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a b s t r a c t  

Among air pollutants, particulate matter (PM) is considered to be the most serious threat to human 
health. Plants provide ecosystem services in urban areas, including reducing levels of PM by providing a 
surface for deposition and immobilization. While previous studies have mostly addressed woody species, 
we focus on herbaceous roadside vegetation and assess the role of species traits such as leaf surface 
roughness or hairiness for the immobilization of PM. We found that PM deposition patterns on plant 
surfaces reflect site-specific traffic densities and that strong differences in particulate deposition are 
present among species. The amount of immobilized PM differed according to particle type and size and 
was related to specific plant species traits. Our study suggests that herbaceous vegetation immobilizes a 
significant amount of the air pollutants relevant to human health and that increasing biodiversity of 
roadside vegetation supports air filtration and thus healthier conditions along street corridors. 

© 2013 Elsevier Ltd. All rights reserved. 
1. Introduction Since the mass of dust deposited per unit leaf area decreases 
Many cities suffer from excessive air pollution, and particulate 
matter (PM) is considered to be the air pollutant affecting human 
health most seriously (Dockery et al., 1993; Samet et al., 2000; 
WHO, 2007; UNEP, 2007). Particulate matter originates from nat
ural (e.g., volcanism, sea spray, bioaerosols such as volatile organic 
compounds) or anthropogenic sources (e.g., combustion of fossil 
fuels, industrial emissions, vehicular traffic, tire abrasion; 
Gorbachevskaya et al., 2007). In urban areas, road traffic is one of 
the major sources of PM (Janssen et al., 1997; Jain and Khare, 
2008; Belis et al., 2013) with the highest toxicity (WHO, 2005). 
Currently political pressure to act is increasing as established 
emission limits have been severely exceeded in many urban areas 
(UNEP, 2007). The ecosystem services of plants such as air filtra
tion are increasingly being taken into consideration as a means of 
preventing and ameliorating ambient air pollution 
(Gorbachevskaya et al., 2007; Jim and Chen, 2008; Litschke and 
Kuttler, 2008; Escobedo et al., 2011; Langner et al., 2011; Speak 
et al., 2012). 
.weber@mailbox.tu-berlin.de, 

All rights reserved. 
exponentially with increasing distance from the emission source 
(Freer-Smith et al., 1997; Kaur et al., 2005; Litschke and Kuttler, 
2008), vegetation should be as near as possible to the source of 
pollution, and the leaf surface should be as large as possible to 
maximize the efficiency of immobilization effects (Jim and Chen, 
2008; Litschke and Kuttler, 2008). Hence, roadside vegetation is 
expected to have a considerable effect at reducing environmental 
particulate pollution because it is situated very near to both motor 
vehicle traffic and exposed pedestrians. 

Previous studies have mostly confirmed the functioning of trees 
and some shrubs as dust filters, although with differing methods 
and results (Beckett et al., 1998; Freer-Smith et al., 2004, 2005; 
Nowak et al., 2006; Jim and Chen, 2008; Sæbø et al., 2012; Hofman 
et al., in press). Trees in particular have been promoted as biological 
filters because of their large leaf areas and physical surface prop
erties (Beckett et al., 1998), while the capacity of herbaceous 
vegetation to immobilize PM has been understudied so far. There is 
growing evidence, however, that trees in urban street corridors can 
also increase local air pollution due to reduced near-surface air 
exchange windspeed (Thönnessen, 2000; Ries and Eichhorn, 2001; 
Gromke and Ruck, 2007; Buccolieri et al., 2009). Urban roadside 
vegetation consists of a variety of vegetative structures beyond 
trees, including lawns and other types of herbaceous vegetation 
which could contribute to the immobilization of PM (Litschke and 
Kuttler, 2008). 

Delta:1_given name
Delta:1_surname
Delta:1_given name
mailto:fraukeweber@web.de
mailto:frauke.weber@mailbox.tu-berlin.de
mailto:frauke.weber1@gmx.net
http://crossmark.crossref.org/dialog/?doi=10.1016/j.envpol.2013.12.011&domain=pdf
www.sciencedirect.com/science/journal/02697491
http://www.elsevier.com/locate/envpol
http://dx.doi.org/10.1016/j.envpol.2013.12.011
http://dx.doi.org/10.1016/j.envpol.2013.12.011
http://dx.doi.org/10.1016/j.envpol.2013.12.011
https://www.researchgate.net/publication/49831272_Urban_forests_and_pollution_mitigation_analyzing_ecosystem_services_and_disservices?el=1_x_8&enrichId=rgreq-9a52cb1a-54de-4091-bb59-e4ce605723df&enrichSource=Y292ZXJQYWdlOzI1OTYyNjc4ODtBUzoxMDQ4NDEwODcwMjkyNThAMTQwMjAwNzQ3MjU3OA==
https://www.researchgate.net/publication/49831964_Determination_of_PM10_deposition_based_on_antimony_flux_to_selected_urban_surfaces?el=1_x_8&enrichId=rgreq-9a52cb1a-54de-4091-bb59-e4ce605723df&enrichSource=Y292ZXJQYWdlOzI1OTYyNjc4ODtBUzoxMDQ4NDEwODcwMjkyNThAMTQwMjAwNzQ3MjU3OA==
https://www.researchgate.net/publication/224895880_Plant_species_differences_in_particulate_matter_accumulation_on_leaf_surfaces_Sci_Total_Environ_427-428347-35?el=1_x_8&enrichId=rgreq-9a52cb1a-54de-4091-bb59-e4ce605723df&enrichSource=Y292ZXJQYWdlOzI1OTYyNjc4ODtBUzoxMDQ4NDEwODcwMjkyNThAMTQwMjAwNzQ3MjU3OA==
https://www.researchgate.net/publication/6422590_Urban_air_quality_in_mega_cities_A_case_study_of_Delhi_City_using_vulnerability_analysis?el=1_x_8&enrichId=rgreq-9a52cb1a-54de-4091-bb59-e4ce605723df&enrichSource=Y292ZXJQYWdlOzI1OTYyNjc4ODtBUzoxMDQ4NDEwODcwMjkyNThAMTQwMjAwNzQ3MjU3OA==
https://www.researchgate.net/publication/6422590_Urban_air_quality_in_mega_cities_A_case_study_of_Delhi_City_using_vulnerability_analysis?el=1_x_8&enrichId=rgreq-9a52cb1a-54de-4091-bb59-e4ce605723df&enrichSource=Y292ZXJQYWdlOzI1OTYyNjc4ODtBUzoxMDQ4NDEwODcwMjkyNThAMTQwMjAwNzQ3MjU3OA==
https://www.researchgate.net/publication/222411712_Air_Pollution_Removal_by_Urban_Trees_and_Shrubs_in_the_United_States?el=1_x_8&enrichId=rgreq-9a52cb1a-54de-4091-bb59-e4ce605723df&enrichSource=Y292ZXJQYWdlOzI1OTYyNjc4ODtBUzoxMDQ4NDEwODcwMjkyNThAMTQwMjAwNzQ3MjU3OA==
https://www.researchgate.net/publication/227269207_Capture_of_Particulate_Pollution_by_Trees_A_Comparison_of_Species_Typical_of_Semi-Arid_Areas_Ficus_Nitida_and_Eucalyptus_Globulus_with_European_and_North_American_Species?el=1_x_8&enrichId=rgreq-9a52cb1a-54de-4091-bb59-e4ce605723df&enrichSource=Y292ZXJQYWdlOzI1OTYyNjc4ODtBUzoxMDQ4NDEwODcwMjkyNThAMTQwMjAwNzQ3MjU3OA==
https://www.researchgate.net/publication/243777143_Fine_Particulate_air_pollution_and_Mortality_in_20_U?el=1_x_8&enrichId=rgreq-9a52cb1a-54de-4091-bb59-e4ce605723df&enrichSource=Y292ZXJQYWdlOzI1OTYyNjc4ODtBUzoxMDQ4NDEwODcwMjkyNThAMTQwMjAwNzQ3MjU3OA==
https://www.researchgate.net/publication/226889499_Staubfilterung_und_immissionshistorische_Aspekte_am_Beispiel_fassadenbegrunenden_Wilden_Weines_Parthenocissus_tricuspidata?el=1_x_8&enrichId=rgreq-9a52cb1a-54de-4091-bb59-e4ce605723df&enrichSource=Y292ZXJQYWdlOzI1OTYyNjc4ODtBUzoxMDQ4NDEwODcwMjkyNThAMTQwMjAwNzQ3MjU3OA==
https://www.researchgate.net/publication/236850657_Critical_review_and_meta-analysis_of_ambient_particulate_matter_source_apportionment_using_receptor_models_in_Europe?el=1_x_8&enrichId=rgreq-9a52cb1a-54de-4091-bb59-e4ce605723df&enrichSource=Y292ZXJQYWdlOzI1OTYyNjc4ODtBUzoxMDQ4NDEwODcwMjkyNThAMTQwMjAwNzQ3MjU3OA==
https://www.researchgate.net/publication/8610966_Urban_woodlands_the_role_in_reducing_effects_of_particulate_pollution_Environ_Poll?el=1_x_8&enrichId=rgreq-9a52cb1a-54de-4091-bb59-e4ce605723df&enrichSource=Y292ZXJQYWdlOzI1OTYyNjc4ODtBUzoxMDQ4NDEwODcwMjkyNThAMTQwMjAwNzQ3MjU3OA==
https://www.researchgate.net/publication/8610966_Urban_woodlands_the_role_in_reducing_effects_of_particulate_pollution_Environ_Poll?el=1_x_8&enrichId=rgreq-9a52cb1a-54de-4091-bb59-e4ce605723df&enrichSource=Y292ZXJQYWdlOzI1OTYyNjc4ODtBUzoxMDQ4NDEwODcwMjkyNThAMTQwMjAwNzQ3MjU3OA==
https://www.researchgate.net/publication/8611138_The_uptake_of_particulates_by_an_urban_woodland_Site_description_and_particulate_composition?el=1_x_8&enrichId=rgreq-9a52cb1a-54de-4091-bb59-e4ce605723df&enrichSource=Y292ZXJQYWdlOzI1OTYyNjc4ODtBUzoxMDQ4NDEwODcwMjkyNThAMTQwMjAwNzQ3MjU3OA==
https://www.researchgate.net/publication/26665106_Aerodynamic_effects_of_trees_on_pollutant_concentration_in_street_canyons?el=1_x_8&enrichId=rgreq-9a52cb1a-54de-4091-bb59-e4ce605723df&enrichSource=Y292ZXJQYWdlOzI1OTYyNjc4ODtBUzoxMDQ4NDEwODcwMjkyNThAMTQwMjAwNzQ3MjU3OA==
https://www.researchgate.net/publication/15018915_An_Association_Between_Air_Pollution_and_Mortality_in_Six_US_Cities?el=1_x_8&enrichId=rgreq-9a52cb1a-54de-4091-bb59-e4ce605723df&enrichSource=Y292ZXJQYWdlOzI1OTYyNjc4ODtBUzoxMDQ4NDEwODcwMjkyNThAMTQwMjAwNzQ3MjU3OA==
https://www.researchgate.net/publication/223192623_Mass_concentration_and_elemental_composition_of_airborne_particulate_matter_at_street_and_background_locations_Atmos_Environ?el=1_x_8&enrichId=rgreq-9a52cb1a-54de-4091-bb59-e4ce605723df&enrichSource=Y292ZXJQYWdlOzI1OTYyNjc4ODtBUzoxMDQ4NDEwODcwMjkyNThAMTQwMjAwNzQ3MjU3OA==
https://www.researchgate.net/publication/6332031_Assessing_the_ecosystem_service_of_air_pollutant_removal_by_urban_trees_in_Guangzhou_China?el=1_x_8&enrichId=rgreq-9a52cb1a-54de-4091-bb59-e4ce605723df&enrichSource=Y292ZXJQYWdlOzI1OTYyNjc4ODtBUzoxMDQ4NDEwODcwMjkyNThAMTQwMjAwNzQ3MjU3OA==
https://www.researchgate.net/publication/6332031_Assessing_the_ecosystem_service_of_air_pollutant_removal_by_urban_trees_in_Guangzhou_China?el=1_x_8&enrichId=rgreq-9a52cb1a-54de-4091-bb59-e4ce605723df&enrichSource=Y292ZXJQYWdlOzI1OTYyNjc4ODtBUzoxMDQ4NDEwODcwMjkyNThAMTQwMjAwNzQ3MjU3OA==
https://www.researchgate.net/publication/6332031_Assessing_the_ecosystem_service_of_air_pollutant_removal_by_urban_trees_in_Guangzhou_China?el=1_x_8&enrichId=rgreq-9a52cb1a-54de-4091-bb59-e4ce605723df&enrichSource=Y292ZXJQYWdlOzI1OTYyNjc4ODtBUzoxMDQ4NDEwODcwMjkyNThAMTQwMjAwNzQ3MjU3OA==
https://www.researchgate.net/publication/6332031_Assessing_the_ecosystem_service_of_air_pollutant_removal_by_urban_trees_in_Guangzhou_China?el=1_x_8&enrichId=rgreq-9a52cb1a-54de-4091-bb59-e4ce605723df&enrichSource=Y292ZXJQYWdlOzI1OTYyNjc4ODtBUzoxMDQ4NDEwODcwMjkyNThAMTQwMjAwNzQ3MjU3OA==
https://www.researchgate.net/publication/223583100_Pedestrian_exposure_to_air_pollution_along_a_major_road_in_Central_London_UK?el=1_x_8&enrichId=rgreq-9a52cb1a-54de-4091-bb59-e4ce605723df&enrichSource=Y292ZXJQYWdlOzI1OTYyNjc4ODtBUzoxMDQ4NDEwODcwMjkyNThAMTQwMjAwNzQ3MjU3OA==
https://www.researchgate.net/publication/233687598_Simulation_of_effects_of_vegetation_on_the_dispersion_of_pollutants_in_street_canyons?el=1_x_8&enrichId=rgreq-9a52cb1a-54de-4091-bb59-e4ce605723df&enrichSource=Y292ZXJQYWdlOzI1OTYyNjc4ODtBUzoxMDQ4NDEwODcwMjkyNThAMTQwMjAwNzQ3MjU3OA==
https://www.researchgate.net/publication/228352471_On_the_reduction_of_urban_particle_concentration_by_vegetation_-_a_review_Meteorol_Z?el=1_x_8&enrichId=rgreq-9a52cb1a-54de-4091-bb59-e4ce605723df&enrichSource=Y292ZXJQYWdlOzI1OTYyNjc4ODtBUzoxMDQ4NDEwODcwMjkyNThAMTQwMjAwNzQ3MjU3OA==
https://www.researchgate.net/publication/228352471_On_the_reduction_of_urban_particle_concentration_by_vegetation_-_a_review_Meteorol_Z?el=1_x_8&enrichId=rgreq-9a52cb1a-54de-4091-bb59-e4ce605723df&enrichSource=Y292ZXJQYWdlOzI1OTYyNjc4ODtBUzoxMDQ4NDEwODcwMjkyNThAMTQwMjAwNzQ3MjU3OA==
https://www.researchgate.net/publication/228352471_On_the_reduction_of_urban_particle_concentration_by_vegetation_-_a_review_Meteorol_Z?el=1_x_8&enrichId=rgreq-9a52cb1a-54de-4091-bb59-e4ce605723df&enrichSource=Y292ZXJQYWdlOzI1OTYyNjc4ODtBUzoxMDQ4NDEwODcwMjkyNThAMTQwMjAwNzQ3MjU3OA==
https://www.researchgate.net/publication/228352471_On_the_reduction_of_urban_particle_concentration_by_vegetation_-_a_review_Meteorol_Z?el=1_x_8&enrichId=rgreq-9a52cb1a-54de-4091-bb59-e4ce605723df&enrichSource=Y292ZXJQYWdlOzI1OTYyNjc4ODtBUzoxMDQ4NDEwODcwMjkyNThAMTQwMjAwNzQ3MjU3OA==
https://www.researchgate.net/publication/228352471_On_the_reduction_of_urban_particle_concentration_by_vegetation_-_a_review_Meteorol_Z?el=1_x_8&enrichId=rgreq-9a52cb1a-54de-4091-bb59-e4ce605723df&enrichSource=Y292ZXJQYWdlOzI1OTYyNjc4ODtBUzoxMDQ4NDEwODcwMjkyNThAMTQwMjAwNzQ3MjU3OA==
https://www.researchgate.net/publication/228352471_On_the_reduction_of_urban_particle_concentration_by_vegetation_-_a_review_Meteorol_Z?el=1_x_8&enrichId=rgreq-9a52cb1a-54de-4091-bb59-e4ce605723df&enrichSource=Y292ZXJQYWdlOzI1OTYyNjc4ODtBUzoxMDQ4NDEwODcwMjkyNThAMTQwMjAwNzQ3MjU3OA==
https://www.researchgate.net/publication/228352471_On_the_reduction_of_urban_particle_concentration_by_vegetation_-_a_review_Meteorol_Z?el=1_x_8&enrichId=rgreq-9a52cb1a-54de-4091-bb59-e4ce605723df&enrichSource=Y292ZXJQYWdlOzI1OTYyNjc4ODtBUzoxMDQ4NDEwODcwMjkyNThAMTQwMjAwNzQ3MjU3OA==
https://www.researchgate.net/publication/257522135_Urban_particulate_pollution_reduction_by_four_species_of_green_roof_vegetation_in_a_UK_city?el=1_x_8&enrichId=rgreq-9a52cb1a-54de-4091-bb59-e4ce605723df&enrichSource=Y292ZXJQYWdlOzI1OTYyNjc4ODtBUzoxMDQ4NDEwODcwMjkyNThAMTQwMjAwNzQ3MjU3OA==
https://www.researchgate.net/publication/257522135_Urban_particulate_pollution_reduction_by_four_species_of_green_roof_vegetation_in_a_UK_city?el=1_x_8&enrichId=rgreq-9a52cb1a-54de-4091-bb59-e4ce605723df&enrichSource=Y292ZXJQYWdlOzI1OTYyNjc4ODtBUzoxMDQ4NDEwODcwMjkyNThAMTQwMjAwNzQ3MjU3OA==
https://www.researchgate.net/publication/222946710_Influence_of_trees_on_the_dispersion_of_pollutants_in_an_urban_street_canyon-Experimental_investigation_of_the_flow_and_concentration_field?el=1_x_8&enrichId=rgreq-9a52cb1a-54de-4091-bb59-e4ce605723df&enrichSource=Y292ZXJQYWdlOzI1OTYyNjc4ODtBUzoxMDQ4NDEwODcwMjkyNThAMTQwMjAwNzQ3MjU3OA==
https://www.researchgate.net/publication/297564043_Wissenschaftlicher_Erkenntnisstand_uber_das_Feinstaubfilterungspotential_von_Pflanzen_qualitativ_und_quantitativ_Ergebnisse_der_Literaturstudie?el=1_x_8&enrichId=rgreq-9a52cb1a-54de-4091-bb59-e4ce605723df&enrichSource=Y292ZXJQYWdlOzI1OTYyNjc4ODtBUzoxMDQ4NDEwODcwMjkyNThAMTQwMjAwNzQ3MjU3OA==
https://www.researchgate.net/publication/297564043_Wissenschaftlicher_Erkenntnisstand_uber_das_Feinstaubfilterungspotential_von_Pflanzen_qualitativ_und_quantitativ_Ergebnisse_der_Literaturstudie?el=1_x_8&enrichId=rgreq-9a52cb1a-54de-4091-bb59-e4ce605723df&enrichSource=Y292ZXJQYWdlOzI1OTYyNjc4ODtBUzoxMDQ4NDEwODcwMjkyNThAMTQwMjAwNzQ3MjU3OA==


235 F. Weber et al. / Environmental Pollution 186 (2014) 234e240 
Since the surface properties of objects are known to influence 
particle immobilization (Beckett et al., 1998), it has been hy
pothesized that plant species will differ in their ability to scavenge 
dust-laden air due to their differing features such as habitus; 
canopy height; or position, size, and morphology of leaves 
(Beckett et al., 1998; Gorbachevskaya et al., 2007; Litschke and 
Kuttler, 2008). In particular, the shape and surface of individual 
leaves (or needles) have been studied as predictors of particulate 
deposition in a few woody species (Litschke and Kuttler, 2008). An 
increased roughness of leaf surface due to the presence of three-
dimensional leaf structures such as hairs, scales, glands, furrows, 
and veins, has been found to increase particulate accumulation 
(Yunus et al., 1985; Pyatt and Haywood, 1989; Pfanz and Flohr, 
2007; Litschke and Kuttler, 2008; Jamil et al., 2009; Mitchell 
et al., 2010). Moreover, characteristics of the vegetation such as 
flow-through due to plant architecture, phenology, and the posi
tion within the urban environment are expected to influence air 
filtration by plants (Gorbachevskaya et al., 2007; Litschke and 
Kuttler, 2008). 

Particulate matter size is classified as ultra fine (:0.1 mm), fine 
(0.1e2.5 mm), coarse (2.5e10 mm), and supercoarse (>10 mm) (EPA, 
2009) and is directly linked to potential health risks. The ultra fine 
and fine particulates in particular have been the focus of research 
(e.g., Cohen et al., 2005), since they can be inhaled into the alveoli of 
the lungs and hence are particularly harmful. Effects of coarse 
airborne particles on health are gaining increasing attention, as 
there is reason to believe the related health effects may have been 
underappreciated in the past (Brunekreef and Forsberg, 2004; 
Yeatts et al., 2007; Cho et al., 2009). 

In our study we assessed deposition of coarse PM on herbaceous 
plant surfaces quantitatively and qualitatively by using light mi
croscopy. We focused on the role of spontaneous (i.e., non-planted) 
herbaceous roadside vegetation for immobilizing traffic-related 
particles in urban areas. We aimed to answer the following ques
tions: 1) Do PM deposition patterns on plant surfaces reflect site-
specific traffic densities? 2) Do the rates of accumulated particles 
differ with particle type (i.e., transparent, biogenic, or non
transparent particles) or particle size? 3) Does the amount of 
accumulated PM on plant leaves differ among different species of 
plants? 4) Do leaf traits (e.g., size, roughness, or presence of hairs) 
affect the amount of captured matter? 
Table 1 
Description of sampled herbaceous roadside species including leaf morphology with adax
smooth leaves; 3 ¼ dispersed haired rough leaves; 4 ¼ dispersed haired smooth leaves; 5 
distributed, l ¼ half-rosette, m ¼ rosette) and mean sampling height. Number of sample

Species name Common name Samples per site/transects per 
leaf and traffic density 

High Medium Low

Achillea millefolium Common yarrow 5/3 5/3 5/3
Artemisia vulgaris Common wormwood ND 5/3 5/3
Berteroa incana Hoary allysum 5/3 5/3 5/3
Chenopodium album Lambsquarters 5/3 5/3 3/3
Convolvulus arvensis Field bindweed 5/3 ND ND
Elytrigia repens Quackgrass 5/2 ND 5/3
Erodium cicutarium Redstem stork’s bill 5/3 5/3 ND
Festuca rubra Red fescue ND 5/2 5/3
Galinsoga parviflora Gallant soldier 5/3 5/3 4/3
Lolium perenne Perennial ryegrass 5/3 5/2 5/3
Plantago lanceolata Narrowleaf plantain 5/3 5/3 5/3
Poa pratensis Kentucky bluegrass ND 5/3 ND
Polygonum aviculare Prostrate knotweed 5/3 4/2 4/2
Sysimbrium loeselii Small tumbleweed 5/3 ND ND

mustard 
Taraxacum officinale Common dandelion 5/3 5/3 5/3
Trifolium repens White clover ND 5/3 5/3
2. Methods 

We analyzed randomly sampled herbaceous plant leaves on three sites in Berlin 
with low, medium, and high traffic densities (for site description see Table 1, Fig. 1) by  
light microscopy. Site selection was based on results of vehicle counts by local author
ities (Senstadt, 2010). We harvested spontaneous, i.e., non-planted, species occurring 
frequently along roadsides. The plant species had different leaf traits (leaf size, leaf 
distribution, leaf surface roughness, and hairiness) that are expected to influence par
ticle accumulation (for description of leaf characteristics, see Table 1). We classified 
species’ adaxial leaf structure according to the presence of three-dimensional leaf 
structures such as hairs, scales, glands, furrows, and veins in 1 ¼ densely haired rough 
leaves; 2 ¼ densely haired smooth leaves; 3 ¼ dispersed haired rough leaves; 
4 ¼ dispersed haired smooth leaves; 5 ¼ glabrous rough leaves; 6 ¼ glabrous smooth 
leaves) and species’ leaf distribution as: i) regularly distributed, ii) half-rosette or iii) 
rosette; see Table 1). Plant leaves were harvested after one growing season, i.e., in the 
beginning of October, and frozen in collection tubes at -18 °C after collection. For each 
sample the height at which the collected leaf was attached to the plant axis was noted. 
Samples were handled carefully to minimize any disruption or removal of particles. In 
total, we randomly sampled 16 species (Tables 1 and 2). 

Particles deposited on the samples were determined quantitatively (number 
and size of particles) and qualitatively (type of particles) under a microscope with 
magnification 1:200 by adapting approaches used in passive sampling and deter
mination of coarse particles (VDI, 1997). For each sampled plant leaf, we counted 
attached particles on the upper sides of leaves on two or three transects of a defined 
surface area (1.8 mm2 or 1.08 mm2). For statistical analyses, particle counts were 
averaged for 1 mm2. Particle size was determined by using a net micrometer dis
tinguishing six size classes: 3e10 mm, 11e15 mm, 16e30 mm, 31e60 mm, 61e120 mm, 
121e180 mm. We classified particles according to Feret’s statistical diameter (Walton, 
1948) as the distance between the tangents perpendicular to the measuring direc
tion. Particles were distinguished into three types based on optical and morpho
logical features according to VDI (1979), and McCrone et al. (1979): i) transparent: 
inorganic minerogenic particles; ii) biogenic: pollen grains or other organic parti
cles, and iii) non-transparent: anthropogenic sooty combustion residues or tire 
abrasion particles. 

The interactions of particulate count (per mm2) on the leaves, roadside species, 
and local traffic burden were analyzed by generalized linear models (GLM). Partic
ulate count of different size classes on the leaves was taken as the response variable, 
and parameters which characterized the local particle burden (traffic density, par
ticle type) and leaf-related parameters (surface roughness, hairiness, size, and leaf 
distribution along stem) were taken as explanatory variables. Correlation between 
traffic density and amount of PM on plant leaves was analyzed by Spearman’s rank 
correlation. Particle number on leaves of herbs versus grasses at a definite time was 
analyzed by ManneWhitney test. All statistical analyses were done using PASW 
Statistics 19. 
3. Results 

Overall, the amount of PM on the leaves of roadside species 
(count/mm2 leaf surface) differed according to traffic density, 
ial leaf structure and hairiness (1 ¼ densely haired rough leaves; 2 ¼ densely haired 
¼ glabrous rough leaves; 6 ¼ glabrous smooth leaves), leaf distribution (k ¼ regularly 
s per site and counted sampled per leaf are given. ND: not determined. 

Mean sample Leaf morphology Leaf size Leaf distribution 
height (m) 

 

 0.32 1 Small l 
 0.40 6 Medium k 
 0.23 2 Small k 
 0.25 1 Medium k 
 0.27 5 Medium k 
 0.27 3 Small k 
 0.01 3 Small m 
 0.2 3 Small l 
 0.31 4 Medium k 
 0.05 3 Small l 
 0.01 3 Medium m 
 0.07 4 Small k 
 0.17 2 Small k 
 0.43 1 Medium k 

 0.01 5 Medium m 
 0.08 6 Medium k 
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Fig. 1. Urban road network of Berlin, Germany (black: roads with >5000 vehicles/day; gray: roads with <5000 vehicles/day, adapted from Senstadt, 2010) and location and im
pressions of study sites with low (A ¼ Schmitt-Ott-Straße, a vegetated strip along a secondary road with <5000 vehicles/day), medium (B ¼ Buschkrugallee, a median of a main road 
with 20,000e30,000 vehicles/day) and high (C ¼ Frankfurter Allee, a median of an arterial road with 50,000e60,000 vehicles/day) traffic density within the city of Berlin, Germany. 
particle type, and species (Fig 2). A GLM revealed significant in-
teractions of PM amounts with traffic density, particle type, and 
species (Table 3A). Overall, densely haired leaves captured signifi-
cantly more particles than species with dispersed haired or 
glabrous leaves (Fig. 3). 

The amount of PM captured on the plant leaves increased with 
traffic burden (Fig. 2). The amount of total non-transparent (NT) 
and biogenic (B) PM on the leaves was significantly correlated with 
traffic density (NT: r ¼ 0.598, p ¼ 0.000; B: r ¼ 0.105, p ¼ 0.016). In 
contrast, the amount of transparent PM was not correlated with 
traffic density (r ¼ -0.028, p ¼ 0.524). 

Non-transparent particles made up the greatest fraction of the 
total PM, accounting for 97% of the total particle counts for the site 
with high traffic density, 86% for the site with medium traffic 
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density and 78% with low traffic density. Particles of the smallest 
size class (3e10 mm) were more frequent than larger particles 
(Table 2). 

Particle counts on the leaves also differed according to selected 
species traits. A GLM revealed significant interactions of particle 
concentrations and leaf surface roughness, leaf hairiness, and 
sampling height (Table 3). Herbs did not collect significantly more 
particulates on the leaves than grasses (p ¼ 0.229). 

Sampling height of plant leaves ranged from 1 to 71 cm and 
showed significant interactions with PM amounts on the leaves 
(Table 3A). Leaves harvested above the median sampling height 
(15 cm) accumulated greater amounts of PM than leaves located 
below this position. Species and sample height showed no signifi
cant interaction with PM amounts on the leaves. Leaf size and 
distribution along stem showed no significant interaction with PM 
amounts on the leaves. 

Sisymbrium loeselii, a species with rough dispersed haired 
leaves, captured the greatest amount of PM on the leaves, in terms 
of both highest mean and maximum (Table 2). Polygonum aviculare, 
a rather low-growing species with small hairy leaves, had the 
second highest amount of PM on the leaves, followed by Convol
vulus arvensis, a creeper with rough leaves (Table 2). Other high PM 
accumulators were Chenopodium album, a species with glandular 
hairs on the leaves, which thus appear mealy, Achillea millefolium, 
with pinnate hairy leaves, Berteroa incana with dense stellate hairs, 
and Galinsoga parvifl ora, a species with dispersed haired leaves 
(Table 2). Artemisia vulgaris, a species with smooth adaxial leaves, 
and Erodium cicutarium, a rather low-growing species with pinnate 
dispersed haired leaves, captured fewer particles than the above-
mentioned high accumulating species (Table 2, Fig. 2). 

Considerably fewer particles were captured on the leaves of the 
grass Lolium perenne, of  Taraxacum offi cinale, a rosette plant with 
smooth glabrous leaves, and by other species such as Elytrigia 
repens, Poa pratensis, Plantago lanceolata. The fewest particles were 
captured by the herb Trifolium repens, which has smooth leaves, 
and the grass Festuca rubra, which has dispersed haired rough 
leaves (Table 2). 

4. Discussion 

The influence of species traits such as leaf morphology on PM 
deposition on plant surfaces has been investigated thus far mainly 
in woody species (Litschke and Kuttler, 2008). To our knowledge 
this is the first study focusing on filtration capacities of grasses and 
herbaceous species that frequently grow along roadsides, the main 
sites of human exposure to particulate matter in urban environ
ments. Our main results can be summarized as follows: Particulate 
matter deposition on plant surfaces corresponded to site-specific 
traffic densities, differed in terms of particle types and sizes and 
among plant species, and was related to plant species traits. 

Overall, our results illustrate the capacity of herbaceous plants 
to immobilize locally occurring air pollutants that are highly rele
vant for human health. Although previous research has largely 
focused on fine particles (PM < 2.5 mm), the relevance of coarse 
particles, the subject of our study, for human health is increasingly 
acknowledged (Brunekreef and Forsberg, 2004; Yeatts et al., 2007; 
Cho et al., 2009). A Canadian study found that higher daily mean 
levels of coarse particulates were associated with increased car
diovascular mortality, whereas PM < 2.5 mm did not predict mor
tality significantly (Villeneuve et al., 2003). In another study, coarse 
particles were more toxic to alveolar macrophages than were fine 
particles (Kleinman et al., 2005). Non-transparent particles are 
primarily of anthropogenic origin and frequently consist of com
bustion residues and abrasion materials (VDI, 1997); they have 
been shown to have the most significant effects on public health 
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(CAFE, 2004). Thus far, it has not been possible to establish 
threshold concentrations below which PM pollution showed no 
effects on public health; thus any reduction in PM concentrations is 
beneficial to people (WHO, 2005). Our results thus suggest bene
ficial effects of PM immobilization on plant leaves for human 
health. Yet further research should consider whether such effects 
are diminished by resuspension of PM from living or dead plant 
surfaces. In our study, traffic burden was reflected in particulate 
deposition on herbaceous plant leaves (Fig. 2). This result suggests 
that herbaceous plant leaves immobilize particulates where they 
actually mostly occur, thus providing relief from air pollution next 
to busy roads. Also earlier studies report larger amounts of PM 
being captured on plant leaves at highly polluted sites compared to 
less polluted sites (Beckett et al., 2000; Freer-Smith et al., 2005; 
Säumel et al., 2012 analogously for trace metals). 

Non-transparent particles made up the greatest share of 
captured particles by all species on all sites, which was probably 
due to the higher proportion of anthropogenic sources in urban 
agglomerations in general and of traffic-induced non-transparent 
particles in particular (Janssen et al., 1997; Lenschow et al., 2001; 
Keuken et al., 2013). In contrast a study conducted in a woodland 
showed more organic than inorganic particles on oak leaves (Freer-
Smith et al., 1997). Particles of the smallest size range (3e10 mm) 
were captured most frequently on the plant leaves. This result adds 
evidence to some previous studies finding mean particle diameters 
of 6.0e9.0 mm on oak leaves (Freer-Smith et al., 1997). Another 
study found that large particles (>10 mm) on plant leaves are rather 
rare compared to those <10 mm (Ottelé et al., 2010). These con
tradictory results might be due to differing study sites and particle 
assessment methods. 

4.1. Biodiversity matters in PM deposition on plant leaves 

All sampled species contributed to particle immobilization, but 
the amount of captured PM significantly depended on leaf traits 
and plant height (Table 3B). Moreover, individual species captured 
PM of different size classes and particle types (Table 2, Fig. 2). One 
important result of our study thus was that species diversity of 
roadside vegetation matters in immobilizing PM. Species with 
densely haired leaves proved to be most effective at retaining PM 
(Fig. 3). This result suggests that mechanisms determining plant 
leaves’ efficiency at capturing particulates in woody species (e.g. 
Fig. 2. Mean biogenic (B), transparent (T) and non-transparent (NT) particulate matter (cou
120 mm, 121e180 mm) on the leaves of common roadside species (AM ¼ Achillea mil
CO ¼ Convolvulus arvensis, EC  ¼ Erodium cicutarium, ER  ¼ Elytrigia repens, FR  ¼ Festuca rubra,
lanceolata, PP  ¼ Poa pratensis, SL  ¼ Sisymbrium loeselii, TA  ¼ Taraxacum officinale, TR  ¼ Trifoliu
the different scales of y-axis. For further information on sampled species, see Table 1. 
Pyatt and Haywood, 1989; Beckett et al., 2000; Jamil et al., 2009; 
Sæbø et al., 2012) apply equally for herbaceous species. 

In contrast to former studies that found grasses to collect less 
PM than herbs (Pyatt, 1973; Jonas, 1984) and a recent study that 
found grasses to be more effective than perennial herbs at filtering 
dust on green roofs (Speak et al., 2012), we found no significant 
differences between the two groups of plants. Rather, individual 
plant characteristics appear to be more relevant for air filtration 
capacities than membership in the group of grasses or herbs. 

Accumulated PM amounts significantly depended on sampling 
height of plant leaves, whereby tall-growing herbs with leaves 
regularly distributed along the whole stem collected more parti
cles than low-growing species. Thus, structurally diverse and 
abundant roadside vegetation with large leaf areas at different 
heights is expected to foster immobilization effects. Earlier studies 
on shrubs and trees (Steubing and Klee, 1970; Pyatt, 1973; Prusty 
et al., 2005; Wang et al., 2006) or sticky collection plates 
(Helbing, 1973) found decreasing numbers of particles with 
increasing sampling height. Other authors described higher PM 
densities on plants at low sampling heights (e.g. Wang et al., 2006; 
Sæbø et al., 2012) compared to taller woody species and attributed 
this effect to the resuspension of road dust or soil splash. A 
maximum concentration of airborne pollutants at a height of 2 m 
and a minimum concentration at a height of 4 m were observed 
for an urban green façade (Thönnessen, 2000), while there was no 
effect of sampling height on the amount of accumulated PM on a 
free-standing noise protection wall next to a road (Ottelé et al., 
2010). Since the mentioned studies differed widely in methodo
logical approaches, standardized approaches are needed to shed 
light on general patterns of particulate immobilization in relation 
to plant heights. 

4.2. Enhancing air filtration capacity of roadside vegetation beyond 
trees 

For reducing traffic-born PM emissions, technical approaches 
(e.g., particulate filters) and non-technical approaches (e.g., shaping 
of traffic flows) have been applied to reduce health risks for urban 
residents (UBA, 2009). Greening measures could complement air 
pollution mitigation policies effectively due to the potential of ur
ban vegetation to remove air pollution (Jim and Chen, 2008; 
Escobedo and Nowak, 2009). 
nt/mm2) of different size classes (I ¼ 3e10 mm, 11e15 mm, 16e30 mm, 31e60 mm, 61e 
lefolium, AV  ¼ Artemisia vulgaris, BI  ¼ Berteroa incana, CA  ¼ Chenopodium album, 
GP  ¼ Galinsoga parviflora, LP  ¼ Lolium perenne, PA  ¼ Polygonum aviculare, PL  ¼ Plantago 
m repens) on study sites with A) high, B) medium and C) low traffic density. Please note 
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Table 3 
Generalized linear model (GLM) results with number of particles of different size 
classes as the response variable and A) species (sp) and sample height (h) of the 
plant leaves, traffic density (td), and particle type (pt) as explanatory variables: w 
h þ td þ pt þ sp þ td*pt þ td*sp þ pt*sp þ td*pt*sp; and B) leaf morphology 
(struc ¼ surface roughness, leaf hairiness) of the plant leaves, traffic density (td), and 
particle type (pt) as explanatory variables: w 
struc þ pt þ td þ struc*pt þ struc*td þ pt*td þ struc*pt*td. Given are main effects 
and interactions of factors. GLM algorithm is Pillai’s Trace. The significance level is 
p < 0.05. Mean squares (MS), F values, degrees of freedom (Df) and p values (P) are 
given. For further information on sampled species, see Table 1. 

Effect MS F Df P 

A 
Intercept 0.188 54.215 6 0.000 
h 0.021 5.132 6 0.000 
td 0.244 32.688 12 0.000 
pt 0.563 91.994 12 0.000 
sp 0.433 7.329 90 0.000 
td*pt 0.381 24.772 24 0.000 
td*sp 0.509 6.893 114 0.000 
pt*sp 0.738 6.608 180 0.000 
td*pt*sp 0.773 5.502 228 0.000 
B 
Intercept 0.513 264.301 6 0.000 
struc 0.143 7.399 30 0.000 
pt 0.503 84.387 12 0.000 
td 0.222 31.313 12 0.000 
struc*pt 0.263 6.938 60 0.000 
struc*td 0.210 6.093 54 0.000 
pt*td 0.342 23.521 24 0.000 
struc*pt*td 0.303 4.469 108 0.000 
The prevailing focus on ecosystem services provided by tree 
species (Jim and Chen, 2008; Escobedo and Nowak, 2009) is mostly 
justified by the large biomass and related leaf surface areas of trees. 
Yet tree plantings can be challenging under some urban conditions 
because (i) they can reduce near-surface air exchange and affect 
windspeed, thereby increasing local air pollution by up to 20% in 
some cases (Litschke and Kuttler, 2008; Salim et al., 2011; Vos et al., 
2012); (ii) urban street trees are exposed to multiple stressors 
resulting in poor vitality and tree decline (Pauleit, 2003) as roadside 
habitats are characterized by harsh living conditions, e.g., high 
pollution loads, drought, and high disturbance frequency (Tubby 
Fig. 3. Particulate matter (count/mm2) (y-axis) on the leaves of roadside species with 
different leaf morphologies (densely haired rough leaves; densely haired smooth 
leaves; dispersed haired rough leaves; dispersed haired smooth leaves; glabrous rough 
leaves; glabrous smooth leaves). The box plots indicate medians and the 25th and 75th 
percentiles of the distribution. Lowercase letters indicate significant differences in total 
particle counts per mm2 leaf area. For further information on sampled species, see 
Table 1. 
and Webber, 2010). Conifers in particular, which have been 
shown to be most effective in capturing particles in some studies 
due the complex spatial structure of their shoots and needles 
(Jonas, 1984; Beckett et al., 2000; Freer-Smith et al., 2005; Steubing 
and Klee, 1970; Reznik and Schmidt, 2008; Räsänen et al., 2013), are 
often unsuitable for urban areas due to their poor resistance to 
pollutants. 

Our results highlight the functional role of herbaceous vegeta
tion in street corridors because this type of vegetation might sup
plement the benefits provided by trees. The main reasons for 
enhancing herbaceous roadside vegetation are that herbaceous 
vegetation (i) is situated closer to motor vehicle traffic and exposed 
pedestrians compared to the canopies of street trees, thus maxi
mizing the immobilization effect (Jim and Chen, 2008; Litschke and 
Kuttler, 2008), (ii) does not affect air exchange in urban street 
corridors, (iii) can supplement woody vegetation by binding par
ticulates that have been resuspended or washed off trees 
(Gorbachevskaya et al., 2007; Pfanz and Flohr, 2007), and (iv) can 
be easily incorporated into existing infrastructure and readily 
adapted to local priorities. 

Our results suggest that the structural diversity of heteroge
neous species assemblages along roadsides, with a variety of spe
cies, plant architectures, and surface morphologies, fosters the 
immobilization of a wide range of PM. Enhancing biodiversity in 
urban road corridors is thus expected to contribute to human 
health by binding relevant local air pollution. In addition plants in 
urban road corridors can link people with biodiversity since they 
are directly perceptible elements of urban nature even in neigh
borhoods undersupplied with parks or gardens. 
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