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Abstract: Urban air quality is considered a major issue in cities worldwide, with particulate matter
(PM) recognised as one of the most harmful pollutants regarding human health. The use of plants
to act as air filters and immobilise PM has been identified as a potential method to improve the air
quality in these areas. The majority of the work has focused on trees, with the application of shrub
and herbaceous species largely overlooked. Two contrasting leaf morphologies from a shrub and
herbaceous plant species were sampled at four locations across Southampton (UK), from varying
traffic conditions. Samples were analysed for the mass of PM captured, particle size, and elemental
composition. These analyses were used to characterise the different sites and the plants’ effectiveness
at immobilisation of PM. Captured PM mass was shown to be directly related to traffic density,
with greater traffic density leading to higher levels of captured PM. PM origins were attributed to
emissions from vehicles and the resuspension of particles by vehicle movement. The bulk of the
PM mass was shown to originate from natural, crustal sources including large proportions of Al, Si,
and/or Ca. Increases in elements from anthropogenic enhancement (such as Fe and Zn) were related
to high traffic density. Particle size analysis identified that, despite the use of standard leaf-washing
protocols with a final 2.5 µm filter, PM was dominated by fine particles (<2.5 µm physical diameter),
with particles >10 µm rare. Bramble leaves were calculated to have a species-specific deposition
velocity 0.51 cm s−1 greater than ivy, with deposition velocities calculated at 1.8 and 1.3 cm s−1 for ivy
and 2.3 and 1.8 cm s−1 for bramble at Redbridge Road and Brinton’s Road, respectively. These values
can allow for the more accurate modelling and estimation of the PM removal abilities of these plants.
Keywords: air quality; urban environments; particulate matter (PM); green infrastructure (GI);
herbaceous plants; shrub plants; elemental composition; principal component analysis (PCA);
roadside sampling

1. Introduction
Urban air pollution poses a serious threat to human health in major cities across the world.
Recent estimates suggest that 80% of people in urban areas are living in places where the World Health
Organization (WHO) air quality guidelines are not met and that 7 million deaths occur globally from
ambient outdoor air pollution every year [1]. Particulate matter (PM) is defined as solid or aqueous
compounds in the air, consisting of a multitude of shapes, and is classified by means of aerodynamic
diameter. Road traffic emissions (primarily fuel combustion, road abrasion, and brake and tyre
wear) are one of the key sources of urban PM pollution [2–4]. PM from these sources can contain
metals, polyaromatic hydrocarbons (PAHs), and sulphides that are toxic and/or carcinogenic [5,6].
Such pollution is of highest concentration close to the road network source [7]. Urban PM can also be
formed through the condensation, coagulation, or nucleation of nitrogen oxides (NOx), sulphur dioxide
Environments 2020, 7, 93; doi:10.3390/environments7100093

www.mdpi.com/journal/environments

Environments 2020, 7, 93

2 of 19

(SO2 ), ammonia (NH3 ), and volatile organic compounds (VOCs); known as secondary particulates [8].
Such pollution has been linked to various chronic diseases of the cardiovascular, respiratory and
cardiopulmonary systems, childhood asthma, dementia, and some cancers [1,9–11].
Road traffic has been identified as a key driver of urban air quality, particularly in relation to
PM [4,12–14]. Greater traffic density is directly correlated to increases in PM emissions even with the
increase in more efficient petrol and diesel engines [15]. Traffic-related air pollution is one of the most
toxic sources in urban environments and has been attributed to nearly half of all mortalities related to
air pollution in Europe [16] and is therefore a focus in urban air quality assessments. It is therefore
vital to explore methods to reduce PM concentrations in urban environments. Strategic planting of
vegetation (notably trees) has been identified as an effective, low-cost method of reducing urban air
pollution [8,17–19]. Recently urban vegetation has also been identified as a highly spatially resolved
low cost sampler to monitor PM pollution [20]. Vegetation is more effective at the capturing of gases,
aerosols, and particles than other land surfaces; with plants providing large surface areas and creating
turbulent air movements, reducing windspeed, and enhancing PM deposition through sedimentation
under gravity, diffusion, impaction, or interception to the vegetation surface [4,6,21]. These intercepted
particles are transferred from the local road-side atmosphere and retained on the leaf surface, to be
resuspended, washed off by rain, or dropped to the ground with leaf fall [8,18,22]. There are numerous
vegetation groups that have the potential to be used in urban areas as a green-infrastructure (GI) for
PM interception. GI is primarily grouped as green roofs, green walls, hedges, and trees. The planting
and pollution removal potential of a GI category over the other will depend on location, planting
and growth potential, and local urban infrastructures. The effectiveness of one group of GI over
the other is yet to be fully quantified and understood [23]. Irrespective of GI type recent studies
have identified small leaves with complex shapes and surfaces with hair/trichomes, epicuticular wax,
and surface-ridges to be associated with enhanced PM deposition and immobilisation [24].
Plants that have been adopted for green roofs include grasses and herbaceous species.
These capture less PM than roadside vegetation but provide a practical mitigation strategy [6].
Practicality of planting in urban environments may be as important as their relative PM immobilisation
abilities. For example, ivy has the ability to grow along the ground and up structures; often cultivated
in urban areas along sound barriers [8,25]. The benefits of climbing plant species and those providing
wider positive attributes, such as those that enhance biodiversity through, e.g., nesting and food
provision aesthetics and fragrances, should be further investigated.
Furthermore, plants are known to filter other air pollutants including CO2, NOx, and SO2 [6,17,25]
with the use of multiple species providing additional ecosystem services such as biodiversity,
improved aesthetics, and urban heat island mitigation [4,23,25].
Green infrastructure designed for PM capture in urban environments should be as near as
possible to the source of PM pollution, since the amount of dust deposited declines exponentially with
increasing distance from the emission source [4]. Herbaceous vegetation at the road side is an under
researched component of GI that deserves further consideration as a method of reducing air pollution.
For example, low-level barrier hedges have been shown to improve air quality for primary receptors
such as street users or those the hedge is protecting (i.e., school playgrounds) [23].
For effective, strategic use of plants as air quality filters, it is understood that a number of factors
should be considered to inform its suitable and useful application. Exhaust emissions, a key driver of
urban air pollution, have been shown to have adverse effects on plants. They are linked to causing
changes in growth, phenology, and leaf characteristics [26]. The extent of these impacts is dependent
on the chemical nature of the particles and the plants’ tolerance to these particles [27]. The species
chosen for this study have been shown to survive the levels of pollution to which they are currently
exposed, all visually healthy and thriving in these areas. Other issues surround a plants’ practicality in
strategic planting. The street canyon effect, with high planting density of trees decreasing air quality,
is becoming an area of concern [23,28,29].
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Regarding the use of vegetation for pollution mitigation during urban planning, there has been
an emphasis on empirical and modelling estimates of PM deposition to trees and woody species with
little work on herbaceous roadside vegetation [4]. There are two key models that have been developed
to estimate pollution and PM removal by tree species from urban environments. These include the
urban forest effects model (UFORE) [30] and fine resolution atmospheric multi-pollutant exchange
(FRAMES) [31]. The models are used to calculate the PM10 flux (F; in g m−2 s−1 ) onto the urban canopy.
The flux is calculated as the product of deposition velocity (Vd: in m s−1 ) and the atmospheric pollutant
concentration (C; in g m−3 ) where deposition velocity is often calculated as the inverse sum of the
aerodynamic (Ra), quasi-laminar boundary layer (Rb), and canopy (Rc) resistances [32]. Models such
as UFORE (now i-Tree) historically used such generic deposition values due to a lack of empirical data
for different tree species [2,9]. However, different tree species and wind velocities can account for
large variation in deposition velocity [15,33]. Consequently, generic deposition values previously used
may produce poor estimates of PM10 flux, especially when a variety of different species is present [9].
Therefore, the lack of empirical data regarding PM deposition to roadside shrub and herbaceous species
will need to be overcome to develop an understanding of the effectiveness of such plants and their use
in strategic planting to improve urban air quality.
The aims of this work were to analyse the effectiveness of a shrub and an herbaceous plant species
in removal of roadside PM and to further understand PM composition and signatures related to location.
This was completed through (1) calculation of PM concentration and particle sizes on leaf surfaces at
different roadside locations, (2) analysis of particle size captured by the vegetation, (3) analysis of the
composition of the captured PM and identification of the elemental signatures based on their locations.
Additionally, the species-specific deposition velocity as outlined in Freer-Smith et al. [15] was estimated
for each of the study species; Hedera helix (ivy) and Rubus fruticosu (bramble). Deposition velocity
is a parameter in models such as i-Tree [34] used to predict pollution removal by urban plants. The
deposition velocities estimated here may allow for future modelling the PM pollution removal potential
of these plants.
2. Materials and Methods
2.1. Species and Sample Sites
Two different but common species with contrasting leaf morphologies were chosen:
Hedera helix (ivy) and Rubus fruticosu (bramble). These two species are ubiquitous throughout
the UK, which may allow for repeatability testing and comparison between other potential sites.
Additionally, neither is protected or endangered in the UK and both have been shown to have a
reasonable tolerance to traffic related pollution. Samples were taken from four locations across
Southampton, UK (Figure 1).
Southampton contains two PM air quality monitoring stations. A roadside monitor is located
on the A33 Redbridge Road (Latitude: 43◦ 770 98”, Longitude: 11◦ 350 94”), UK-AIR ID: UKA00613
and an urban background monitor is located on Brinton’s Road/Northam Road (Latitude: 44◦ 250 65”,
Longitude: 11◦ 220 55”), UK-AIR ID: UKA00235. PM10 is monitored by AURN (automatic urban
and rural network) monitoring stations with an automatic, filter dynamics measurement system
(FDMS) 8500. AURN is the UK’s largest automatic monitoring network and is the main network
used for compliance reporting against the ambient air quality directives [35]. Therefore, the sampling
Sites 1 and 2, were selected for the calculation of deposition velocities onto leaf surfaces and the
ambient (PM10 ) recorded as these sites was also used for this purpose.
Site 1 is a grassed area with some mixed deciduous trees creating a high porosity canopy. A large
3 m high fence that has some vegetation growing across it holds the northern boundary. Ivy is found
growing up the tree trunks and across the fence, whilst bramble is found growing at the base of the
fence. The air quality monitoring station in Site 1 is positioned 3 m from the roadside with an inlet
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height of 3.5 m from the ground [36]. Sampled vegetation was located approximately 18 m from the
road edge. The road has a high traffic density with an average motor vehicle count of 73,450 p/a [37].
Site 2 consists a mixture of concrete, gravel, and grassed areas with mixed deciduous trees and
herbaceous plants. Ivy and bramble grow along a low wall around the site as well as under trees and
shrubs, primarily facing Brinton’s Road. Northam Road has a moderate traffic density with an average
motor vehicle count of 23,631 p/a [37]. The air quality monitoring station in Site 2 is positioned 22 m
from Northam Road and 12 m from Brinton’s Road with a sampling height of 3 m.
Site 3, located on The Avenue (Figure 1) was identified as an area with a considerable traffic
count and dense vegetation with characteristics likely to provide a classic street canyon effect,
potentially enhancing pollution levels. Additionally, The Avenue’s annual traffic counts are similar to
those recorded at Site 2; Brinton’s Road, allowing for comparison of PM deposition and traffic counts.
Vegetation consists of mixed deciduous and shrub species with heights > 4 m along both eastern
and western boundaries and is approximately 2 m from the kerb edge. Ivy is located growing across
the ground and up tree trunks with bramble found growing at the base of trees and in open ground.
The road has a moderate traffic density with an average motor vehicle count of 24,130 p/a [37].
Site 4 located in the centre of Southampton Common (Figure 1) was identified as a central,
no-traffic area that would provide the background PM concentrations for the city. It has no access or
through roads for public vehicles. The common consists of open, grassed areas, and mixed deciduous
trees with a dense canopy and thick shrubs (Figure 2). Ivy grows across the ground and up tree trunks
with bramble found growing at the base of trees and in open ground.

Figure 1. Sample site location map of Southampton. Site 1: Redbridge road; Site 2: Brinton’s Road;
Site 3: The Avenue; Site 4: Southampton Common. (Red lines are major (A) roads) Adopted from
Edina Digimap [38].
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Figure 2. Images of sampling locations with Sites 1 and 2 including the automatic urban and rural
network (AURN) air quality monitoring stations, Site 3 shows the high density of the vegetation
surrounding the road and site as a non-roadside area.

2.2. Sampling Procedures
Leaf samples were taken from each of the four sites on the 25 June 2017 after a period of 15 days
no significant rainfall, at <3 mm/day [39], or high winds at <38 km/h since the 9 June 2017 [40,41].
June was considered an appropriate month to collect leaf samples with plants reaching a suitable level
of growth. Fifteen ivy and fifteen bramble leaves were collected from each site, placed in polythene
bags for transportation and cold stored at 5 ◦ C to prevent leaf degradation. A range of leaf sizes was
collected at each site with sampling focusing on leaves with no obvious pest or disease damage and
those facing the road. Leaves were sampled from a range of heights above ground level to allow for
assessment of the species as a whole. Three were taken from high positions (>1 m), six from medium
positions (0.5–1 m), and six from low positions (<0.5 m) at each site.
2.3. Leaf Washing and PM Mass
Leaf washing to remove PM from leaf surface was carried out following current standard
protocols [8,12,42]. Each leaf sample was placed in a small container with 150 mL of distilled water
(Milli-QTM) and hand shaken for one minute to simulate the effect of PM removal through rainfall.
Additionally, a no-hair-loss brush was used to further aid total removal of PM on the leaf surface.
A further 50 mL of distilled water was used to remove any PM from the sample bag and other residual
PM wash from equipment. The distilled water containing the PM wash was placed through a 100 µm
sieve to remove larger particles. PM wash was filtered through either Whatman type 42, 47 mm
diameter, quantitative cotton filters (2.5 µm pores) or Whatman cyclopore track etched membrane
47 mm diameter 2.5 µm filters. A finer filter for particles < 2.5 µm was not used for the remaining
wash as this study focussed on the coarse fraction. Filtration was carried out using a glass filtering
system (Millipore and Aldrich) connected to a high vacuum, Fisher Scientific pump. Filters were dried
at 40 ◦ C for 40 min and pre-weighed (W1, g) before filtration. Filters were re-dried at 40 ◦ C for 60 min
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post filtering. Filters were then reweighed (W2, g) to allow for calculation of sample PM mass. Sample
weights were measured in triplicate. Water-soluble PM were not considered, and the waste PM wash
was discarded.
To allow for comparison between sites and species PM loads were calculated with respect to
leaf area. The surface area of each sampled leaf was measured through the application of ImageJ
open source software [43]. Leaf samples were recorded digitally as JPEG’s alongside a cm reference
scale. Measurement units within ImageJ were set against the reference scale, the images converted to
8-bit, binary image (black and white) and the area of each individual leaf surface calculated in cm2 .
The total leaf area (A) was estimated through multiplying the value by two (accounting for adaxial
and abaxial surfaces). To calculate the PM mass retained on leaves per unit area was calculated as:
g cm−2 = (W2 – W1)/A.
2.4. SEM-EDX Analysis
Particle size estimation and elemental analysis of insoluble PM were achieved through scanning
electron microscopy (SEM) with energy-dispersive X-ray spectroscopy (EDX) analysis of filtered
samples at the University of Portsmouth. The method allows for analysis of the most persistent
particles—those that have the potential to accumulate on surfaces and human epithelial tissues [44].
Other studies have applied SEM-EDX methods to analyse PM directly on the leaf surface [12,20,25,45,46].
This has the beneficial ability to compare the PM concentrations on the adaxial and abaxial surfaces,
as well as analyse the soluble PM fraction. However, issues with analysing particulates directly on
the leaf surface primarily occur during EDX analysis of elemental composition, with difficulties of
subtracting the composition of the leaf from PM [47]. For example, a direct EDX analysis of a leaf
surface will record high concentrations of carbon due to composition of organic matter [25].
Three filters, containing particles with a physical diameter of 2.5–100 µm washed from each plant
species and each sample site, were selected. A 25 mm diameter circular sub-sample was excised
with a circular press. Samples were placed on aluminium sample stubs with carbon adhesive pads,
before carbon coating. Copper tape was also used to connect the surface of the sample to the aluminium
stub to further reduce the likelihood of samples charging. SEM backscatter electron and EDX mapping
were used to analyse the largest reasonable area of each sample. The mapping route was set using Aztec
3.3 SP1 analytical software (copyright 2010–2016, Oxford Instruments Nanotechnology Tools Limited)
with the area selected with the polygon function, this allows dismissal of charging or likely charging
areas such as the filter edge and to mitigate the effects of a non-flat filter sample. Mapping took place at
150× magnification with an accelerating voltage of 10–15 kV and 350–500 pA on an Oxford Instruments
ZEISS EVO MA10 with a Lanthanum Hexaboride (LaB6) electron source and x-max 80 mm STV energy
dispersive electron detector. A semi-quantitative estimation of elemental information was displayed in
weight percentage (wt%, oxygen by stoichiometry). Elements for analysis included Fe, Zn Al, Si, Ti, Sb,
Cr, Mo, V, Ni, Bi, W, P, Pb, Co, Tl, K, P S, Se, Mn, Cl, Ar, Br, Mg, and Ca as elements identified for urban
particulates in the literature [20,48–51].
The initial resolution of the SEM-EDX images was too low for meaningful particle size analysis
(PSA), consequently a 1 cm2 subset was rescanned under higher resolution, (0.7652 pixels µm−1 ),
adequate for the PSA procedure, described below.
2.5. Particle Size Analysis
The SEM micrograph images allowed for automatic particle number and area counting with open
source Image J software [43]. To analyse the particles the programme required the image to be in an
8-bit, binary format (black and white, Figure 3a). To aid particle identification the image contrast was
increased (Figure 3b). The threshold was set manually to separate the particles from the background.
This was accomplished through selecting an identifiable area on the image (i.e., a corner) on both the
binary image and original image. This allows for identification of individual particles within the image,
confirming separation of the background and particles (Figure 3c). Issues were identified with contrast
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differences across a particle due to the topography of the particle and with lighter elements producing
a weaker signal. Software settings included the creation of outlines to allow for inspection of particles
analysed (Figure 3d), exclusion of particle analysis on edges and inclusions of holes to mitigate the
effects of varying contrast that impacted on the creation of the binary images. A known scale was set
and the "analyse particles" function was used to obtain information regarding number of particles and
particle sizes (area in µm2 ). Visual inspection of the image suggested that particle shapes would vary
and that is was unlikely that they would be uniformly circular; therefore the circularity index (value of
1 indicates a perfect circle) was set to zero and counted the variety of particle shapes from the image.

Figure 3. Images displaying steps taken in particle size analysis from the original image (a) to an
increased contrast for clearly identifying particles (b), creation of a binary image with separation of
particles from the background (c), and an image of the counted particle outlines (d).

Particle diameters were estimated from the physical area of the measured particle. This method
excludes effects of roughness and mass of particles to allow for bulk analysis of particle size distribution.
Ottelé et al. [25] used a similar method to the one outlined in this study. Other published methods
include the separation of fractions through the measurement of physical diameters, either through
the bulk method of filtration [5,8] or through individual particle measurement of the two main Feret
diameters [4,42]. However, Conner et al. [52] uses measurements of physical diameter to calculate
aerodynamic diameter combined with generic particle values. A shape factor was determined according
to particle orientation and particle density from analysing the composition of a particle and assigning a
calculated density of the elements in its oxide form from published literature. This is thought the most
accurate method to calculate values of aerodynamic diameters for particles using SEM-EDX analysis
but lacks the ability of bulk PSA. Due to the variation in methods used to measure particle diameters,
comparisons of studies require considerable caution.
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The method used provides a basic estimation of the physical diameter and was deemed appropriate
for this study due to a lack of individual particle mass and shape data available for each particle.
Only particles with a physical diameter <100 µm were counted as any particles >100 µm were removed
during sample preparation. Particles greater than this would likely be agglomerates or pieces of
sampling equipment and therefore not representative of the sample. The proportion of counted particles
with a physical diameter of 2.5–10 µm were calculated from each sample as this is the fraction that is most
likely to cause adverse health effects. Although particles with a physical diameter <2.5 µm were also
removed during sampling, PSA identified a high proportion of particles with a physical diameter below
this value. The fraction of particles measured with a physical diameter <2.5 µm are likely due to the
coarse measurement technique involved with this PSA method. However, these particles still represent
a considerable proportion of the particle count and so have been reported as a separate fraction.
2.6. Calculation of Deposition Velocities
The average species-specific, dry deposition velocity (Vgi; in m s−1 ) where PM is deposited on a
leaf surface with a specific particle size of i (PM10 ), was calculated from the flux (F; in g m−2 s−1 ) and
the atmospheric concentration (C; in g m−3 ) as outlined in Freer-Smith et al. [15].
Vgi = F/C
Here the flux of PM is calculated from the mean concentration of PM <100 µm, washed from
leaf surfaces for each species and site after a known period of no significant rainfall. PSA identified
that these PM samples are comprised >90% of particles < 10 µm physical diameter and so have been
used a proxy for PM10 loads. The concentration of particles (g m−2 ) was divided by the period of time
(seconds). Mean PM10 concentrations (reference equivalent), recorded as hourly means, and were
downloaded from the FDMS air quality monitoring stations located at Redbridge Road and at Brinton’s
Road covering the 15 days sampling period Calculated values are displayed with wind speed data as
greater wind speeds have been shown to increase deposition velocity values [15]. Wind speed data
was acquired from Weather Underground (2017).
2.7. Principal Component Analysis
The elemental composition of the PM obtained for each site and plant species from EDX analysis
was analysed through principal component analysis (PCA), using Minitab®Statistical Software 17.3.1,
State College, Pennsylvania USA: Minitab Inc. (www.minitab.com). This allowed for interpretation
and identification of site differences (as wt%) and relationships between elements at different site
locations. The EDX elemental dataset variables considered were those with a wt% > 0.1, including Mg,
Al, Si, P, S, Cl, K, Ca, Ti V, Mn, Fe, and Zn.
3. Results
3.1. Particle Size Analysis
Particles were counted and their physical diameters measured. Despite the wash and filter
methodology, many particles less than 2.5 µm were observed. The minimum particle sizes identified
were calculated to have a physical diameter of 1.63 µm. However, the method of particle size analysis
was constrained by the image resolution, with this value representing one pixel within the micrograph.
Measured particles >100 µm were considered irrelevant to this study and any identified with the
particle size analysis would be agglomerates due to the sample preparation method. Particle sizes were
separated into two categories, particles with a physical diameter between 2.5 and 10 µm (coarse fraction)
and those with a physical diameter < 2.5 µm (fine fraction). Importantly, the finer fraction was shown
to be dominant particle size, representing 53.9–72.9% of particles across all sites and species (Table 1),
suggesting that standard washing procedures, such as those used in this study, do not necessarily
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exclude the finer fractions completely. However, the majority of particle sizes did fall below 10 µm in
physical diameter, representing approximately 90% of each sample and are used as a proxy for PM10
for further assessment within this study.
Table 1. Particle size analysis and distribution of fine (<2.5 µm) and coarse (2.5–10 µm) particles
measured by physical diameter.
Sample

Particle Count

Particles < 2.5 µm (%)

Particles 2.5–10 µm (%)

Redbridge Road (Ivy)
Redbridge Road (Bramble)
Brinton’s Road (Ivy)
Brinton’s Road (Bramble)
The Avenue (Ivy)
The Avenue (Bramble)
The Common (Ivy)
The Common (Bramble)

244,410
179,862
121,712
88,473
37,360
125,876
37,297
77,388

57.51
63.05
53.94
72.94
68.72
70.92
69.86
68.83

33.45
33.17
38.56
24.74
28.35
26.95
26.78
28.64

3.2. PM Mass
Site and Specie Impact on PM Mass
The greatest PM mass loads on leaf surfaces were recorded at Redbridge Road with mean values of
61.3 ± 22.6 µg cm2 and 78.8 ± 48.2 µg cm2 for ivy and bramble respectively. This site is identified
as the location with the highest mean traffic counts of 73,450 p/a [37] and the PM mass deposited to
leaves here is approximately double that of the other roadside sites (Figure 4). PM loads recorded at
Brinton’s Road and The Avenue show relatively similar mean PM loads of 27.1 ± 18.5 µg cm2 (Ivy),
37.7 ± 25.4 µg cm2 (Bramble), and 33.3 ± 25.4 µg cm2 (Ivy), 44.2 ± 22.9 µg cm2 (Bramble), respectively.
These sites have been identified as having relatively similar mean traffic counts of 23,631 p/a and
24,130 p/a [37], respectively. The Common was used as an ambient background site with no traffic.
However, this site recorded similar mean PM loads to those of Brinton’s Road and The Avenue with
values of 33.3 ± 25.4 µg cm2 (Ivy) and 27.0 ± 15.1 µg cm2 (Bramble).

Figure 4. Average PM mass (<100 µm) washed from leaf surfaces, per unit area for each site. Standard
error displays large variation in PM mass at each site. Site 1: Redbridge road; Site 2: Brinton’s Road,
Site 3: The Avenue; Site 4: Southampton Common.
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Bramble leaves gained greater mean PM loads than Ivy from roadside locations. Redbridge Road
records a difference of 17.6 µg/cm2 with Brinton’s Road and The Avenue recording differences of
10.6 µg/cm2 and 10.9 µg/cm2 , respectively. However, The Common shows greater mean PM loads on
Ivy leaves but also records the smallest difference between species at 6.2 µg/cm2 . Standard error is
particularly high; however, range of standard error remains relatively similar across all sample sites
and species.
3.3. EDX Analysis
EDX analysis was used to calculate semi-quantitative elemental compositions of the PM captured
on the field of view. Many elements analysed (see above) were not sufficiently abundant to contribute
meaningfully to the aggregated total. Therefore, selected most abundant elements were calculated
in wt% and represent 48.3% ± 6% of the total measured (Site 1 at 46.3%, Site 2 at 46.5%, Site 3
at 54.2%, and Site 4 at 42.3%). Mean elemental concentrations were calculated for each site (Figure 5).
Elements recorded with the highest concentrations include Al, Si, Cl, Ca, and Fe. Redbridge Road and
The Avenue have highest concentrations of Fe, in contrast with considerably lower concentrations
identified from The Common. However, concentrations of Cl are dramatically higher from The
Common than all other sites.

Figure 5. Mean elemental concentrations (%Wt + 1 standard deviation from the mean, n = 3) from
each site, composite analysis of field of view. Site 1: Redbridge road; Site 2: Brinton’s Road; Site 3:
The Avenue; Site 4: Southampton Common.

Other elements identified across all sites include P, S, and K with the highest concentrations of
these found at The Avenue. Mg was recorded at all sites except The Common and therefore is only
present at the roadside locations.
3.4. Principal Component Analysis
Principal component analysis (PCA) was used to identify any clusters associated with elemental
concentrations measured on three replicates between individual leaf samples identified by species and
the four sites across Southampton. Variables were analysed under a correlation PCA with separation of
the sites identified through plotting factors on a bi-dimensional plane defined by principal component
1 (PC1) and principal component 2 (PC2).
The horizontal axis explains the strongest component (PC1) explaining 37% of the variance. This is
driven by one sample, an ivy leaf from Site 3 (The Avenue). The other samples from Site 3 The Avenue
(a medium traffic site surrounded by overhanging trees forming a street canyon) showed no distinct
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pattern. For the remaining sites individual plants did tend to cluster associated with site, and these
clusters tended to separate around PC2 (explaining 18% of the variance). (Figure 6a). The vertical axis
(PC2) tends to separate the high traffic roadside locations of Redbridge Road (Site 1, closed symbols)
from the background, low traffic site, The Common (Site 4, open symbols). Interestingly the medium
traffic roadside sites of Brinton’s Road and The Avenue show less clustering, suggesting more variability
in the elements deposited on leaves at these sites. The spread and distribution of sites across the scores
plot was interpreted through the PC loadings, this shows the driver elements of the sites and their
relative weightings (Figure 6b). PC2 loadings display drivers of Fe, Zn, Ti, Br, Si, and Ca for the high
traffic location of Redbridge Road and the background location of The Common driven by Cl, Cu, and
V. The medium traffic sites of Brinton’s Road and The Avenue lay directly in between these two with
one ivy sample on the avenue being characterised by Mg, P, Al, K, Mn, and S.

Figure 6. Principal component analysis; (a) scores plot with points representing sites and displaying
site separation and (b) loading plot displaying relative loadings of variables. Site 1: Redbridge road;
Site 2: Brinton’s Road; Site 3: The Avenue; Site 4: Southampton Common.

3.5. Calculation of Deposition Velocities
Brinton’s Road (Site 2) PM10 concentrations fluctuate throughout the time period but no pattern
reflecting daily traffic patterns was recognised. All hourly concentrations were below the UK standard
24-h mean value of 50 µg m−3 with a maximum daily mean of 35 µg m−3 . Redbridge Road (Site
1) concentrations are occasionally higher but often following the same fluctuations as for Brinton’s
Road. A few notable spikes are identified within the dataset with the maximum concentration
reaching 265 µg m−3 . The time period for these high concentrations ran overnight from 17:00 to 08:00.
However, the maximum mean daily concentration was calculated at 46 µg m−3 , below the UK standard
24-h value [53]. Wind speed data for the period had a range of 0.8–4.4 m s−1 with an average of
2.8 m s−1 (Weather Underground, 2017).
PM10 measurements at the Redbridge road (UK-AIR ID: UKA00613) and Brinton’s Road
(UK-AIR ID: UKA00235) AURN monitors were averaged between 10–18 June and 10–25 June,
respectively (Figure 7) to cover the period of no rainfall before sampling (note: no PM10 data was
available for the 18–25 period at Redbridge road). Average PM10 concentration were calculated at
26.7 µg m−3 at Redbridge Road and 16.2 µg m−3 at Brinton’s Road. Average PM concentration for the
two sites and flux values for ivy and bramble at each site were used to calculate deposition velocities
(Vgi) for these species (Table 2).
Redbridge Road, a high traffic location, produced greater deposition velocities than the lower
traffic, urban background site of Brinton’s Road. Bramble leaves also allowed for greater deposition
rates than that of ivy leaves. Notably the difference in deposition velocity between the two species
remained consistent between each site with bramble allowing for a rate 0.51 cm s−1 greater than ivy.
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Figure 7. Time series of daily average PM10 concentrations at the AURN sites for Site 1 Redbridge
Road and Site 2 Brinton’s Road and Redbridge Road, June 2017. (For this time-period, no data were
available after 19 June for Site 1 and before 5 June for Site 2.).
Table 2. Values of flux, PM10 air concentrations and deposition velocities for Redbridge and Brinton’s
Road sites.
Site
Redbridge Road
Brinton’s Road

Specie

Flux (g cm2 s−1 )

Air PM Conc. (g m3 )

Vgi (cm s−1 )

Ivy
Bramble
Ivy
Bramble

0.0000473
0.0000608
0.0000209
0.0000291

0.0000267
0.0000267
0.0000162
0.0000162

1.77
2.28
1.29
1.80

4. Discussion
4.1. Particle Size Analysis
Particle size distribution results showed a dominance of particles in the fine fraction
(physical diameter < 2.5 µm). These results complement those produced by Ottelé et al. [25],
with particles sizes dominant at the lower end of the course fraction (physical diameter < 10 µm).
Distribution peaks were identified <4 µm aerodynamic diameter and particles >10 µm particularly rare.
Similar results were also observed by Sgrigna et al. [44] with the majority of particles sizes measured
between 0.1 and 5 µm in physical diameter. Other studies found that particle distributions peaked
between 3 and 9 µm in physical diameter [4], whilst Dzierżanowski et al. [8] found that the greatest
number of particles ranged within 10–100 µm in physical diameter. Interestingly both Ottelé et al. [25]
and Dzierżanowski et al. [8] analysed ivy and provided contradictory results. It is considered that the
differences in recorded particle size distribution are due to different sampling, measuring, and analytical
methods as well as different environmental impacts of site, climate, and emission sources. It is therefore
difficult to compare and quantify the effectiveness of green infrastructure in capturing different particle
size fractions.
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4.2. Shrub and Herbaceous Plants as Air Quality Filters
The high traffic density site of Redbridge Road recorded the greatest concentrations of PM on leaf
surfaces; double that of the lower traffic sites. Redbridge Road has ca. 50,000 more motor vehicles p/a
than the other roadside locations. The lower traffic locations, with similar annual motor vehicle counts
recorded relatively similar concentrations of PM. However, the Avenue PM levels are slightly greater.
This has been attributed to distances from the road with samples from The Avenue considerably closer
(ca. 2 m) than those of Brinton’s/Northam Road (ca. 12 m/22 m). The dense canopy covering The
Avenue may also be attributing to increased PM levels through reduction of airflow. These results
indicate that the immobilisation of particles occurs close to the emission source, therefore providing the
greatest impact on air quality along busy roads. This follows findings throughout the literature that PM
mass captured on vegetation is related to atmospheric concentration [4,15,33]. Natural variation has
been attributed to high standard errors recorded with similar levels identified in Dzierżanowski et al. [8]
with a similar sampling method used. These results indicate that vegetation reflects the PM conditions
that they are exposed to and provides support to the use of leaves as in situ samplers of urban PM [20].
To understand the effectiveness of plants as air quality filters requires the identification that they are
actively removing particles as has been shown under controlled conditions.
Analysis of PM concentrations on leaf surfaces has identified that all leaves in this urban area
have acted as air quality filters, immobilising, and therefore removing PM from the air. The removal of
PM is thought to be providing a beneficial service to inhabitants and users of these urban areas [4]
particularly due to "strategic" planting at some of these sites. For example, the plants sampled from the
Redbridge site are acting as barrier to the adjacent playing fields through growth up and along the fence.
Additionally, plants sampled from The Avenue are acting as a barrier to The Common. These plants
are working as part of a combined filtering effect along with other shrubs, trees, and herbaceous plants.
The effectiveness of trees in the immobilization of PM has been well documented [8,17,18,42] and there
is a growing body of work surrounding shrubs and herbaceous plants [4,8,25]. It is therefore concluded
that with greater understanding of their varying effectiveness and abilities a multitude of plants will
be used in the application of green infrastructure.
4.3. Differences in PM Immobilisation Abilities
This study focused on two contrasting species: bramble with rough, hairy leaves and ivy
with smooth, waxy leaves. Bramble leaves captured greater PM masses across all sampling sites.
This indicates that plants are not just passively reflecting the PM in the air, but that their certain
leaf traits allow for greater levels of active PM capture. The greater the number of leaf hairs, the
higher the boundary resistance and with hairs increasing the efficiency of particle interception [54].
However, this continued investigation of the distribution of particle sizes and elements across a leaf
morphology would further aid the understanding of particle capture by different species.
Higher deposition velocities were calculated for bramble plants, at 0.51 cm s−1 , greater than ivy
plants from both sites. Deposition velocities were higher at the Redbridge Road site due to higher
concentrations of PM, however the consistent difference in deposition velocities between the two plants
identifies the relative effects of leaf morphology on PM immobilisation. Comparison of these deposition
velocities and those published [15] is extremely difficult due to differences in PM fraction sampled
(µm), inclusion of wind speeds and sampling method (laboratory or field data) where the distance from
the PM sources are varied. This has led to a large variation in rates between measured plant species.
However, the results recorded here fit within the ranges for field measurements analysing a PM range
0.1–20 µm published in Freer-Smith et al. [15] with lower wind speeds (2 m s−1 ) than those recorded in
this study. Recorded deposition velocities for ivy and bramble (1.29–2.279 cm s−1 ) are below that of tree
species such as Querus petraea and Corylus avellana (3.2–20 cm s−1 ) but within the range of grassland
species (0.1–10 cm s−1 ). It is clear that there is a large variation in a species ability to capture PM, but
other external environmental influences cannot be underestimated. Continued measurements will
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allow for the exclusion or mitigation of these environmental variations and allow for greater accuracy
in modelling.
4.4. Elemental Analysis
Elemental analysis identified that Al, Si, and Ca are most abundant across all sites. These are
recognised as some of the most common natural, geogenic elements attributed to the crustal input
of the aerosol group [44,47,55]. They are considered the main constituents of resuspended road
dust and surface soil material [56]. Sources of this material include crustal material, city dust,
and road [48] with the potential for areas in Europe to receive African dust contributions [57].
Resuspension of these elements is caused through wind action but can by enhanced by the passage of
vehicles [57,58]. Resuspension is further increased with greater vehicle speed through the creation of
more turbulence [58]. This action further explains the greater PM mass recorded at the high traffic
density site of Redbridge Road. Higher vehicle speeds and increased vehicle numbers leading to
greater turbulence and more resuspension of particles. Mineral dust has been identified as a primary
component in roadside PM due this significant resuspension [59].
The abundance of Cl is enigmatic and might usually be attributed to a sea salt source [12,57]
due to the proximity to the Solent strait. However, the washing procedure used would have very
effectively flushed sea salt from the samples. Given that the greatest abundance of Cl identified in the
non-roadside location of The Common, it is possible that this represents the abundance of microplastics
(e.g., polyvinylchloride, PVC).
Fe is also associated with crustal sources of resuspended dust with Al, Si, and Ca [60] but is
also highlighted as having origins from traffic sources, and therefore an indicator of traffic related
PM [48–50,60,61]. Fe is known to occur as an impurity in vehicle fuels. During combustion Fe forms a
non-volatile residue that is released into the atmosphere as glassy spherules [62]. Fe related particles are
also known to originate from non-exhaust emissions of brake, tyre, vehicle, and road wear [49,50,61].
Measurements have shown that the average brake pad contains up to 20% Fe additionally most brake
discs are nearly all entirely made from Fe (>95%) [50]. Due to originating from both anthropogenic
and geogenic sources the use of Fe as traffic related tracer element is difficult. However, it can be
used as a comparative tracer through its relative abundance. Measurements by Baldacchini et al. [60]
identified that Fe concentrations were more than double from street sampling sites, than those recorded
at the park. Similar results were recorded by Sgrigna et al. [44] with street sites recording greater
Fe levels than park sites. These results are in accordance to those observed in this study with the
highest concentrations recorded at the high traffic site of Redbridge Road and the lowest identified at
The Common. The higher concentrations recorded at The Avenue compared to the similar traffic level
of Brinton’s Road is attributed to the sampling distance to the road, with sampling from The Avenue
very close to the road (ca. 2 m). The highest concentrations of heavy metals are nearly always near
the emission source, directly next to the road [49,63], particularly found in typical street canyons [63].
Measurements of Fe can be combined with other traffic related tracer elements such as Zn [58] and
Cu [44] to provide further evidence of PM origins.
Miguel et al. [48] identified Zn, Mg, and Ti as urban elements and originating from traffic,
construction, and degradation of building material. Zn is linked to tyre wear [64] with ZnO used as
a vulcanizing agent and representing up to 1.2% weighted average for car tyres [65]. Tyre wear is
considered a significant source of Zn into the environment [59,66]. It is also identified as originating,
although from a lesser extent, engine exhausts and brake pads [59]. This element was only identified at
the high traffic location of Redbridge Road, but in fairly low concentrations. It is difficult to constrain
the source of Zn, as it is present from both natural and anthropogenic origins [64]. Mg and Ti are
used as additives in diesels, lubricating oils, and metallic materials (alloys) with their use or corrosion
leading to their environmental release [48]. Mg was identified at all roadside location in similar
concentrations, potentially linking the element to vehicular activity rather than a sea-salt source.
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However, these elements were all recorded in relatively low concentration, again making it difficult to
constrain their origin.
S is identified across all sites with the significantly higher concentrations measured from
The Avenue site. It is associated with brake pad wear making up the composition of some break
pad types [59,67]. This is linked with other elements including P and Cu that also make up the
composition of some brake pads [67]. P is also identified across all sites with the greatest concentrations
recorded at The Avenue and the lowest at The Common. Other vehicle links to S include its addition
to lubricants [59]. Additionally, S can be associated with fuel combustion and secondary aerosols
associated with the fuel combustion. The fuel combustion signature that is often related includes the
presence of V and Ni [57]. Although S is present at all sample sites it is considerably higher from
The Avenue, where, although in low concentrations the signature elements of V and Ni are present.
It is thought the poor airflow in The Avenue due to the dense vegetation may be contributing to the
concentrating of emissions in this area.
Site separation analyses through PCA and elemental loading indicated a number of signature
elements of traffic related PM. For example, the highest traffic site of Redbridge Road is confirmed with
strong traffic related indicators of Fe and Zn [48–50,61,64]. However, these markers do not identify
the sites of Brinton’s Road and The Avenue. The Common site, as expected, is indicated to some
extent by these elements with a strong driver of another natural indicator, Cl. The identification of a
particle’s source is particularly difficult due interactions between sources and the lack of suitable tracer
elements [64].
It has been shown that the methods applied here provide a useful tool in relatively simple,
multi-analysis measurements of the capabilities of all urban plants. Continued sampling across several
cities would contribute to a growing data set that can help inform the strategic planting and use of
green infrastructure as a method to improving local air quality in urban areas. The ability to gather
information on PM mass, particle size, elemental composition and calculate deposition velocities is key
in characterising the abilities of different plant species and their effectiveness in urban areas. These
analyses can and should be carried out in a number of urban areas to allow for the generation of
global database in the effectiveness of different species. This will allow for more accurate modelling
capabilities and help inform the strategic uses of green infrastructure through quantification of its
effectiveness and identification of a suitable planting design in urban areas.
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