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ARTICLE INFO ABSTRACT

Am‘clg history: Roads form vast, pervasive and growing networks across the Earth, causing negative environmental impacts that
Received 30 November 2020 spill out into a ‘road-effect zone’. Previous research has estimated the regional and global extent of these zones
Received in revised form 28 January 2021 using arbitrary distances, ignoring the spatial distribution and distance-dependent attenuation of different
Accepted 29 January 2021

forms of road environmental impact. With Great Britain as a study area, we used mapping of roads and realistic
estimates of how pollution levels decay with distance to project the spatial distribution of road pollution.

We found that 25% of land was less than 79 m from a road, 50% of land was less than 216 m and 75% of land was
less than 527 m. Roadless areas were scarce, and confined almost exclusively to the uplands (mean elevation
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Keywords: 391 m), with only ca 12% of land in Great Britain more than 1 km from roads and <4% of land more than
Highways 2.5 km from roads. Using light, noise, heavy metals, NO,, and particulate matter PM, s and PM;, as examples,
Road-effect zone we estimate that roads have a zone of influence that extends across >70% of the land area. Potentially less
POl}UtiOH than 6% of land escapes any impact, resulting in nearly ubiquitously elevated pollution levels. Generalising
IL\Iithfte from this, we find that, whilst the greatest levels of road pollution are relatively localised around the busiest

roads, low levels of road pollution (which may be ecologically significant) are pervasive.
Our findings demonstrate the importance of incorporating greater realism into road-effect zones and considering
the ubiquity of road pollution in global environmental issues. We used Great Britain as a study area, but the find-
ings likely apply to other densely populated regions at present, and to many additional regions in the future due
to the predicted rapid expansion of the global road network.
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1. Introduction

Roads form vast and pervasive networks across the Earth, with an
overall estimated length of 64 million km (van der Ree et al,, 2015).
The associated pollution and other negative environmental impacts
spill out even further, forming a ‘road-effect zone’. Understanding the
extent of these impacts is critical for identifying where environmental
protections (e.g. from further road building), environmental mitigations
(e.g. pollution reduction) and environmental enhancements (e.g. habi-
tat creation) will most benefit the health of both people and nature. It
can also provide insights into how the environmental impacts of roads
will be affected by future changes in road use (e.g. road growth and in-
creasing traffic volumes) and associated technologies (e.g. uptake of
ultra-low emission vehicles).

Previous attempts to understand the impacts of roads on the envi-
ronment over large regions have generally related road proximity to
specific environmental impacts, often using single thresholds for the ex-
tent of the road-effect zone (e.g. 1 km) (Forman, 2000; Ibisch et al.,
2016; Psaralexi et al., 2017; Torres et al., 2016). Such approaches have
estimated that 20% of land suffers environmental impacts of roads
(though the underlying global road maps are very incomplete for
some regions) (Hughes, 2017; Ibisch et al., 2016). Whilst there is a
strong environmental case for preserving roadless areas (often defined
as areas more than 1 km from any road; Ibisch et al., 2016; Psaralexi
et al,, 2017; Selva et al., 2011), many regions have few such areas re-
maining (e.g. central and western Europe; Psaralexi et al., 2017), and
roads provide important social and economic benefits that motivate fur-
ther road building (Laurance et al., 2014). Indeed, roadless areas will
likely become increasingly scarce, given that the global road network
is predicted to expand by a further 25 million paved road lane-
kilometres (a 65% increase) by 2050 (Dulac, 2013). As a result, there is
a need to go beyond identifying ‘where is’ versus ‘where is not’ affected
by roads, and towards understanding how the intensity of environmen-
tal impacts of roads varies across space, in terms of different types of
impact.

In reality, the intensity of road impacts shows spatial complexity, de-
creasing with distance from the road and often increasing with traffic
volume. Furthermore, the environmental impact of roads is the result
of diverse forms of pollution, including light, noise, vibration, de-icing
salt, metals, herbicides, and exhaust emissions (e.g. NOy, CO and
particulates), alongside other effects (e.g. habitat fragmentation and
vehicle-wildlife collisions) (Forman et al., 2003). Of these, noise and
air pollution have received by far the most attention due to their im-
pacts on human health, for which they are considered to be the most
prevalent environmental risk factors in Europe (Hdnninen et al.,
2014). Roads are a major contributor to both. In fact, the World Health
Organization (2011) states that “sleep disturbance and annoyance,
mostly related to road traffic noise, comprise the main burden of envi-
ronmental noise”. However, whilst air pollution is regulated in many
countries, with strict limits on roadside pollution and emissions from in-
dividual vehicles (European Commission, 2021a, 2021b), noise pollu-
tion is scarcely regulated or enforced. Whilst recommended limits
exist (World Health Organization, 2018), these guidelines are rarely
backed up by legislation. For example, in the UK there are noise limits
for individual vehicles, but no legal limits for road noise overall (UK
Government, 2021). Furthermore, the diverse other forms of road pollu-
tion are almost completely ignored by policy.

Different forms of road pollution vary in their spatial distributions
with respect to roads, in particular how they attenuate over distance.
Many pollutants are deposited near to roads, for example metals arising
from vehicles and road surfaces are principally found in soils within
15 m of roads (Werkenthin et al., 2014). Other pollutants are more far
reaching, with many air pollutants found at elevated levels at distances
of hundreds of meters from roads (Karner et al., 2010). Whilst disper-
sion patterns are highly variable among pollutants, in the broadest
sense the way that a pollutant attenuates over distance depends on
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whether it consists of energy waves (e.g. light and noise) or matter
(e.g. metals and air pollutants). Specifically, particle pollution such as
metals and air pollutants are largely transported via diffusion, whereas
light and noise are energy waves travelling via vibrations. Their patterns
of dispersal over distance therefore differ, and in general, can be de-
scribed, respectively, by exponential decay and inverse square decay
functions (Attenborough, 2014; Karner et al., 2010).

Whilst numerous models of road pollution exist, they focus on
individual forms of pollution, covering a limited subset of pollutants -
primarily air pollutants (Tsagatakis et al., 2019) and noise (Extrium,
2020). They are usually limited to a local scale (meters to kilometres
rather than hundreds of kilometres) in urban areas, and are often com-
plex, requiring extensive data sources, parameter estimates and compu-
tational power (e.g. see Bendtsen, 1999; Forehead and Huynh, 2018;
Khan et al., 2018; Murphy et al., 2020; Pinto et al., 2020; Silveira et al.,
2019). Or, otherwise, they model only the largest road types (Extrium,
2020) and ignore the potential contribution of smaller roads. Here,
using Great Britain as a study area and considering diverse forms of pol-
lution, we determine the spatial distribution of road pollution, with re-
spect to distance from roads and types of road. The study aims to: 1.
Provide a more complete understanding of the road-effect zone by con-
sidering diverse forms of pollution; and 2. Provide a national-scale as-
sessment as a case study for determining the proximity of land to
roads and the proportion of land affected by different threshold levels
of pollution. The findings are important for understanding the extent
and degree of roads' influences on the environment, with implications
for both human and ecosystem health.

2. Methods

We used spatial mapping and analyses in QGIS 3.4.15 (QGIS
Development Team, 2020) to determine the distribution of road pollu-
tion across Great Britain. The process involved the following steps, de-
scribed in detail below and summarised here: (i) categorising roads
into four types based on their traffic volumes and mapping the distance
of every 1 ha square of land in GB to roads of each type; (ii) creating gen-
eral models of the spatial distribution of different forms of road pollu-
tion based on the following parameters: pollution source strength
across road types, background pollution level, and pollution dispersion
pattern with distance from the road; (iii) conducting a literature search
to determine known parameter values for different forms of road pollu-
tion (metals (Cd, Cr, Cu, Ni, Pb, and Zn), air pollutants (NO,, PM; 5 and
PMj), light and noise); (iv) modelling spatial distributions for these
forms of road pollution by parameterising the models from (ii) with
values from (i) and (iii); and (v) generalising our findings, given limita-
tions on available data for real forms of road pollution, by modelling
spatial distributions of theoretical pollution groups that differ in the
outlined parameters, across a range that encompasses those of real
forms of road pollution.

2.1. Spatial maps of road proximity

To map roads, we used freely available data from OS OpenData
(Ordnance Survey, 2020): OS Open Roads and OS Boundary-Line. OS
Open Roads is a vector map of all roads in Great Britain, including infor-
mation on road classification. OS Boundary-Line contains vectors of
Great Britain and its administrative boundaries. We merged component
layers of OS Open Roads into a single shapefile and removed duplicated
sections of road. We aggregated roads into four types (which we will
term r) based on road classification (from OS Open Roads) and the avail-
ability of associated traffic volumes (from UK Government data;
Department for Transport, 2019) (Table 1). These types were (in order
of highest to lowest traffic volume) motorways, A-roads, minor roads,
and local access roads.

We created a grid of points with 100 m intervals across the extent of
Great Britain, then clipped the grid using a polygonised high-water
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Table 1
The road types r that were used for the spatial mapping and analyses of road pollution. Maps of the proximity to roads of each road type are provided in Fig. 1b-e.

Road type r 0S Open Roads road class(es) 0S Open UK Proportion of UK Government traffic volume Relative
Roads road Government total (vehicles day—1)® traffic
length (km) road road length volume

length (km)?*

Motorways Motorways 5141 3742 0.0074 81,700 1.0000

(r=1)

A-roads A-roads 49,659 47,450 0.0719 13,800 0.1689

(r=2)

Minor roads B/Minor/Local roads 341,684 346,405 0.4947 1400 0.0171

(r=3)

Local access roads  Local Access/ Restricted Local 294,196 Not provided  0.4260 Not available, so assumed 70 0.0009

(r=4) Access/Secondary Access roads (5% of minor roads)

2 Department for Transport (2020). Road lengths statistics (RDL). Data for 2019. https://www.gov.uk/government;/statistical-data-sets/road-length-statistics-rdl.
b Department for Transport (2019). Road traffic statistics (TRA) statistical data set. Data for 2018. https://www.gov.uk/government;/statistical-data-sets/road-traffic-statistics-tra.

polyline shapefile from OS Boundary-Line. We calculated the distance to
the centreline of the nearest road for each grid point, then converted
this information to a raster with 100 m resolution, resulting in the value
of each cell representing the distance to the nearest road of the centroid
of the cell (Fig. 1a). We repeated this process for each of the four road
types, resulting in a 100 m raster of distances to the nearest road for
each road type (Fig. 1b-e). As the distance to the nearest road used a
centreline for each road, we accounted for differences in road widths
between road types by assuming that: (i) pollution originates from
the centre of the outermost lanes of a road, (ii) road lanes are 3.65 m
wide (Department for Transport, 2020a) and (iii) the number of lanes
per direction is 3 for motorways, 1.5 (1 to 2) for A-roads, 0.75 (0.5 to
1) for minor roads and 0.625 (0.5 to 0.75) for local access roads. We
therefore subtracted the following distances from all cells (bounded
above zero) of the respective road type raster: 9.125 m for motorways
(Fig. 1b), 4.5625 m for A-roads (Fig. 1c), 1.3688 m for minor roads
(Fig. 1d) and 1.1406 m for local access roads (Fig. 1e).

For context, we estimated the area of land covered by roads by mul-
tiplying the width of a road lane (3.65 m wide; Department for
Transport, 2020a) by the estimated number of lanes per road of each
road type (see above), then multiplying by the length of road of each
type (from UK Government data for 2019; Department for Transport,
2020; see Table 1). We also assessed the land cover and elevation of
roadless areas (>1 km from roads) using CORINE Land Cover
(Copernicus, 2018) and OS Terrain 50 (Ordnance Survey, 2020).

2.2. General modelling approach

We built two general models of the spatial distribution of road pol-
lution: one for pollution caused by energy waves (such as light and
noise) and one for pollution consisting of matter (such as metals, partic-
ulate matter and NO,). These models were later parameterised from the
literature for different types of pollution. The modelling approach was
based on differences in (i) pollution source strength a (the pollution
level at a road) across road types r (the four road types described
above, differing in traffic volume), (ii) background pollution level b
(the pollution level in the absence of roads), and (iii) dispersion pat-
terns (the function by which pollution disperses from a road, consisting
of decay type - inverse square or exponential - and, in the latter case,
decay rate A). We modelled levels of pollution exclusively attributable
to roads by subtracting the background pollution level b from the pollu-
tion source strength a, which meant that modelled road pollution levels
attenuated to zero, rather than to the background level. In reality, there
are many other sources of pollutants, which combine to result in overall
pollution levels; but in this case, pollution arising specifically from roads
was of principal interest.

Given the large number of complex variables involved in modelling
just a single pollutant (e.g. see Khan et al., 2018; Pinto et al., 2020), it
was necessary to make assumptions and simplifications, which we

describe throughout. In general though, we used average values across
space and time, whereas traffic volumes differ between urban and
rural areas, among geographic regions, and across the time of day and
week (Department for Transport, 2019), and dispersion of pollutants
is affected by meteorological conditions, which can also result in strong
asymmetry between opposite sides of a road (Forman et al.,, 2003). We
did not incorporate pollution mitigation by vegetation, terrain and other
barriers, so our estimates are rather representative of maximum poten-
tial extent. We address the implications of these assumptions in the
discussion.

2.2.1. Pollution source strength

We assumed that differences in pollution source strengths among
road types were related to traffic volumes. This is because most road
pollutants arise either directly from vehicles (e.g. noise and exhaust
emissions), or indirectly from roads themselves (e.g. particles from
wear of road surfaces) and their management (e.g. de-icing salt),
whereby roads with greater traffic volume are likely to be larger and re-
ceive more intensive management (Forman et al., 2003). However, the
strength of the relationship between pollution source strength and traf-
fic volume likely varies among pollutants and may have a weak relation-
ship (e.g. heat originating from the road surface, light originating from
street lighting) or possibly no relationship. As such, we calculated rela-
tive pollution source strengths for each road type based on the relative
impact of traffic volume on the pollution source strength. We used the
following equation:

ar = (tr/t1)" (1)

where a, is the pollution source strength for road typer, t is the average
daily traffic volume for road type r (from UK Government data for 2018;
Department for Transport, 2019; Table 1), t; is the average daily traffic
volume for the highest traffic volume road type (motorways) and x is
a scaling variable defining the relative impact of traffic volume on the
pollution source strength.

2.2.2. Decay rates

We modelled the attenuation of pollution strength from a point
source over an uninterrupted linear distance from a road using two dif-
ferent decay functions, which are well established for different forms of
pollution. For simplicity, these equations represent the decay from a
point source, representing the straight-line distance to the nearest
road. 1. Inverse square decay, to represent pollution types that consist
of energy waves (e.g. light and noise; Attenborough, 2014):

pe = (a—b)d™ @)

where p is the pollution level, a is the pollution source strength, b is the
background pollution level, and d is the distance to the nearest road. 2.
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Fig. 1. Distances to the nearest road from the centre of each 1 ha (0.01 km?) area across Great Britain for (a) all roads, and associated frequency histogram (on two different scales for clarity
of presentation), and (b-e) the four component road types that were used as input parameters for spatial models and analyses of road pollution.

Exponential decay to represent pollution types that consist of matter 2.2.3. Spatial modelling

(e.g. particulates; Karner et al., 2010):
DPm = (a_b)e_}\d

where A is the decay rate.

Using Eqgs. (2) and (3), we modelled the pollution level in each
3 100 m grid cell attributable to the nearest road of each road type as:

Pe, (dr) = (ar—b)d; (4)
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for pollution types that consist of energy waves, and
P, (dr) = (ar—b)e (5)

for pollution types that consist of matter, where a, is the pollution
source strength for road type r, and d, is the distance to the nearest road
of road type r (from Fig. 1). We calculated the total pollution level in
each grid cell by adding together the pollution level attributable to each
of the four road types, resulting in the final equations:

4
pe[om = r; per(dr> (6)

for pollution types that consist of energy waves, and

M-

P, (dr) (7)

p Mot —

Il
—_

I

for pollution types that consist of matter. This assumes that pollution
from multiple roads of different types is additive, but ignores additional
nearby roads of the same type (e.g. in urban areas where numerous mi-
nor roads are located within a small area, resulting in overlapping, addi-
tive accumulation of pollution, such as around junctions). It also
assumes that the pollution level in a cell is not affected directly by the
pollution level in neighbouring cells.

2.3. Literature search for parameter values

We conducted a literature search to find parameter values for differ-
ent forms of road pollution. We searched Web of Science Core Collection
databases (in English language only) for scientific publications pub-
lished up to January 2020. We limited the search to reviews and
meta-analyses due to an abundance of literature on the topic, and only
to those which focused on Europe and/or North America to ensure rel-
evance to Great Britain (in terms of road and vehicle technologies and
usage). We used a ‘road pollution’ search string and combined it with
a ‘dispersion’ search string (Table A). We assessed the relevance of
each search result using the title and abstract (or full text where neces-
sary). Of 471 search results, we identified five relevant studies, which
provided information on the spatial distributions, with respect to
roads, of metals in soils (Werkenthin et al., 2014), air pollutants
(DeWinter et al.,, 2018; Karner et al., 2010; Liu et al., 2019), and light pol-
lution from streetlights and from vehicle headlights (Gaston and Holt,
2018). In each case, we used the full text to extract the following infor-
mation (where available) for each form of pollution: source strength a,
background level b, decay rate A (or otherwise pollution level at multi-
ple distances), and the relationship between pollution level and traffic
volume. We used WebPlotDigitizer 4.2 (Rohatgi, 2015) to extract infor-
mation from figures where necessary. Karner et al. (2010) provided re-
gressions of pollution level over distance, rather than explicit decay
rates, so we extracted the distance at which the pollution level had
decayed by 90% from the source strength towards the background
level, then used this to calculate an exponential decay rate. We used a
level of 90% because we assumed that the underlying pollution mea-
surement data has low power when it comes to detecting pollution
levels that have more closely approached the background level (the
tail of the exponential decay curve). Similarly, Werkenthin et al.
(2014) only provided pollution levels for three distance categories
(0-5, 5-10 and 10-25 m from roads), so we calculated a decay rate
based on changes in the median pollution level across distance catego-
ries — resulting in either A = 0.2303 or A = 0.0921, reflecting 90% decay
of pollution source strength towards the background level by 10 and
25 m, respectively.

Science of the Total Environment 773 (2021) 145589
2.4. Assumptions for missing parameter values

Whilst the literature search provided sufficient parameter values for
decay rates A, information on source pollution strengths a and relation-
ships with traffic volume x were mostly lacking. We therefore sought
additional data and were required to make several assumptions
(Table B). These are described below, with the final parameter values
for each form of pollution presented in Table 2.

24.1. Metals and air pollutants

For pollution source strengths, we used UK government data for air
pollutants (NO,, PM, s, PM;) from 2019 (Table 2; Defra, 2020), which
were similar to the levels measured in the USA by DeWinter et al.
(2018). For both air pollutants and metals, we assumed that median
source strengths from the empirical data were representative of A-
roads (r = 2). Source strengths for other road types were proportional
to their traffic volume scaled with x = 0.75 in Eq. (1), rather than x =
1 (whereby a 10 times increase in traffic volume results in a 10 times in-
crease in pollution source strength when x = 1, and in a 5.62 times in-
crease in pollution source strength when x = 0.75), because we
assumed that vehicles on smaller, lower traffic roads brake and acceler-
ate more frequently, resulting in a proportionally greater amount of
metals and air pollutants (Pandian et al., 2009). However, for PM, 5
we used Eq. (1) with x = 0.5 (whereby a ten-fold increase in traffic vol-
ume results in a 3.16 times increase in pollution source strength) to re-
flect a weaker relationship between traffic volume and source pollution
strength (DeWinter et al., 2018). Reviews of NO, dispersion provided
dramatically different decay rates of A = 0.0064 (Karner et al., 2010)
and A = 0.0004 (Liu et al., 2019), which is equivalent to a ten-fold dif-
ference in extent. This is apparently because Liu et al. (2019) did not ac-
count for background pollution levels. We therefore used the more
conservative and relevant estimates from Karner et al. (2010). We
note that air pollution dispersion patterns from the literature are pri-
marily based on downwind measurements (Karner et al., 2010; Liu
et al,, 2019), whereas in reality dispersion patterns are asymmetrical
due to wind direction, and predominant in one direction due to prevail-
ing winds. For simplicity, we use downwind dispersion patterns in all
directions, which indicates the maximum potential extent of air
pollutants.

2.4.2. Light and noise

Light and noise arising from vehicles consist of both an intensity and a
frequency component, which are both likely to be relevant in triggering
ecological responses. We therefore considered both single event
exposure level (i.e. when a vehicle passed), and average exposure level,
which accounts for differences in traffic volume between road types.

Noise is commonly expressed in units of decibels - a logarithmic
scale which is used as a more representative measure of the perception
of changes in noise intensity by biological organisms. We therefore con-
verted to and from source and estimated noise levels in terms of the log
scale of decibels using the standard equation dB = 10 log p, where p is
the sound power ratio, which is the unit that decays over distance fol-
lowing the inverse square law. We assumed that noise exposure source
strength was 85 dB for all road types (Bendtsen, 1999). Whilst heavy ve-
hicles and vehicles travelling at greater speeds produce more noise
(Bendtsen, 1999), which are likely to be more common on motorways
and A-roads, such noise levels probably often occur across all road
types because component roads are highly heterogeneous, and speed
limits are similar across road types (70 mph (113 km h—') for motor-
ways, and most frequently 60 mph (97 km h™1!) for other road types
because we didn't distinguish urban from rural roads). For average
noise exposure level, we estimated source strengths for each road
type using Eq. (1) with a; = 85 dB and x = 1. These assumptions result
in average noise source strengths for each road type that are similar to
those used in previous national-scale modelling of noise across Great
Britain (Jackson et al., 2008).
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Summary of the model parameter values, including those informed by the literature search (N, a and b), and those that were otherwise estimated (primarily x; see Methods). These
parameters were used to produce Figs. 2-3. Full details, including assumptions and limitations of these synthesised parameters, are described in Table B.

Form of road Units  Decay type Source pollution level ~ traffic  Decay Pollution source  Background Data sources
pollution scaling factor (x) rate (\)  strength (a) pollution level (b)
Light pollution
Streetlights
Single event exposure  Ix Inverse square  n/a n/a 4800 0 Gaston and Holt (2018)
Average exposure (1,1,00 forr = 1,2,3,4) n/a 4800 0
Vehicle headlights
Single event exposure 0 n/a 9200 0
Average exposure 1 n/a 9200 0
Noise pollution
Single event exposure dB Inverse square 0 n/a 85 0 Attenborough (2014)
Average exposure 1 n/a 85 0
Metal pollution
Cadmium (Cd) ppm Exponential 0.75 0.0921 0.73 0.21 Werkenthin et al. (2014)
Chromium (Cr) 0.75 0.2303 28.0 25.7
Copper (Cu) 0.75 0.2303 479 13.6
Nickel (Ni) 0.75 0.2303 245 20.2
Lead (Pb) 0.75 0.0921 106.0 235
Zinc (Zn) 0.75 0.2303 179.5 52.9
Air pollutants
NO, ppb Exponential 0.75 0.0064 31 7 Defra (2020);
PM, 5 0.5 0.0023 10.08 9.87 DeWinter et al. (2018);
PM;o 0.75 0.0200 18 15 Karner et al. (2010)

Vehicle headlights produce a concentrated horizontal beam that at-
tenuates at a lower rate than described by an inverse square decay, but
this is generally directed largely parallel rather than perpendicular to a
road so we also assumed that decay of this light perpendicular to the
road follows an inverse square relationship. For light arising from street-
lights, we assumed that streetlights are always turned on at night-time
(so the single event exposure level, as used for noise and light from ve-
hicle headlights, is equivalent to the average exposure level), and that
they are found on all motorways and A-roads, but not on minor roads
or local roads (Table 2). In reality, streetlights are often found along
minor roads in urban areas, but these were not distinguished from
rural roads in our road type groupings.

2.5. Spatial modelling

2.5.1. Real forms of road pollution

We modelled, in absolute terms, the spatial distributions of metals in
soils (Cd, Cr, Cu, Ni, Pb, and Zn), of air pollutants (NO,, and particulate
matter PM, s and PM;,) (particles), and of light and noise (energy
waves) arising from roads. Modelling used Eqs. (1)-(7), combined
with parameter values gathered from the literature search, and supple-
mented with the estimates and assumptions described above to provide
missing values (Table 2).

We describe the spatial distribution of pollution consisting of matter
using thresholds of 50%, 25%, 10%, 1%, and 0.1% of the source strength
found along the busiest road type (motorways). Whilst 0.1% appears
to be small, it is equivalent to elevated levels of 0.002 ppm Cd,
0.01 ppm Cr, 0.13 ppm Cu, 0.02 ppm Ni, 0.31 ppm Pb, 0.48 ppm Zn,
0.09 ppb NO,, 0.0005 ppb PM, 5, and 0.01 ppb PM;, (Fig. 2). These
metal concentrations are similar to the maximum guidelines for drink-
ing water (World Health Organization, 2017) and, for example, such
levels of lead have been found to have effects on animal physiology
(Boskabady et al., 2018). Real measurements of pollution levels will
generally be much greater because our models do not include back-
ground levels or pollution from non-road sources. For light and noise
(energy waves), we use thresholds of 10%, 1%, 0.1%, 0.01%, and 0.001%
of the source strength (Fig. 3) because a logarithmic scale is more repre-
sentative of the perceived changes in these forms of pollution by organ-
isms. For light 0.001% of the source strength is equivalent to elevated
levels of 0.1 Ix - comparable to full moonlight under a clear sky,

which is known to have ecological impacts (Gaston et al., 2013;
Sanders et al., 2020). For noise 0.001% is equivalent to 30 dB - above
which effects on human sleep are observed (Basner and McGuire,
2018). Levels above 0.1% for matter, and above 0.001% for energy
waves, are therefore described as elevated. This cut-off was necessary
because exponential and inverse square decay functions have long
tails that approach, but never reach, zero. For each pollutant, we calcu-
lated the proportion of raster cells above threshold pollution levels of in-
terest, then converted this to an estimate of land area (km?).

2.5.2. Theoretical road pollution groups

Given limitations on available data for different forms of road pollu-
tion, we modelled the spatial dispersion of theoretical pollution groups
that varied in their pollution source strengths and dispersion patterns,
across a range that encompasses those of real forms of road pollution.

We considered nine values of x (1.5, 1.25, 1, 0.75, 0.5 0.25, 0.1, 0.05,
and 0) that covered the full realistic range of relationships between traf-
fic volume and pollution source strength, from disproportionately large
effects (x > 1), to simple additive effects (x = 1), to increasingly
diminishing effects (x < 1), of increasing traffic volume (Table C). As
the modelled pollution level was relative, rather than absolute, the
background pollution level b was not required. We considered values
for decay rates A that resulted in the pollution level decreasing by 90%
of its source strength at distances of 10, 25, 50, 100, 250, 500, 1000,
and 2500 m from the source, a total of eight different decay rates
(Table C). We considered all combinations of pollution source strengths
a (values of x in Eq. (1)), and decay rates A for models of pollution types
that consist of matter - a total of 81 pollution groups (Fig. A; Table C).

3. Results
3.1. Distance to nearest road

Using 100 m resolution maps to calculate the distance of each 100 m
centroid to the nearest road, shows that 25% of land is less than 79 m
from a road, 50% less than 216 m and 75% less than 527 m (Fig. 1). In
most cases, the nearest road is a minor or local access road, as these con-
stitute 49% and 43%, respectively, of total road length, compared to the
8% of total road length that comprises more major roads (motorways
and A-roads; Table 1). Roadless areas (>1 km from roads) are scarce,
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Fig. 2. The modelled spatial distributions of metals and air pollutants arising from roads across Great Britain. Values are pollution levels exclusively attributable to roads, i.e. additional
pollution produced by roads beyond the background level, rather than the absolute pollution level (incorporating all sources). Maps were produced using Eqs. (1)-(7) and the
parameter values in Table 2.

covering only 11.8% of land, and confined almost exclusively to the up- land covers: 47% peat bogs, 23% moors and heathland, 14% natural
lands (Fig. 1). Specifically, these areas have a mean elevation of 391 m grasslands, and 8% sparsely vegetated areas. Only 3.6% of land is more
(median = 386 m, SD = 218 m), and are composed of the following than 2.5 km from roads (Fig. 1). For comparison, based on a total length
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Fig. 3. The modelled spatial distributions of light and noise arising from roads across Great Britain. Values are pollution levels exclusively attributable to roads, i.e. additional pollution
produced by roads beyond the background level, rather than the absolute pollution level (incorporating all sources). Single event exposure level represents the typical level
experienced when a vehicle passes on the nearest road, whereas average exposure level accounts for differences in traffic volume between road types. Maps were produced using

Egs. (1)-(7) and the parameter values in Table 2.
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Table 3 Table 3 (continued)
Estimated area of land in Great Britain affected by different forms of road pollution (from - - - -
Figs. 2-3). Form of road pollution Pollution Estimated area of land in
level Great Britain affected
Form of road pollution Pollution Estimated area of land in
. Area of land % of
level Great Britain affected 2
- (km?) land
‘(L\lzfrfz‘;f land l/a gg PM0 in air >5.00 ppb 1837 0.88
>2.50 ppb 352 0.17
Light (streetlights) - single event >1000 Ix 374 0.18 >1.25 ppb 4737 2.26
exposure level >100 Ix 1104 0.53 >0.125 ppb 41,638 19.89
>10 Ix 2492 1.19 >0.0125 ppb 83,493 39.89
>1 Ix 6667 3.18
>0.1 Ix 19,109 9.13
Light (streetlights) - average exposure >1000 Ix 374 0.18
level >100 Ix 1104 0.53 of road of 690,680 km across Great Britain (including the 294,196 km of
>10 Ix 2492 119 local access roads, which are generally not considered in national esti-
>11x 6667 318 mates of road length; Table 1), we estimate that roads cover 1934 km?
>0.1 Ix 19,109 9.13 % of land). with d densitv of K of road/km2 of
Light (headlights) - single event ~1000 Ix 4300 2.05 (0.8% 0 lan ): wit! an average roa ensity of 2.84 km of road/km* o
exposure level >100 Ix 11,044 5.28 land. This estimate includes the paved road surface, but not related
>10 Ix 29,567 14.12 hard and soft surfaces either side of, or in between, road lanes (e.g.
>11x 71,134 33.98 pavements, laybys, central reservations, and road verges).
>0.1 Ix 147,220 7033
Light (headlights) - average exposure ~ >1000 Ix 178 0.09 . o .
level =100 Ix 1743 0.83 3.2. Spatial distribution of real forms of road pollution
>10 Ix 4928 2.35
>1 1Xl 13,683 6.54 Considering real forms of road pollution for which there were data to
>0.1 Ix 35,360 16.89 . . . o
X g >
Noise - single event exposure level 70 dB oy 246 estimate their patterns of spread frgm roa.ds, high levels (e.g. >10% of
~60 dB 13316 6.36 source strength) are relatively localised (Figs. 2-3). However, elevated
>50 dB 33,838 16.16 levels occur across an estimated 94% of land in Great Britain, especially
>40 dB 77,124 36.84 for NO,, PM, s, noise and light (Figs. 2-3). Again, the only land to escape
ol vl >§8 gg 147'31;‘; 78'32 pollution from roads is located almost entirely in the uplands.
ols€ - average exposure feve 60 dB 3346 160 The proportion of land affected by 10% or more of the pollution
~50 dB 8728 417 levels found at the source along the busiest roads amounts to 9% for
>40 dB 23,133 11.05 NO- and 52% for PM, 5. The respective proportion of land affected by
) o >30 dB 55,834 26.67 1% or more of these pollutants is 51% for NO,, 84% for PM; 5, and by
Cadmium (Cd) in soils ;1] g%’;m éii 8'21 0.1% or more is 77% and 94%. Based on estimated concentrations of
025 ppm 1356 065 these pollutants at roadsides, 45% of land is affected by _N02 levels.el.e—
>0.025 ppm 12,787 6.11 vated by at least 1.25 ppb due to roads, and 88% of land in Great Britain
>0.0025 ppm 30,363 14.50 is affected by PM, 5 levels elevated by at least 0.005 ppb due to roads.
Chromium (Cr) in soils >5.00 ppm 202 0.10 Due to the pervasiveness of roads, and of light and noise arising from ve-
>2.50 ppm 489 0.23 . o .
=125 ppm 777 037 hicles on them, most land is likely to be exposed to some pollution. For
>0.125 ppm 5641 2.69 example, when vehicles pass by on nearby roads, an estimated 70% of
>0.0125 ppm 13,977 6.68 land in Great Britain is exposed to elevated light pollution of at least
Copper (Cu) in soils >60.00 ppm 295 0.14 0.1 Ix, and to elevated noise pollution of at least 30 dB (0.001% of the
ig'gg ppg ;2; 8"21? source strength found along the busiest road type - motorways). Taking
~150 pgﬁl 6300 301 account of the frequency of light and noise pollution due to intermittent
>0.15 ppm 14,838 7.09 traffic, 16% of land is affected by average light levels from roads of at
Nickel (Ni) in soils >10.00 ppm 180 0.09 least 0.1 Ix, and 27% of land is affected by average noise levels from
>5.00 ppm 467 0.22 roads of above 30 dB (Fig. 3). Additional results are provided in Table 3.
>2.50 ppm 756 0.36
>0.25 ppm 5488 2.62 X L. . 3 .
>0025 ppm 13,778 6.58 3.3. Spatial distribution of theoretical road pollution groups
Lead (Pb) in soils >50.00 ppm 1117 0.53
>25.00 ppm 1833 0.88 Given limitations on available data for the dispersion of different
>12.50 ppm 4524 2.16

pollutants from roads, we generalised our findings by modelling the

z(l]ﬁgspg;nm g;;gg 12152 spatial dispersion of theoretical pollution groups with different charac-

Zinc (Zn) in soils >250.00 ppm 245 0.12 teristics. Again, this shows that high levels of road pollution (e.g. >10%
>125.00 ppm 531 0.25 source strength) are generally localised (Figs. 4-5). However, pollution
>62.50 ppm 818 039 need only extend 250 m or more from roads, even if highly concentrated
ig:é;spg;“m lfgg; é:gg around high traffic volume roads, for it to affect at least 50% of land in

NO, in air >50.00 ppb '834 0.40 Great Britain at levels above 0.1% of those found alongside the busiest
>25.00 ppb 2762 132 roads (Figs. 4-5). Overall, minor roads and local access roads have
>12.50 ppb 13,104 6.26 major potential to cause widespread pollution and environmental im-
>1.25 ppb 94,973 45.37 pacts due to their substantially greater extent than motorways and A-
>0.125 ppb 157,290 75.14 . . .

PM, 5 in air 0.2 ppb 16,872 306 roads (Table 1). As the dispersal distance of a pollutant increases -
>0.1 ppb 48375 23.11 from a 90% decay within 10 m to a 90% decay within 250 m - the total
>0.05 ppb 111,298 53.17 land area affected rapidly increases, regardless of whether pollution pri-
>0.005 ppb 183,718 87.76 marily arises from high traffic roads or more evenly across road types
>0.0005 ppb 197,691 94.44

(Figs. 4-5). However, for forms of pollution arising primarily from
high traffic volume roads, pollution is far more localised. Overall,
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Fig. 5. The proportion of land in Great Britain affected by (a) 250%, (b) 210%, (c) 21% and (d) 20.1% of the maximum pollution source strength (i.e. that observed along motorways - the
highest traffic volume road type), for each theoretical pollution group - varying in decay type: inverse square or exponential with varying decay rate, A, and relative impact of traffic
volume on pollution source strength (x), i.e. level of clustering of pollution around high traffic volume roads (see Eqs. (1)-(7) and Table C). These data summarise the patterns in Fig. 4.

theoretical forms of pollution with relatively rapid decay (that decay by
90% within 250 m), and arising primarily from high traffic roads, are
present at high levels only over limited extents (i.e. <20% of land)
(Fig. 5a-b). However, at low levels (>0.1% of source strength) that
might still be environmentally relevant, they can extend across large
areas (i.e. >50% of land) (Fig. 5c-d). For example, pollution that extends
100 m from roads is still likely to cover more than half of Great Britain,
albeit at low levels (>0.1-1% of source strength), unless arising almost
exclusively from high traffic roads (Fig. 5c-d).

4. Discussion

Using realistic estimates of how pollution levels decay with distance,
our study suggests that, whilst the greatest levels of road pollution are
relatively localised, low levels of road pollution are pervasive. Specifi-
cally, mapping of pollutants for which sufficient data are available
shows that roads may have a zone of influence (road-effect zone) that
extends across at least 70% of land in Great Britain, and potentially less
than 6% of land escapes any impact. This is in strong contrast to the rel-
atively small area of land that roads themselves cover (an estimated
0.8% of land). Previous studies have emphasised the importance of

protecting roadless areas from further road building for nature conser-
vation purposes (Ibisch et al., 2016; Psaralexi et al., 2017; Selva et al.,
2011), and our study shows that the rarity of such areas in Great Britain
makes them even more important. Yet, the limited extent of roadless
areas, and the fact that they are located almost exclusively in the up-
lands, shows that protecting them has limited capacity to protect spe-
cies and ecosystems that are vulnerable to road pollution, or people's
health. Instead, it validates the rationale for our study to look at how
road impacts vary within road-effect zones.

Our findings have important implications for research and policy.
Namely, we suggest that the extent of roads' influence on the environ-
ment has been somewhat overlooked and underestimated. As with
light pollution and the intensification of agriculture, environmental
pressures from roads have largely arisen, and rapidly grown, over the
past 50-100 years, and may now be so pervasive that their effects are
difficult to distinguish and disentangle, and so are not fully appreciated.
Our study justifies a major research effort to evaluate the extent, path-
ways and impacts of the many poorly studied forms of road pollution.
Whilst research is lacking for most forms of pollution and their potential
environmental impacts, studies of human health suggest that impacts
on people occur across almost the entire range of most air pollutants

Fig. 4. The modelled spatial distribution of road pollution across Great Britain for the theoretical pollution groups that vary in decay type (inverse square or exponential with varying decay
rate, \) and relative impact of traffic volume on pollution source strength (x), i.e. level of clustering of pollution around high traffic volume roads (see Eqgs. (1)-(7) and Table C). Note that
inverse square decay (representing energy wave pollutants, e.g. light) uses a different scale to exponential decay (representing matter pollutants, e.g. gases) because a logarithmic scale is
more representative of the perceived changes in energy wave pollutants by organisms (see Methods).
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(e.g. up to 100-400 m from roads for particulate matter and 200-500 m
for NO,; Zhou and Levy, 2007), which can have similar respiratory and
other impacts on birds (Sanderfoot and Holloway, 2017), mammals
(Llacuna et al,, 1996) and insects (Thimmegowda et al., 2020). Recent
evidence suggests that road impacts can scale up to population-level ef-
fects for birds and mammals (Benitez-Lopez et al., 2010; Cooke et al.,
2020a,2020Db; Torres et al., 2016), with estimated effects up to distances
of 1 km and 5 km, respectively, so affecting 55.5% and 97.9% of land
across Europe (Benitez-Lopez et al., 2010; Torres et al., 2016). However,
little is known about if and how impacts on other taxa scale up, or about
how different impacts interact. In summary, the ubiquity of road pollu-
tion should be seriously considered as a potential contributor to global-
and regional-scale environmental issues such as insect declines
(Wagner, 2020) and microplastic pollution (Evangeliou et al., 2020).

Looking at effects as they attenuate with distance from roads is more
realistic than assuming a simple cut off with distance, as has previously
been used (Ibisch et al., 2016; Psaralexi et al., 2017). Whilst a rule of
thumb can be assumed whereby further from roads is better, our
study shows that a mechanistic approach is much more appropriate
because impacts also depend on the type of road, type of pollution
and threshold for environmental impacts. A major advantage of our
study is that we have considered the diverse forms of pollution from
roads at large scales. However, we were required by necessity to make
assumptions and simplifications. We can infer that our relatively simple
models estimate maximum potential extent because we largely ignore
mitigation by vegetation, terrain and other barriers. In reality there is
likely to be much greater spatial and temporal clustering of pollutants
and road impacts, for example due to additive effects of multiple nearby
roads of the same type, heterogeneity of traffic volumes between roads
and across time, and local factors such as tall buildings in urban areas
forming street canyons that can trap and thus concentrate air pollutants
(Vardoulakis et al., 2007). However, it should be noted that our study
did not include the influence of streams and rivers in transporting
pollutants, or the marine area affected by road pollution, which would
have increased the estimated extent, possibly substantially so if
atmospheric and oceanic currents were accounted for (Evangeliou
et al., 2020).

Whilst decay rates are available for many pollutants, our study high-
lights a lack of data on how source pollution strengths vary across road
types, or of the environmental impacts of lower levels of road pollution.
In this case, we estimated a number of parameter values for road pollut-
ants (Table 2), then looked across the full range of values (Fig. 4) to
show how changes in these values would affect the spatial distributions
of these forms of pollution. However, future research should aim to fill
these data gaps. Most studies have unsurprisingly focused on the larg-
est, busiest roads, and on the high levels of pollution found in their im-
mediate or near vicinity. However, to comprehend the scale of roads
influence on the environment, it is essential to understand the impacts
of pervasive, low levels of pollution. Improvements in sensing technol-
ogies (e.g. Asdrubali and D'Alessandro, 2018) will increasingly make
more widespread monitoring of road pollution possible.

Whilst we used Great Britain as a study area, the findings likely apply
to other densely populated regions at present, and to many additional
regions in the future due to the predicted rapid expansion of the global
road network. Great Britain has road densities towards the upper limit
of those found worldwide - an estimated 2.84 km of road/km? of land.
Whilst we found that distances to roads were somewhat greater than
averages reported for the USA (Riitters and Wickham, 2003), for
Europe as a whole (Psaralexi et al., 2017; Torres et al., 2016), and world-
wide (Ibisch et al., 2016), differences partly reflect the more complete
underlying road maps used in our work compared to in previous studies
(Hughes, 2017), which included local access roads and other low traffic
roads. In reality, many regions of Europe and North America likely have
similarly high densities of roads (Ibisch et al., 2016; Psaralexi et al.,
2017) and such densities will increasingly become the norm given a
forecast 60% growth in the global road network by 2050 (Dulac,
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2013). In fact, relatively greater environmental regulation of vehicle
pollution in the UK likely means that environmental impacts per road
vehicle are less than in many other regions. Given rapid expansion in
road networks, and changes in road-use and vehicle technologies over
the coming decades, there is an urgent need for the environmental in-
fluence of roads to become a more major focus of both research and
policy.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2021.145589.
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