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Individual leaf size, shape and micromorphology had a significant impact on capturing and
retaining PM1, PM2.5 and PM10 while other influential variables were standardised.
Smaller leaves and complex leaf shapes showed a greater potential to capture and retain
particles.



Leaf hair/trichomes, epicuticular wax, and surface-ridges are favourable to capture PM and
presence of leaf hairs/trichomes found to be most influential.

Abstract
The ability of vegetation to capture and retain atmospheric Particulate Matter (PM) is directly dependent
on the interactions between PM and plant surfaces. However, the impact of individual leaf traits in this
respect is still under debate due to variations in published findings. This study employed standardised
experimental designs with natural and synthetic leaves in three experiments to explore the impact of
individual leaf traits on traffic-generated PM accumulation whilst other influential variables were
controlled. The impact of leaf size on PM deposition was explored using synthetic leaves of different
sizes (small, medium and large) but with the same shape and surface characteristics (n = 20 for each

IP
T

category). The impact of leaf shape was examined using another set of synthetic leaves of different

shape (elliptical, palmately-lobed and linear) but with same surface area and the same surface
characteristics (n = 20 for each category). PM accumulation (PM1, PM2.5 and PM10) on these leaves
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was quantified using an Environmental Scanning Electron Microscope (ESEM) and ImageJ software.

Any differences in PM capture levels due to leaf size and leaf shape were identified using one-way
Anova and Tukey’s pairwise comparison. In a subsequent experiment, equal-sized, square-shaped leaf
sections obtained from four plant species (n = 20 for each species) with different micromorphology were

U

exposed to traffic-generated pollution and any PM capture differences due to leaf micromorphology
identified employing the same SEM/ImageJ and statistical approach. The results of all three

N

experiments showed significant differences in PM accumulation between different leaf sizes (p <0.001),

A

between different leaf shapes (p< 0.001) and between different leaf micromorphology (p< 0.001)
suggesting that all these characters are influential in the capture and retention of PM on leaves. Smaller

M

leaves and complex leaf shapes (lobed leaves) showed a greater potential to capture and retain PM.
Leaf surfaces with hair/trichomes, epicuticular wax, and surface-ridges accumulated more PM

ED

compared to smooth surfaces; of these characters, leaf hairiness/ presence of trichomes was found to
be the most important. Species sharing most of these important leaf traits are recommended as effective
PM filters.

PT

Key words: Traffic-generated pollution; Living walls; Green walls; Green infrastructure; Leaf shape; Leaf
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size; Micromorphology

1. Introduction

Three different size fractions of Particulate Matter (PM) are of particular concern based upon their ability

A

to be inhaled and toxicity: coarse particles/PM10 (aerodynamic diameter ≤10 µm), fine particles/PM2.5
(aerodynamic diameter ≤ 2.5 µm) and ultra-fine particles/PM0.1 (aerodynamic diameter ≤0.1 µm) (Chow
et al., 2006; Solomon et al., 2012). Long-term exposure to coarse particles diminishes lung function and
increases cardiovascular mortality (Gilmour et al., 1996). PM2.5 can reach the narrower spaces in lungs
(Brunkeef & Holgate, 2002) and cause lung cancer and cardio-vascular mortality associated with acute
ischemic events (Solomon et al., 2012). Ultra-fine particles are more dangerous than the other size
ranges as they can cross cell membranes and influence intracellular functions (Riddle, 2009). According
to Seaton et al. (1995), PM0.1 can cause systemic inflammatory changes by entering the blood stream

or influence phagocytosis by accumulating in alveolar macrophages. They can also enter the brain via
the olfactory nerves (Solomon et al., 2012) which may cause central nervous system disorders (e.g.
Alzheimer’s disease and Parkinson’s disease) depending on their chemical composition and toxicity
(Allsop et al., 2008; Maher et al. 2013).
Vegetation has been known as a sink for atmospheric PM for some time (Smith, 1975; Zulfacar, 1979)
and the PM filtering behaviour of different types of vegetation has been studied using a range of different
techniques (Beckett et al., 2000; Dover, 2015; Freer-Smith et al., 2004; Leonard et al., 2016; Maher et
al., 2013; McDonald et al., 2007; Ottelé et al., 2010; Sternberg et al., 2011; Terzaghi et al., 2013; Zhang
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et al., 2017). Vegetation has been found to be more effective in removing PM from air compared to
other building/land surfaces due to high air turbulence created by their complex morphology and large
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surface area (Roupsard et al., 2013; Tallis et al., 2011).

Dry deposition of PM on vegetation takes place via sedimentation under gravity, impaction (via turbulent
transfer), interception, and diffusion (Slinn, 1982; Wang et al., 2006); processes antagonistic to
deposition include aerodynamic resistance (resistance exerted on particles by the air), boundary layer
resistance (reduced ability to cross the laminar air layer immediately adjacent to the deposition surface)

U

and surface resistance (due to the properties of the deposition surface) (Davidson & Wu, 1990). The

N

aerodynamic behaviour of different particle size fractions has been studied comprehensively under
different meteorological conditions (Legg and Powel, 1979; Slinn, 1982; Petroff et al., 2008b). Wind

A

speed, wind turbulence, humidity and rainfall all had a considerable influence on PM deposition on

M

vegetation (Litschke & Kuttler, 2008; Tomasević et al., 2005). PM deposition is also driven by the
interactions between the particles and plant surfaces including the latter’s geometrical properties such
as shape, size, orientation and surface morphology (Chen et al., 2016; Freer-Smith et al., 2005; Leonard
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et al., 2016; Litschke & Kuttler, 2008; Petroff et al., 2008a; Tomasević et al. 2005). Understanding the
impact of such leaf traits on particulate deposition is thus crucial in the design and use of vegetation as
an environmental control filter of particulate pollution. Legg and Powell (1979) modelled coarse particle

PT

impaction and sedimentation using fungal spores, and found that collection efficiency depended on the
nature of the deposition surface. When the inertia of particles is too high to follow the wind flow
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deviations in the mean air flow around an object, they collide with it and deposit via impaction which
can be, again, influenced by surface characteristics (Petroff et al., 2008a). When particles with smaller
inertia, which thus follow the wind flow deviations in the mean airflow, pass over plant surfaces with
less than half a diameter distance between the centre of the particle and the plant surface they can
deposit via interception; this process is also influenced by the micro-topography of the plant (Slinn,

A

1982). Despite several studies that have examined these interactions, there remains much debate on
the relative importance of different leaf characteristics on PM capture.
For example, coniferous species with leaf needles have been frequently cited as being good PM filters
compared to broad-leaved species (Beckett et al., 2000; Dzierzanowski et al., 2011; Wang et al. 2011),
and Shackleton et al. (2010) found “grass-like” (linear leaved) species to be the best PM filters out of
the 16 species they tested. In contrast, Leonard et al. (2016) found significantly higher PM levels on
lanceolate leaves compared to needle-like or linear leaves. The effects of epicuticular wax and leaf

hairs have also produced mixed results. According to Dzierzanowski et al. (2011), the relationship
between PM deposition and epicuticular wax does not depend on the amount of wax but on the structure
and composition of the wax. Liu et al. (2012) found a negative impact of epicuticular wax in capturing
particles but identified stomata, deep grooves, and leaf size as critically important characters. In
contrast, Sæbø et al. (2012) found that PM deposition was a function of epicuticular wax content. Hairy
leaves were found to be effective in accumulating PM in several different studies (Beckett et al., 2000;
Kardel et al., 2012; Ram et al., 2012); conversely, Perini et al. (2017) found a negative impact of leaf
hair on PM capture.
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These discrepancies in findings could be attributed to various interactive effects of different leaf traits
on PM capture. Standardising the influence of non-target leaf variables should facilitate the investigation
of the impact of each leaf character on PM accumulation. Assuming that positive characteristics are at
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least additive, and at best synergistic, in value, species carrying a collection of such leaf traits should

result in high PM capture efficiency and hence be most appropriate to employ as PM filters. As these
characters are inherent and not manipulatable in natural leaves, use of leaf models or synthetic leaves
can help in standardising the influence of non-target variables. We therefore explored the individual

U

impact of leaf size, shape and micromorphology on PM accumulation on leaves using manipulative
experimental designs with natural and synthetic leaves whilst controlling for the influence of additional

N

variables. We believe this is the first attempt to use such standardised designs in the evaluation of the

A

impact of individual leaf characters on PM accumulation. This study is a contribution to the optimisation
of living walls (vertical, irrigated, greenery systems typically carrying multiple non-climbing or twining

M

plant species) as urban PM filters (Weerakkody et al. 2017) and hence the experimental designs
employed relate to the configuration of vertical greenery systems. Since traffic-generated pollution has

ED

become the major source of PM in the UK (DEFRA, 2015) and categorised as the most toxic class of

PT

PM globally (WHO, 2005), PM generated through road traffic was focused on in this study.

2. Materials and Method
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2.1 Site description

Stoke-on-Trent is a city located in Staffordshire, United Kingdom with an estimated population of
259,140 and population density of 6,640 persons/km 2 (ukpopulation, 2017). Leek Road is one of the
busiest single carriageways in Stoke-on-Trent, categorised as an A Road (Fig. 1), with a traffic density

A

of 20,251 Average Daily Flow in 2016 (Department for Transport, 2017). Given the continuous pollution
generation due to road traffic, a linear, grassed area, 11.5 m in width at Staffordshire University, located
parallel to Leek Road (4.5 m distance from the road) (Fig. 1) was selected to erect experimental rigs.

2.2 Manufacturing the synthetic leaves and sampling natural leaves.

Synthetic leaves used in these experiments were hand-made, using stiffened Poplin. A 1.0 m x 1.4 m
section of commercially available Poplin (125.0 gm-2 ), was stiffened by painting a sago solution (15 g
of sago boiled in a 1 L of water) on the fabric to ensure synthetic leaves had no pleats or folds.
Cardboard templates of different sizes and shapes (sizes and shapes are detailed in sections 2.4 and
2.5) were used to outline and cut the leaves from the fabric as required. Commercially available floral
stems (plastic-paper covered stem wire, Handicrafts Ltd.) were stuck on one side of each of the leaves
using fabric glue (Hobby glue gun- 230 V,15 W, Powerbox International Ltd.) dried for 20 minutes. Using
the same fabric, without any pleats or folds, produced artificial leaves with exactly the same surface
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characteristics and roughness (Fig. 2). Natural leaves required for the experiments were obtained from
a free-standing living wall system (an experimentally manipulated system designed for our work on PM

pollution, manufactured and installed by Nemec Cascade Garden Ltd., Czech Republic) (Fig. 1) located
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at the same site, facing Leek Road. Sampling and experiments were conducted on several occasions

during March and April 2017. The mean temperature, mean humidity and mean wind speed of the study
site was recorded as 12.8 0C, 68% and 2.3 m s-1 during this period.

2.3 Scanning Electron Microscope (ESEM)/ImageJ approach to quantifying PM densities on natural

U

and artificial leaves

N

PM accumulation on both natural and synthetic leaves used in this study were quantified using an
Environmental Scanning Electron Microscope (ESEM) (Model: JSM-6610LV) (Ottele et al., 2010;

A

Sternberg et al., 2010; Weerakkody et al., 2017) and ImageJ image analysis software (Collins, 2007).

M

Sampling numbers and methods of each experiment are detailed in the relevant sections below. In
experiments where complete leaves were exposed to pollution all the leaves were synthetic (sections
2.4 and 2.5) and three leaf sections (5 mm x 5 mm) from every leaf blade were cropped out and

ED

mounted on aluminium stubs using double-sided carbon adhesive tabs for microscopic analysis. In the
experiment in which only leaf sections were exposed to pollution (all from natural leaves) (section 2.6),
whole leaf sections were mounted without cropping. Both natural and synthetic leaves were scanned

PT

under a low vacuum in the ESEM at x450 and x1,000 magnifications using Back Scattered Electrons,
without any conductive coating following the same approach used in Weerakkody et al. (2017) to
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visualise natural leaves. The high carbon content of the fibres used in the synthetic leaves minimises
conductive charging, and PM accumulation was also clearly imaged using this approach. Micrographs
were taken at three random points on each leaf section (natural or synthetic), maintaining the same
working distance and consistent contrast/brightness to help define the threshold in image processing.
The smallest particle that could clearly be visualised using this approach was 0.1 µm in diameter.

A

Considering their different health effects and different aerodynamics, the number of PM1 (PM0.100 PM1.000) PM2.5 (PM1.001 - PM2.500) and PM10 (PM2.501 - PM10.000) on all the micrographs were quantified
using ImageJ. The most appropriate threshold available in the auto-threshold menu was carefully
selected using ten random micrographs to minimise potential human error of using a user-defined
threshold. PM accumulation on each leaf section was estimated as PM density (number of PM per 1
mm2) using the mean PM count on three random micrographs taken for each leaf section. In the

experiments where whole leaves were used, mean PM density on each leaf was estimated taking the
mean PM density of three leaf sections (see further, section 2.4 and 2.5).
2.4 The impact of leaf size on PM capture
Synthetic leaves were manufactured for the following three size ranges: small (1.7 cm 2) medium (28.9
cm2) and large (59.6 cm 2) with 40 leaves in each range (Fig. 3a). The leaves were of the same basic
elliptical shape and the same surface characteristics (i.e. same fabric). The size of natural leaves in the
Nemec living wall outside the Science Centre were used as an approximate guide for the size ranges.
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Prior to use, the synthetic leaves were washed using a spray bottle and then dipped and shaken in
deionised water in large beakers to remove existing particles. Subsequently, they were dried in a closed

drying chamber (with controlled light and temperature regimes), thereby reducing contamination by
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indoor particulates. Twenty leaves from each size category were then scanned, to visualise any PM

remaining on their surfaces, using the SEM/imageJ approach (see section 2.2); any significant variation
in baseline PM levels between size ranges were identified using a one-way Anova (R statistical software
version 3.2.5: R Core Team, 2016). The remaining 20 leaves of each size category were then exposed
to traffic pollution generated from Leek Road by mounting them on a wooden garden trellis. Leaves

U

were attached to the trellis by their petioles using thin wires at 1.0 m -1.5 m height from the Road

N

surface, keeping a similar configuration as vertical greenery systems (i.e. facing the road). Leaf
arrangement was random using a Latin Square design to avoid any variation relating to columns and

A

rows. The trellis was erected at the roadside edge of the grassed area, 4.5 m distance from the roadside

M

and leaves were left exposed to traffic pollution for five consecutive dry days. Subsequently, leaves
were taken to the laboratory using sealed storage boxes to provide minimal disturbance and PM
densities were quantified using the ESEM/imageJ. Identification of baseline PM levels prior to exposure

ED

was carried out to identify if there were significant differences in the different leaf categories, and hence
allow for adjustment of the experimental data by subtracting the mean baseline levels from the PM
densities found on the roadside-exposed leaves (i.e. PM density on exposed leaves – mean baseline

PT

PM density) if required. Differences in PM levels captured by different sizes of leaves were identified
using a one-way Anova followed by Tukey’s pairwise comparison (n = 20). The leaf perimeter/leaf
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surface area ratio in each category was calculated to explain any differences in PM accumulation due
to variable edge effects; the leaf perimeter was measured using ImageJ image analysis software.
2.5 The impact of leaf shape on PM capture
Synthetic leaves with exactly the same surface area (28.9 cm2) and surface characteristics were made

A

in three common leaf-shapes (elliptical, palmately-lobed and linear) (Fig. 3b); 40 leaves were made for
each shape category. Leaves were washed using the same approach followed in section 2.4 to remove
existing particles and dried in a closed drying chamber avoiding contamination from indoor particulates.
Twenty leaves from each shape category were then tested for their baseline PM levels using
SEM/imageJ analysis. The remaining twenty leaves of each shape category were simultaneously
exposed to traffic pollution on Leek Road for five consecutive days using a wooden garden trellis
following the same approach given in section 2.4. Subsequent transfer of leaves to the lab, visualisation

and counting of particulates, and statistical analysis followed the approach in Section 2.4 (n = 20). The
Leaf perimeter/ surface area ratio in each category was calculated to explain any differences in PM
accumulation due to variable edge effects.
2.6 The impact of leaf micro-morphology on PM capture
Sixteen square holes (1 cm x 1 cm) were cropped-out from plastic laminating pouches (ImageLast 125
Micron, Lyreco) in 4 equally spaced parallel rows. Four species of plant with different surface textures
(e.g. hairy, smooth, rough and velvety) (Geranium macrorrhizum L., Bergenia cordifolia (L.) Fritsch,

IP
T

Helleborus x sternii and Heuchera villosa Michx. var. macrorhiza) used in the Nemec living wall (Fig. 1)
were selected for this experiment. The leaf shape and size was standardised in this experiment so that

differences in PM capture due to surface characteristics (micromorphology) could be identified. Forty
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leaves per species were randomly collected from the living wall and carefully washed by dipping and
slowly shaking in cold deionised water to remove existing PM. Leaves were dried at 22 0C in a closed
drying chamber for one hour. Subsequently, 1.5 cm x 1.5 cm sections were excised from every leaf

blade and twenty leaf sections of each species were immediately tested for their baseline PM levels.
Remaining leaf sections were attached to the back of the laminating paper replacing the empty squares

U

in a randomised order (Latin Square design) using thin sticky tapes; this resulted in a grid of equal sized

N

leaf squares with different micro-morphology (Fig. 4). Five such rigs, each holding 16 leaf sections (4
leaf sections from each species) were made to hold a total of 80 leaf sections (20 leaf sections per

A

species). The back of the laminating papers were then covered with wet layers of gauze to prevent

M

dehydration of leaves, and inserted into plastic frames with water retentive backing. The plastic frames
holding the leaf sections, with supportive material, were then exposed to traffic pollution generated from
Leek Road (4.5 m distance from the roadside) for five consecutive days. Gauze layers were kept moist

ED

by spraying deionised filtered water through holes in the back of the plastic frames each day to avoid
any structural changes in leaf sections due to dehydration. These experimental rigs were taken to the
laboratory with minimal disturbance using the same approach followed in section 2.4 and 2.5. Leaf

PT

sections were carefully removed from the holding frames and PM densities on leaf sections were
quantified using SEM/ImageJ analysis. Statistical analysis followed the approach in Section 2.4 (n =
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20). Specific leaf micromorphological characters (hairs, trichomes, epicuticular wax, ridges) of the leaf
sections were observed using the ESEM at a range of magnifications as appropriate.
3. Results

A

3.1 Impact of leaf size on PM capture using synthetic leaves of the same shape
Baseline PM levels on synthetic leaves were not significantly different between different size categories
for all particle size fractions (p >0.05) hence they were not deducted from the PM levels on synthetic
leaves exposed to roadside air pollution. Roadside-exposed leaves showed differential PM densities
on leaves of different sizes (Fig. 5) (PM1: F =114.9, p <0.001, PM2.5: F =41.68, p <0.001, PM10: F =76.53,
p <0.001) in all particle size fractions. The highest mean PM densities in all particle size fractions (PM1
=2,233 mm-2, PM2.5 =1,122 mm-2 and PM10 =303 mm-2) were found on the smallest leaves and these
levels were significantly higher than the PM levels in both medium and large-sized leaves (p< 0.001).

The second highest mean PM densities in all PM size fractions were found on medium-sized leaves;
the density of PM10 on medium sized leaves was significantly higher compared to larger leaves (p<
0.001). However, densities of PM1 and PM2.5 on medium sized leaves were not significantly different
from larger leaves (p =0.06 and p =0.22 respectively). The leaf perimeter/surface area ratio was 0.2,
0.07 and 0.04 for small, medium and large sized leaves respectively (ratio between sizes, small:
medium: large = 27 : 7 : 4).
3.2 Impact of leaf shape on PM capture using synthetic leaves of the same area

IP
T

Baseline PM densities on leaves of different shape categories were not significantly different (p >0.05)
and hence were not deducted from the PM densities on synthetic leaves exposed to roadside air

pollution. There were differential PM levels on roadside-exposed leaves with different shapes (Fig. 6)
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in all PM size fractions (PM1: F =21.06, p <0.001; PM2.5: F =31.09, p <0.001; PM10: F =37.9, p <0.001).

The highest PM densities in all particle size fractions (PM 1 =2,226 mm -2, PM2.5 =652 mm-2 and PM10
=211 mm-2) were found in palmately-lobed leaves and these densities were significantly higher than for
both elliptical and linear leaves. The second highest PM densities were found on linear leaves in all
particle size fractions and the density of PM10 on linear leaves was significantly higher compared to PM

U

density on elliptical leaves (p =0.01). However, these levels were not significantly different for smaller

N

PM sizes (PM1: p =0.37 and PM2.5: p =0.88). The leaf perimeter/surface area ratio was 0.07, 0.09 and
0.16 for elliptical, lobed and linear leaves respectively (ratio between shapes:- elliptical : lobed : linear

A

= 7 : 9 : 16).

M

3.3 Impact of micromorphology on PM capture by the adaxial surface of natural leaves with leaf area
and shape held constant

ED

Leaf micrographs of four species of plants (Fig. 8) showed their different surface micromorphologies
and are detailed in Table 1. Baseline PM densities on leaf sections of different species were not
significantly different (p >0.05) after washing-off and hence were not deducted from the PM densities

PT

of leaf sections subsequently exposed to roadside air pollution. There were differential PM levels on
roadside-exposed leaf sections of different species (Fig. 7) in all PM size fractions (PM1: F =10.38, p
<0.001; PM2.5: F =12.27, p <0.001; PM10: F =140.9, p <0.001). Leaf sections of G. macrorrhizum showed
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the highest mean PM densities in all particle size fractions (PM 1 =7,424 mm -2, PM2.5 =1,902 mm -2 and
PM10 =383 mm-2). PM1 densities on G. macrorrhizum H. villosa and H. sternii were significantly higher
than on B. cordifolia (p <0.001) but not significantly different (p >0.05) from one another. The density of
PM2.5 on G. macrorrhizum was significantly higher than B. cordifolia (p <0.001) and H. villosa (p =0.03)

A

but not significantly different from H. sternii (p =0.13). B. cordifolia showed the lowest mean PM density
in all particle size fractions (PM1 =3,539 mm-2, PM2.5 =790 mm-2 and PM10 =69 mm-2) which were
significantly lower (p <0.05) than the rest of the species. PM levels on H. villosa and H. sternii were not
significantly different in the smaller PM size fractions (p >0.05). PM10 levels were more varied between
species compared to other size fractions and the densities of PM10 on leaf sections of each species
were significantly different from each other.

4. Discussion
4.1 Impact of leaf size on PM accumulation on leaves
As synthetic leaves with the same leaf shape and same surface characteristics were arranged
randomly, at the same height, and with the same pollution exposure levels and timings, the different
PM capture levels that resulted (Fig. 5) can only be attributed to their size. In contrast to the findings of
Sæbø et al. (2012), large differences in PM densities were found in all PM size fractions which
demonstrates that size is an important trait to consider in assessing PM accumulation on leaves. Similar
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to the findings of Freer-Smith et al. (2005) and Leonard et al. (2016), and in contrast to Liu et al. (2012),
high PM accumulation on smaller-sized leaves demonstrates their greater potential to capture and
retain PM. A pilot study we carried out (unpublished data) on the distribution of particulates on leaf
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surfaces found elevated PM levels on leaf edges and tips except for linear-shaped leaves where there

was no apparent change in density with distance from the leaf edge. The relatively larger edge effect
present in smaller sized leaves (due to their high perimeter/surface area ratio) may have resulted in
high levels of PM impaction on leaves. However, this pattern was only significant for PM 10 and not for
the smaller particles size fractions (PM1 and PM2.5); this difference may result from the different

U

aerodynamic behaviour of different particle sizes (Slinn, 1982). Increased turbulence in the boundary

N

layer around a deposition surface increases PM accumulation via turbulent transfer which is more
important for smaller particle size fractions (Petroff et al., 2008a; Slinn, 1982). More turbulence around

A

leaf edges can result from leaves by swaying with the wind flow. There is a substantial difference in

M

perimeter/surface area ratios between small and medium-sized leaves but this is much smaller between
medium and larger leaves (small : medium : large = 27 : 7: 4). This might explain the large differences

medium and larger leaves.
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in PM levels between small and medium sized leaves and the smaller differences evident between

4.2 Impact of leaf shape on PM accumulation on leaves

PT

The shape of the deposition surface can directly influence the airflow pattern around the surface and
hence, has a marked influence on PM deposition (Davidson & Wu, 1990; Petroff et al., 2009), and this
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experiment with synthetic material showed that there were large differences in PM accumulation on
leaves with different shapes. As additional factors (e.g. surface area, surface characteristics, exposure
to weather and PM exposure levels) were held constant, the different levels of PM accumulation can
only be attributed to the shape of the leaves. Although the different leaf shapes had different
perimeter/surface area ratios (elliptical : lobed : linear = 7 : 9 : 16), they did not explain the differential

A

PM accumulation by different shapes. Variable shapes generate different drag forces on them due to
wind (Gemba, 2007), changing their influence on surrounding air flow patterns; the response of leaves
to such forces can be by swaying, bending or fluttering (Gillies et al., 2002) and hence different levels
of turbulence can result. The pattern of PM accumulation between species was consistent for all PM
size fractions (Fig. 6); palmately lobed leaves showed a greater potential to capture and retain PM,
probably due to their complex shape. Lobed leaves create more than one “leaf-tip-like” area creating a
more complex morphology; results of an unpublished pilot study (see section 4.1) showed elevated PM

accumulation at leaf tips. Similar to the results of Leonard et al. (2016), PM accumulation on our elliptical
and linear leaves was relatively poor. Even though linear leaves can be predicted to be good PM filters
on the basis of their larger perimeter, they can also bend more readily with the wind flow (as these
lengthy leaves are connected to a petiole with a narrow leaf base) without swaying with the wind
currents, potentially resulting in lower levels of turbulence. However, despite having a linear shape, leaf
needles are frequently cited as good PM filters (Beckett et al., 2000a; Freer-Smith et al., 2005; Mori et
al., 2015; Räsänen et al., 2013), in addition to their epicuticular wax helping to provide a sticky surface
to retain PM, this may also be attributed to their rigid/stiff nature compared to “grass-like” linear leaves.
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Further research in this area is clearly warranted.
4.3 Impact of leaf micro-morphology on PM accumulation on leaves
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Significant variations in PM levels on real leaf sections with different micromorphology but with area

and shape held constant clearly demonstrated that leaf micromorphology has an impact on PM capture
and retention and hence is an important leaf trait to consider where vegetation is being proposed for
PM removal. Variation in PM10 levels were particularly interesting, where differential PM capture abilities
were evident between all the species examined. In addition to turbulent deposition, capture by

U

sedimentation is more important for PM10 compared to smaller particles (Petroff et al., 2008a) and

N

surface texture is known to be very important in preventing heavy PM rebounding from surfaces
(Davidson & Wu, 1990). The greater potential of G. macorrhizum to capture and retain PM in all size

A

fractions can be attributed to its complex micromorphology, with densely arranged trichomes and

M

glandular hairs (Fig. 8) (Table 1). H. villosa is also slightly hairy and also showed relatively high PM
accumulation supporting this argument. Leaf hairs are known to be important in increased PM
accumulation (Beckett et al., 2000; Leonard et al., 2016; Räsänen et al., 2013; Ram et al., 2012; Sæbø

ED

et al., 2012) by increasing surface area (for capture) and by preventing re-suspension of captured PM
(Prusty et al., 2005; Qiu et al., 2009). Having such protruding structures can also create complex microtopography on leaf surfaces which also facilitates capture and retention of PM compared to smooth

PT

leaves. In addition, the hydrophobicity of some leaf hairs is known to have a positive impact on attracting

CC
E

metal-based charged particles (Fernández et al., 2014).

The poor ability of leaves of B. cordifolia to capture and retain PM can probably be attributed to their
glossy smooth leaf surface. PM can readily rebound from smooth surfaces resulting in the retention of
only a small fraction of captured particles (Davidson & Wu, 1990). H. sternii also showed relatively high
PM levels compared to B. cordifolia which could probably be attributed to their deep surface ridges and

A

epicuticular wax. While a positive impact of epicuticular wax on PM capture is frequently cited in the
literature (Barima et al., 2014; Räsänen et al., 2013; Sæbø et al., 2012), several studies found reduced
PM levels on waxy surfaces due to their variable chemical structure and composition (Faini et al., 1999;
Kardel et al., 2012; Leonard et al. 2016) and also due to the self-cleansing ability of wax tubules (Wang
et al., 2011). However, rough leaf surfaces with a large number of ridges were found to be effective in
PM capture (Kardel et al., 2012; Ram et al., 2012; Zhang et al., 2017) and Barima et al. (2014) found
significantly higher PM levels on ridged leaf surfaces compared to waxy surfaces. The relatively high

levels of PM on H. sternii could either be attributed to their epicuticular wax or ridges or to the collective
impact of both these characters. However, these levels did not significantly exceed the PM levels found
on hairy leaves for any particle size fraction, highlighting the importance of leaf hairs in the capture and
retention of PM. Nevertheless, the actual impact of these species of plants under field conditions, may
be quite different when they stand as leaves instead of leaf sections. For example, irrespecive of their
ridged surface, Weerakkody et al. (2017) found very low PM accumulation on leaves and plants of
H.sternii citing their wide leaves and low leaf area index as potential reasons. Therefore, the potential
of leaf surfaces for the capture and retention of PM can be enhanced or limited by other influencial

IP
T

variables such as leaf size, shape, location, configuration and leaf area index (Freer-Smith et al., 2005;

Leonard et al., 2016; Weerakkody et al., 2017). However, selecting species sharing at least a few of
these micro-morphological characters (e.g. ridged hairy leaf surfaces) would proabably be beneficial to

SC
R

increase PM accumulation.

4.4 Implications of the findings

This study showed that there was a considerable impact of all tested leaf characteristics on PM capture

U

and retention when they act alone. The discrepancy we find in the literature on the impact of these
characteristics are probably attributable to their collective impact which can enhance or limit the ability

N

of particular plants to capture and retain PM. As the ability of variable leaf surfaces to capture and retain

A

PM can be enhanced or limited by other influencial variables it is important to recognise that those
variations in PM capture did not represent their particular species, but the specific micro-morphological

M

features. As smaller leaves, lobed shapes, hairy and rough leaf surfaces were found to have a positive
impact on PM capture and retention, using a collection of species that share most of these characters

ED

(e.g. smaller leaves with a complex shape and a rough, hairy surface) combined with a high leaf area
index (Weerakkody et al. 2017) would probably provide maximised benefits where vegetation is

Conclusion

PT

intended to be used as a PM filter.

CC
E

Size, shape and micromorphology of individual leaves showed a significant impact on capturing and
retaining all particle size fractions tested. Smaller leaves showed a greater capacity to capture and
retain particles probably due their larger edge effect. Palmately-lobed leaves showed high PM levels
compared to elliptical or linear leaves as they may create more turbulence in the boundary air layer with

A

their complex shape and “tip-like” areas. Hairy leaves and leaves with rough ridged surfaces with
epicuticular wax were good at capturing and retaining particles in all size fractions compared to leaves
with a smooth surface. The real-world effectiveness of these traits to capture and retain PM can be
enhanced or limited by other influential variables. A selection of species sharing these characters is
likely to maximise the benefits of vegetation as PM filters.
Acknowledgements

We are extremely grateful to Nemec Cascade Garden Ltd. for donating an experimentally manipulative
living wall system for this PhD research project and to Benjamin Raich, Project Manager Nemec
Cascade Garden Ltd. for his enthusiastic support. We are also grateful to James Bentley, Ground
Manager and Adam Van Winsum, Environmental Manager at ……………… (removed for double blind
review process) University Estates for their support in maintaining the living wall and to Ian Hopkins,
Technical Skills Specialist, …………….. University for his help in identifying plant species. We are also
grateful to Alison Davidson and Caroline Newman, Technical Skills Specialists. …………….. University
for

providing

technical

support

for

this

research.

Joy

Harding,

Lecturer

in

Statistics,

IP
T

……………….University is also acknowledged for her valuable advice given for the statistical analysis
of data.

SC
R

References

Allsop, D., Mayes, J. Moore, S. Masad, A. and Tabner, B. J. (2008). Metal- dependent generation of
reactive oxygen species from amyloid proteins implicated in neurodegenerative disease.

U

Biochemistry Society Transactions. 36: 1293−1298. https://doi.org/10.1042/BST0361293

N

Barima, Y.S.S., Angaman, D.M., N’Gouran, K.P., Koffi, N.A., Kardel, F., De Cannière, C. and Samson,
R. (2014). Assessing atmospheric particulate matter distribution based on Saturation Isothermal

A

Remanent Magnetization of herbaceous and tree leaves in a tropical urban environment. Science

M

of the Total Environment. 470–471: 975–982. https://doi.org/10.1016/j.scitotenv.2013.10.082
Beckett, K.P., Freer-Smith, P.H. and Taylor, G. (2000). Particulate pollution capture by urban trees:

ED

effect of species and windspeed. Global Change Biology. 6: 995–1003.
https://doi.org/10.1046/j.1365-2486.2000.00376.x

PT

Brunkeef, B., Holgate, S.T. (2002). Air pollution and health. Lancet. 360: 1233–1242.
https://doi.org/10.1016/S0140-6736(02)11274-8

CC
E

Chen, L., Liu, C., Zou, R., Yang, M. & Zhang, Z. (2016). Experimental examination of effectiveness of
vegetation as bio-filter of particulate matters in the urban environment. Environmental Pollution.
[Online]. 208. p.pp. 198–208. Available from: http://dx.doi.org/10.1016/j.envpol.2015.09.006.

Chow, J.C., Watson, J.G., Mauderly, J.L., Costa, D.L., Wyzga, R.E., Vedal, S., Hidy, G.M., Altshuler,

A

S.L., Marrack, D., Heuss, J.M., Wolff, G.T., Arden Pope III, C. and Dockery, D.W. (2006). Health
Effects of Fine Particulate Air Pollution: Lines that Connect. Journal of the Air and Waste
Management Association. 56: 1368–1380. http://dx.doi.org/10.1080/10473289.2006.10464545

Collins T. (2007) ImageJ for microscopy. Biotechniques, 43: 25–30.
Davidson, C., Wu, Y.-L., 1990. Dry deposition of particles and vapors. In: Lindberg, S.E., Page, A.L.,
Norton, S.A. (Eds.), Acidic Precipitation. Springer, New York.103-216

DEFRA (2015). City of London Air Quality Strategy 2015-2020. London:
https://www.cityoflondon.gov.uk/.../air-quality/.../city-of-london-air-quality-strategy
Department for Transport (2017). Traffic counts. AADF database. West midlands.
https://www.dft.gov.uk/traffic-counts/download.php
Dover, J.W. (2015). Green infrastructure: Incorporating plants and enhancing biodiversity in buildings
and urban environments. Routledge. Stoke-on-Trent.120-282.

IP
T

Dzierzanowski, K., Popek, R., Gawrońska, H., Saebø, A. and Gawroński, S.W. (2011). Deposition of
particulate matter of different size fractions on leaf surfaces and in waxes of urban forest
species. International Journal of Phytoremediation. 13:1037–46.

SC
R

http://dx.doi.org/10.1080/15226514.2011.552929

Faini, F., Labbé, C., Coll, J. (1999). Seasonal changes in chemical composition of epicuticular waxes
from the leaves of Baccharis linearis. Biochemical Systematics and Ecology. 27: 673–679.

U

http://dx.doi.org/10.1016/S0305-1978(98)00131-8.

N

Fernández, V., Sancho-Knapik, D., Guzmán, P., Peguero-Pina, J., Gil, L., Karabourniotis, G., Khayet,
M., Fasseas, C., Heredia-Guerrero, J.A., Heredia, A., Gil-Pelegrin, E. (2014). Wettability, polarity

A

and water absorption of holm oak leaves: effect of leaf side and age. Plant Physiology. 166:

M

168–180. http://dx.doi.org/10.1104/pp.114.242040

Freer-Smith, P.H., El-Khatib, A.A. & Taylor, G. (2004). Capture of particulate pollution by trees: a

ED

comparison of species typical of semi-arid areas (Ficus nitida and Eucalyptus globulus) with
European and north American species. Water Air and Soil Pollution. 155: 173–187.

PT

http://dx.doi.org/10.1016/j.envpol.2004.03.031
Freer-Smith, P.H., Beckett, K.P. and Taylor, G. (2005). Deposition velocities to Sorbus aria, Acer
campestre, Populus deltoides × trichocarpa “Beaupré”, Pinus nigra and × Cupressocyparis

CC
E

leylandii for coarse, fine and ultra-fine particles in the urban environment. Environmental
Pollution. 133:157–167. http://doi.org/10.1016/j.envpol.2004.03.031

Gemba, K. (2007). Shape effects on drag. Department of Aerospace Engineering, California State

A

University. https://www.wp-gemba.rhcloud.com/wp-ontent/uploads/2015/11/MAE440Exp01.pdf.
Accessed online on 01-08-2017.

Gillies, J.A., Nickling, W.G. & King, J. (2002). Drag coefficient and plant form response to wind speed
in three plant species: Burning Bush (Euonymus alatus), Colorado Blue Spruce (Picea pungens
glauca), and Fountain Grass (Pennisetum setaceum). Journal of Geophysical Research
Atmospheres. 107: 1–15. http://doi:10.1029/2001JD001259,2002
Gilmour, P.S., Brown, D.M., Lindsay, T.G., Beswick, P.H., MacNee, W. & Donaldson, K. (1996).

Adverse health effects of PM10 particles: involvement of iron in generation of hydroxyl radical.
Occupational and environmental medicine. 53: 817–822. http://doi.org/10.1136/oem.53.12.817
Kardel, F., Wuyts, K., Maher, B. a. & Samson, R. (2012). Intra-urban spatial variation of magnetic
particles: Monitoring via leaf saturation isothermal remanent magnetisation (SIRM). Atmospheric
Environment. 55: 111–120. http://dx.doi.org/10.1016/j.atmosenv.2012.03.025
Legg, B.J., Powell, F.A., (1979). Spore dispersal in barley crop: a mathematical model. Agricultural

IP
T

Meteorology. 20: 47–67.
Leonard, R.J., McArthur, C. and Hochuli, D.F. (2016). Particulate matter deposition on roadside plants

and the importance of leaf trait combinations. Urban Forestry and Urban Greening. 20: 249–253.

SC
R

http://dx.doi.org/10.1016/j.ufug.2016.09.008.

Litschke, T., Kuttler, W. (2008). On the reduction of urban particle concentration by vegetation - a
review . Meteorologische Zeitschrift. 17: 229–240.
Liu, L., Guan, D. & Peart, M.R. (2012). The morphological structure of leaves and the dust-retaining

U

capability of afforested plants in urban Guangzhou, South China. Environmental Science and

N

Pollution Research. 19:3440–3449. https://doi.org/10.1007/s11356-012-0876-2

A

Maher, B.A., Ahmed, I.A.M., Davison, B., Karloukovski, V. and Clarke, R. (2013). Impact of Roadside
Tree Lines on Indoor Concentrations of Traffic- Derived Particulate Matter. Environmental

M

Science and Technology. 47: 13737-13744. http://dx.doi.org/10.1021/es404363m

ED

McDonald, A.G., Bealey, W.J., Fowler, D., Dragosits, U., Skiba, U., Smith, R.I., Donovan, R.G., Brett,
H.E., Hewitt, C.N. & Nemitz, E. (2007). Quantifying the effect of urban tree planting on
concentrations

and

depositions

of

PM10

in

two

UK

conurbations.

Atmospheric

PT

Environment.41:8455–8467. http://dx.doi:10.1016/j.atmosenv.2007.07.025
Mori, J., Hanslin, H.M., Burchi, G. & Sæbø, A. (2015). Particulate matter and element accumulation on

CC
E

coniferous trees at different distances from a highway. Urban Forestry & Urban Greening.14:170–
177. http://dx.DOI:10.1016/j.ufug.2014.09.005

Ottelé, M., van Bohemen, H.D. and Fraaij, A.L.A. (2010). Quantifying the deposition of particulate
matter on climber vegetation on living walls. Ecological Engineering. 36: 154–162.

A

http://doi.org/10.1016/j.ecoleng.2009.02.007

Perini, K., Ottelé, M., Giulini, S., Magliocco, A. and Roccotiello, E. (2017). Quantification of fine dust
deposition on different plant species in a vertical greening system. Ecological Engineering. 100:
268–276. http://dx.doi.org/10.1016/j.ecoleng.2016.12.032
Petroff, A., Mailliat, A., Amielh, M. and Anselmet, F. (2008a). Aerosol dry deposition on vegetative
canopies. Part I: Review of present knowledge. Atmospheric Environment. 42: 3625–3653.
http://doi.org/10.1016/j.atmosenv.2007.09.043

Petroff, A., Mailliat, A., Amielh, M. & Anselmet, F. (2008b). Aerosol dry deposition on vegetative
canopies. Part II: A new modelling approach and applications. Atmospheric Environment.
42:3654–3683. http://.dx.doi:10.1016/j.atmosenv.2007.12.060
Petroff, A., Zhang, L., Pryor, S.C. & Belot, Y. (2009). An extended dry deposition model for aerosols
onto

broadleaf

canopies.

Journal

of

Aerosol

Science.

40:218–240.

http://.dx.doi:10.1016/j.jaerosci.2008.11.006
Prusty, B.A.K., Mishra, P.C., Azeez, P.A. (2005). Dust accumulation and leaf pigment content in

IP
T

vegetation near the national highway at Sambalpur, Orissa, India. Ecotoxicology and
Environmental Safety. 60: 228–235, http://dx.doi.org/10.1016/j.ecoenv. 2003.12.013

Qiu, Y., Guan, D., Song, W., Huang, K. (2009). Capture of heavy metals and sulfur by foliar dust in

SC
R

urban Huizhou, Guangdong Province, China. Chemosphere 75: 447–452.
http://dx.doi.org/10.1016/j.chemosphere.2008.12.061

Ram, S.S., Majumder, S., Chaudhuri, P., Chanda, S., Santra, S.C., Maiti, P.K., Sudarshan, M. and
Chakraborty, A. (2012). Plant canopies: bio-monitor and trap for re-suspended dust particulates

U

contaminated with heavy metals. Mitigation and Adaptation Strategies for Global Change. 19:499–

N

508. http://doi.org/10.1007/s11027-012-9445-8

A

Räsänen, J. V., Holopainen, T., Joutsensaari, J., Ndam, C., Pasanen, P., Rinnan, Å. & Kivimäenpää,
M. (2013). Effects of species-specific leaf characteristics and reduced water availability on fine

M

particle capture efficiency of trees. Environmental Pollution. 183:64–70.
http://dx.doi.org/10.1016/j.envpol.2013.05.015.

ED

Riddle, S.G., Robert, M.A., Jakober, C.A., Fine, P.M., Hays, M.D., Schauer, J.J. and Hannigan, M.P.
(2009). Source Apportionment of Fine Airborne Particulate Matter during a Severe Winter

PT

Pollution Episode. Environmental Science and Technology. 43:272–279.
Roupsard, P., Amielh, M., Maro, D., Coppalle, A., Branger, H., Connan, O., Laguionie, P., Hébert, D. &

CC
E

Talbaut, M. (2013). Measurement in a wind tunnel of dry deposition velocities of submicron aerosol
with associated turbulence onto rough and smooth urban surfaces. Journal of Aerosol Science.
55: 12–24. http://dx.doi.org/10.1016/j.jaerosci.2012.07.006

Sæbø, A., Popek, R., Nawrot, B., Hanslin, H.M., Gawronska, H. and Gawronski, S.W. (2012). Plant

A

species differences in particulate matter accumulation on leaf surfaces. Science of the Total
Environment. 427–428: 347–354. http://doi.org/10.1016/j.scitotenv.2012.03.084

Seaton, A., Godden, D., MacNee, W. and Donaldson, K. (1995). Particulate air pollution and acute
health effects. The Lancet. 345:176–178. https://doi.org/10.1016/S0140-6736(95)90173-6

Shackleton, K., Bell, N., Smith, H. and Davies, L. (2010). The role of shrubs and perennials in the
capture and mitigation of particulate air pollution in London. Centre for Environmental Policy.
Imperial College London.
Slinn, W.G.N. (1982). Predictions for particle deposition to vegetative canopies. Atmospheric
Environment. 16: 1785–1794. https://doi.org/10.1016/0004-6981(82)90271-2
Smith, W.H. (1977) Removal of atmospheric particulates by urban vegetation: implications for human

IP
T

and vegetative health. The Yale Journal of Botany and Medicine, 50:185-197.
Solomon, P.A., Costantini, M., Grahame, T.J., Gerlofs-Nijland, M.E., Cassee, F.R., Russell, A.G.,

Brook, J.R., Hopke, P.K., Hidy, G., Phalen, R.F., Saldiva, P., Sarnat, S.E., Balmes, J.R., Tager,

SC
R

I.B., Ozkaynak, H., Vedal, S., Wierman, S.S.G. and Costa, D.L. (2012). Air pollution and health:

bridging the gap from sources to health outcomes: conference summary. Air Quality Atmosphere
and Health. 5: 9–62. https://doi.org/10.1007/s11869-011-0161-4

U

Sternberg, T., Viles, H., Cathersides, A. and Edwards, M. (2010). Dust particulate absorption by ivy
(Hedera helix L) on historic walls in urban environments. Science of the Total Environment.

N

409:162–168. https://doi.org/10.1016/j.scitotenv.2010.09.022

A

Tallis, M., Taylor, G., Sinnett, D. & Freer-Smith, P. (2011). Estimating the removal of atmospheric
particulate pollution by the urban tree canopy of London, under current and future environments.

M

Landscape and Urban Planning. 103: 129–138. https://doi.org/10.1016/j.landurbplan.2011.07.003
Terzaghi, E., Wild, E., Zacchello, G., Cerabolini, B.E.L., Jones, K.C. and Di Guardo, A. (2013). Forest

ED

Filter Effect: Role of leaves in capturing/releasing air particulate matter and its associated PAHs.
Atmospheric Environment. 74: 378–384.http://doi.org/10.1016/j.atmosenv.2013.04.013

PT

Tomasevic, M. Vukmirovic, Z. Rajsic, S. Tasic, M. Stevanovic, B. (2005) Characterization of trace
metal particles deposited on some deciduous tree leaves in an urban area. Chemosphere.

CC
E

61:753–60. http://.dx.doi:10.1016/j.chemosphere.2005.03.077
UKpopulation (2017) Population of Stoke-on-Trent. http://ukpopulation2017.com/population-of-stokeon-trent-2017.html

Wang, H., Shi, H. and Li, Y. (2011). Leaf dust capturing capacity of urban greening plant species in

A

relation to leaf micromorphology . International Symposium on Water Resource and
Environmental Protection (ISWREP).2198–2201.

Wang, L., LIU, L., GAO, S., Hasi, E. and WANG, Z. (2006). Physicochemical characteristics of ambient
particles settling upon leaf surfaces of urban plants in Beijing. Journal of Environmental Science.
18:921-926
WHO (2005). Health effects of transport-related air pollution. Regional Office for Europe. Copenhagen,
http://www.euro.who.int/document/e86650.pdf

Weerakkody, U.,Dover, J.W.,Mitchell, P., Reiling, K. (2017) Particulate Matter pollution capture by
leaves of seventeen living wall species with special reference to rail-traffic at a metropolitan
station. Urban Forestry & Urban Greening. 27C: 173-186.

https://doi.org/10.1016/j.ufug.2017.07.005
Zhang, W., Wang, B. and Niu, X. (2017). Relationship between Leaf Surface Characteristics and
Particle

Capturing

Capacities

of

Different

Tree

Species

in

Beijing.

Forests.

8:92.

http://www.mdpi.com/1999-4907/8/3/92.

IP
T

Zulfacar A. (1975). Vegetation and urban environment. Journal of Urban Planning and Development.

A

CC
E

PT

ED

M

A

N

U

SC
R

101: 21-33.

List of figures
Fig. 1: Upper image: map showing the location of the experiment (circled) on Leek Road, Stoke-onTrent, UK Contains OS data ©Crown copyright and database right (2017). Lower image: the grassed
area adjacent to the Science Centre at Staffordshire University facing the Leek Road and the living wall
system. The location and direction of the photo taken is marked by the arrow in the (above) map
Fig. 2: ESEM images of synthetic leaves in different sizes showing their same surface structure (x50)
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Fig. 3: (a) an image of synthetic leaves designed with different leaf sizes but with the same shape and
micromorphology, and (b) an image of synthetic leaves designed with different shapes but with the

SC
R

same surface area and same micromorphology.

Fig. 4: Schematic diagram of an experimental rig holding equally sized and shaped leaf sections with
different micro-morphology arranged in a random order.

Fig 5: Mean±1SE PM densities on leaves of different sizes (small: 1.7 cm 2, medium: 28.9 cm 2, and

U

large: 59.6 cm2) but with the same shape and micromorphology (see further Fig. 3a). Species labeled
with the same letter are not significantly different from each other within the given particle size fraction

N

(PM1: a,b; PM2.5: c,d; PM10: e,f,g).

A

Fig. 6: Mean ±1SE PM densities on leaves of different shapes but with the same surface area (28.9
cm2) and micromorphology (see further Fig. 3b). Species labeled with same letters are not significantly

M

different from each other within the given particle size fraction (PM1: a,b; PM2.5: c,d; PM10: e,f,g).
Fig. 7: Mean ±1SE PM densities on real leaf sections with different micromorphology but with same

ED

surface area and shape. Species labeled with the same letters are not significantly different from each
other within the given particle size fraction (PM1: a,b; PM2.5: c,d,e; PM10: f,g,h,i).
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Fig. 8: Scanning Electron Microscope images (450x) of leaf micromorphology of the adaxial surface of

A
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a) B. cordifolia b) H. sternii c) H. villosa (Heuchera macrorhiza) and d) G. macrorrhizum

IP
T
SC
R
U
N
A
M
ED
PT
CC
E
A
Fig. 1: Upper image: map showing the location of the experiment (circled) on Leek Road, Stoke-onTrent, UK Contains OS data ©Crown copyright and database right (2017). Lower image: the grassed
area adjacent to the Science Centre at Staffordshire University facing the Leek Road and the living
wall system. The location and direction of the photo taken is marked by the arrow in the (above) map
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Fig. 2: ESEM images (x50) of synthetic leaves used in manipulative experiments where size or shape
were varied whilst holding other variables constant (see further Fig. 3). In this series of images, the
surface characteristics of small, medium, and large leaves (left to right) are visualized to demonstrate
their similar surface characteristics.
b
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Fig. 3: (a) an image of synthetic leaves designed with different leaf sizes but with the same shape and
surface characteristics, and (b) an image of synthetic leaves designed with different shapes but with
the same surface area and surface characteristics.

Fig. 4: Schematic diagram of an experimental rig holding equally sized and shaped leaf sections with
different micro-morphology arranged in a random order.
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large: 59.6 cm2) but with the same shape and surface characteristics (see further Fig. 3a). Species
labeled with the same letter are not significantly different from each other within the given particle size
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Fig. 6. Mean ±1SE PM densities on leaves of different shapes but with the same surface area (28.9
cm2) and surface characteristics (see further Fig. 3b). Species labeled with same letters are not
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significantly different from each other within the given particle size fraction (PM 1: a,b; PM2.5: c,d; PM10:
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other within the given particle size fraction (PM1: a,b; PM2.5: c,d,e; PM10: f,g,h,i).

Fig. 8 Scanning Electron Microscope images (450x) of leaf micromorphology of the adaxial surface of
a) B. cordifolia b) H. sternii c) H. villosa (Heuchera macrorhiza) and d) G. macrorrhizum

Table 1: Micromorphological characteristics of different species of plants used in the study
Species

Common

Description of leaf micro-morphology

name
Heart-leaf

Leaf surfaces were glossy and smooth. Sparsely

Fritsch

bergenia

arranged wax glands were present.

Helleborus x sternii Turrill

Hellebore,

Leaf surfaces were leathery but rough due to

blackthorn

densely arranged ridges and groves. Epicuticular

strain

wax layers were slightly prominent.

Autumn Bride

Leaf surfaces were velvety and slightly hairy (49

Heuchera villosa Michx.

IP
T

Bergenia cordifolia (L.)

hairs per 1 mm 2). Epicuticular wax was not

(Heuchera macrorhiza)

prominent.

Geranium macrorrhizum L.

SC
R

var. macrorhiza

Geranium

Leaf surfaces were covered with densely arranged

macrorrhizum

hairs (135 hairs per 1 mm 2) and glandular
trichomes. Epicuticular wax was localised and not

A
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E

PT

ED

M

A
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U

prominent.

