a 17,661 19,949 n/a
Intervention arterial 2a 48.87 47.90 49.29 54.08 54.13 56.02 17,241 20,490 18,520
Intervention arterial 2b 50.54 50.97 50.82 56.26 57.31 57.33 25,112 27,180 25,996
Intervention collector 1a Collector 39.40 32.17 n/a 47.88 38.62 n/a 9883 9280 n/a
Intervention collector 1b 44.79 43.59 44.17 52.20 50.32 50.98 5509 6631 6433
Intervention collector 1c 30.48 22.02 23.66 39.14 28.73 30.61 13,173 13,925 12,493
Intervention local 1 Local 48.95 32.87 34.62 55.63 39.11 41.13 6368 4915 4710
Intervention local 2 45.55 45.05 45.45 52.79 52.33 52.85 2501 2925 2719
Intervention local 3 39.06 26.66 27.57 48.14 32.83 33.81 1660 1676 1447

n/a: data not available for this site/year combination. Traffic volume represents motorised vehicles and is the sum of both directions.
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3.2. Changes in traffic speed and volume

Changes in volume and speed are shown in Fig. 4. The difference-in-differences analyses in these figures represent changes in the
intervention area, relative to changes in the control area. Traffic volumes on intervention area local streets reduced by 16% in 2017
and 24% in 2018, but there was no significant change on arterial or collector streets (Table 2). There was no further significant change
in traffic volume between 2017 and 2018 on arterial, collector or local streets, consistent with maintenance of the initial effect but no
further effect. Post-intervention traffic volume reductions in local streets were due to the streets that received treatments, with no
reduction in traffic volume seen on the untreated local street in the intervention area (‘intervention local 2’; Table 1).

There were significant speed reductions on intervention area collector and local streets in both 2017 and 2018, with greater re-
ductions in mean speeds for local streets (8 km/h) than collector streets (5 km/h, Table 2). As with changes in volumes, the changes in
speed appeared to occur between 2014 and 2017, with the effect being maintained, but with no additional effect, between 2017 and
2018.

3.3. Speed distribution

Arterial streets in the intervention area showed very similar speed distributions in all three years (Fig. 5).. However, local streets
saw a substantial shift in the speed distribution, towards lower speeds. Speed reductions were seen in two of the three local street data
collection sites, but in the untreated third site (‘intervention local 2’) there were no changes in mean speed (Table 1). This led to a
slightly bimodal speed distribution on local streets. The distribution of speeds on streets in the control area was unchanged between
2014 and 2018.

A more pronounced bimodal speed distribution emerged on collector streets in 2017 and 2018 (Fig. 5). At two of the three
intervention collector sites, treatments included zebra crossings with grade separation to slow traffic, and speeds at these sites
(measured at midblock locations away from specific traffic calming devices) reduced in 2017 and 2018 (Table 1). At the third
intervention collector site (‘intervention collector 1 b”), there were no crossings and no treatments specifically aiming to slow speeds,
although there was some narrowing of the roadway due to new curb separated cycle lanes. There was little change in mean speeds at
this third site, though 85th percentile speeds were marginally lower at follow-up.

3.4. Mediation analysis

The mediation analysis for the proportion of the change in traffic volume that was mediated by the change in traffic speed found
significant mediation on local streets only. In 2017, 39.1% of the change in volume on local streets was mediated by change in speed,
and in 2018 the figure was 31.1%. Analysis of whether changes in speed were mediated by changes in volume found that mediation
was either not statistically significant, or not large enough to be meaningful (0.4 km/h effect of mediator on intervention streets in
2017 only, and <0.5 km/h effect of mediator on local streets). Specifically, we found no evidence that reduced traffic volumes had a
mediation effect that increased speeds.

3.5. Heavy vehicles

The proportion of heavy vehicles on the sole control area collector street at baseline was unexpectedly high (9.3%) compared with
other street types, which ranged from 1.9 to 4.5%. Possible explanations include nearby construction works or traffic diversions that
selectively affected heavy vehicles, though we were unable to confirm this. Given this unexpected finding, we did not undertake a
difference-in-differences analysis of heavy vehicles. There was no evidence that the proportion of heavy vehicles reduced in the
intervention area, including on local streets. The recorded change between 2014 and 2018 in heavy vehicles on intervention area local

Street type
Arterial ‘. - ‘
Year
® 2017
. ‘ = 2018
Collector . .
Local : . .
T T T T T T T T T T 1 r T T T T T T T
9 -8 7 -6 E -4 -3 -2 -1 o 1 2 -25 -20 -15 -10 -5 0 5 10 15 20 25
Change in vehicle speed (km/h) Change in traffic volume (%)

Fig. 4. Difference-in-differences analysis of changes in traffic volume and speed for 2017 and 2018 compared with baseline (2014). Note: Negative
values indicate that the change in the intervention area is more strongly negative than the change in the control area.



J. Hosking et al. Journal of Transport & Health 30 (2023) 101601

Table 2
Difference-in-differences analysis of changes in traffic speed and volume, by street type and year.
Street type Year Change in traffic speed relative to control area, km/h (95% CI) Change in traffic volume relative to control area (95% CI)
Arterial 2017 —0.60 (—2.73, 1.53) 8.5% (-5.9, 25.1)
2018 —0.32 (—2.45, 1.81) 3.0% (-10.7, 18.7)
Collector 2017 —4.53 (-6.64, -2.42) 0.8% (—12.4, 16.1)
2018 —5.41 (-7.6, -3.22) —5.4% (—18.3,9.6)
Local 2017 —8.10 (-9.15, -7.05) —16.0% (-21.7, -9.8)
2018 —8.29 (-9.34, -7.24) —20.0% (-25.5, -14.2)

Note: change s are in comparison to 2014 baseline and represent changes in intervention area relative to control area. CI: confidence interval.
Statistically significant results in bold.

Arterial Arterial

Control Intervention

Collector Collector

Control Intervention

Percentage of traffic

N

Local Local

Control Intervention

ear
4- y
— 2014
2 - - 2017
- 2018
o
0 10 20 30 40 50 60 70 6 10 20 30 40 50 60 70
Speed (km/h)

Fig. 5. Changes in traffic speed distribution on arterial, collector and local streets from pre-intervention (2014) to post-intervention (2017
and 2018).

streets (from 1.9% to 2.1%) was minimal, and was smaller than the increase on control area local streets (from 2.6% to 4.1%), but we
did not undertake formal statistical significance testing for this comparison.

4. Discussion
4.1. Key findings

This study evaluated the effects of the Te Ara Mua — Future Streets neighbourhood-level street design changes on traffic speeds and
volumes. In our follow-up years of 2017 and 2018, we found an 8 km/h mean speed reduction in intervention area local streets, and a
5-6 km/h reduction in speeds in intervention area collector streets, after taking account of the changes seen in the control area.
Intervention area traffic volumes reduced by 17-24% on local streets relative to the control area, with no significant changes in traffic
volumes on arterials or collector streets. These changes in traffic speed and volume after the intervention are important, because they
enable local streets, in particular, to function as intended in the road hierarchy. Post-intervention speeds on local streets were close to
30 km/h, a reduction that should be sufficient to substantially reduce the risk of deaths and serious injuries on these streets, and may
also increase people’s willingness to walk, cycle and wheel (Amiour et al., 2022; Winters et al., 2017). In keeping with our causal
theory and logic model, changes occurred early and were maintained over time. Also consistent with our causal theory, about a third of
the reduction in traffic volumes on local streets was mediated through reductions in speeds. Conversely, there was no evidence that
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traffic volumes had a mediating effect on speeds.

4.2. Comparison with other research

Traffic volume reductions were seen only on local streets in the intervention area, not on arterial or collector streets. Potential
mechanisms for traffic volume reductions on local streets include reduced car use by local residents, and diversion of traffic away from
local streets (to arterials and collectors, or away from the neighbourhood altogether). There were non-significant increases in traffic
volumes on intervention arterials, relative to the control area, which would be consistent with some diversion of traffic from local
streets to arterials, though other explanations are possible. Between 2017 and 2018, there were small non-significant reductions in
traffic volumes for all three street types in the intervention area. If these reductions had been significant, they would have been
consistent with mode shift occurring between 2017 and 2018. However, this study of traffic speed and volume was not designed to
conclusively determine whether the intervention reduced car use, and we will investigate this further in future using longitudinal door-
to-door surveys of local residents about changes in travel mode (Macmillan et al., 2018). Morrison et al. (2004) and Mackie et al.
(2013) also observed more people walking after traffic calming, and Mackie et al. observed lower traffic volumes after traffic calming,
but as with our analysis they were unable to conclusively determine whether these findings represented mode shift or other factors
such as traffic diversion or trips foregone.

When designing this study, we hypothesised that the Te Ara Mua — Future Streets intervention may lead to mode shift among local
residents. However, changes in travel mode may not emerge immediately and may be delayed. Goodman et al. (2014) studied the
effect of new or improved walking and cycling routes in three UK towns, and found increases in walking, cycling and physical activity
at two-year follow up, but not at one-year follow up. In contrast, the evaluation of mini-Hollands in London (Aldred et al., 2021) found
similar increases in active travel, relative to control areas, at one, two and three year follow-up. Changes in speed have previously been
shown to occur shortly after traffic calming measures have been constructed (Charlton et al., 2010).

4.3. Strengths

A major epidemiological strength of this study was the inclusion of a well-matched but also well-separated control area. Many
evaluations of natural experiments are highly susceptible to confounding, and matching of control areas is considered particularly
important (Knapp et al., 2019). Our control area allowed us to account for background trends in traffic volume, an important feature
since many of the control area streets experienced increases in traffic volume over the course of this study. Had this comparison not
been available, we would have underestimated the effects of the intervention on traffic volume. Inclusion of a third time point also
provided further information about the trajectory of change, identifying that changes occurred between the first two time points, and
were sustained between the second and third time points. Evaluations of natural experiments that include more than two time points
are uncommon (Knapp et al., 2019). An additional strength of this project is measurement of a wide range of different outcomes. Future
publications from Future Streets, reporting different outcomes, will help assess whether the local street traffic volume changes we
observed were due to mode shift or traffic diversion, and will also investigate intervention effects on other relevant health, social and
environmental outcomes, as well as enabling the epidemiological testing of feedback mechanisms, including the relationship between
mode share and vehicle speed and volume. Other strengths of the broader Future Streets project include having a clearly defined a
priori causal theory, participatory intervention co-design and a strong equity focus (Macmillan et al., 2018).

4.4. Limitations

This study was limited by having only a small number of measurement sites for each street type. Nevertheless, our measurements
were sufficient to identify substantial reductions in traffic speeds and volumes on local streets. Results also suggested that the
intervention effect was likely to be largely limited to local streets in the intervention area that were treated, since the sole untreated
local street in the intervention area, ‘intervention local 2°, saw no reductions in traffic speed or volume between 2014 and 2017. This
finding also suggested that the traffic volume reductions seen on other local streets during this period were more likely to be due to
traffic diversion rather than community-wide mode shift. Although traffic diversion from local to arterial streets shifts traffic-related
hazards (e.g. air pollution, noise, traffic danger) from one location to another rather than reducing those hazards, diversion may be
associated with some benefits, particularly if it increases the perceived safety and walkability of local streets. Shifting traffic from local
to collector or arterial roads may also help reinforce a street hierarchy in which different street categories within the hierarchy have a
more distinct ‘look and feel’, helping to encourage driver behaviour that is appropriate for the street on which they are driving,
consistent with the principles of self-explaining roads (Charlton et al., 2010). While there may be equity implications of diverting
traffic and traffic-related hazards from local to arterial streets, this will be influenced by a complex mix of factors, including land and
property values and the presence/absence of formal infrastructure, such as public transport routes, separated cycle lanes or raised
crossings (Wen et al., 2020; Welch et al., 2016; Grimes and Young, 2010). A clearer picture of traffic distribution effects within
neighbourhoods could be gained by monitoring traffic on all or most neighbourhood streets, but assessing whether mode shift is
occurring is likely to require direct survey measurements of resident travel patterns, as is being undertaken in the wider Future Streets
project (Macmillan et al., 2018).
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4.5. Implications for practice and future research

Our findings suggest that suburban street retrofitting can be an effective strategy for reducing traffic speeds and volumes on local
residential streets. As both traffic speeds and volumes are strongly correlated with road traffic injury risk, this is likely to substantially
improve road safety on local streets. The successful implementation of this project in a relatively deprived neighbourhood indicates
opportunities to reduce inequities in road traffic injuries by implementing similar interventions in other disadvantaged neighbour-
hoods, although this may need to be supplemented by compelling community engagement about the rationale for traffic speed and
volume reduction on local streets. We plan to specifically measure effects on crash and injury rates in future research. Although we
found evidence of speed reduction on local streets that received treatments, we did not observe speed reductions on a local street that
was within the intervention area but was not itself treated. This suggests that area-wide speed reductions would require more
widespread street design changes than we were able to implement within our project budget, or that area-wide changes in driver
behaviour may take longer to emerge than the time period covered by this analysis.

5. Conclusions

The Te Ara Mua - Future Streets suburban street retrofit project reduced traffic speeds and volumes on local residential streets, and
reduced speeds on collector streets, reinforcing a more organised and functional street hierarchy. These changes are expected to
improve road safety and reduce barriers to walking and cycling on those streets. There are some signs that traffic volume reductions
may be due to traffic being diverted away from local streets. Our findings suggest that deliberate application of a street hierarchy can
lead to more appropriate behaviours by people driving on local streets, supporting road safety and active travel. Future papers from
this project will investigate longer-term project impacts, including travel mode shift, as well as effects on injury rates, local air quality
and other health and social outcomes.
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