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Abstract 20 

Atmospheric dust deposition on plants enables the collection of site-specific particulate matter (PM). 21 

Knowing the morphology and composition of PM aids in disclosing their emitting sources as well as 22 

the associated human health risk. Therefore, this study aimed for a leaf-level holistic analysis of dust 23 

accumulation on plant leaves. Plant species (ivy and strawberry) with distinct leaf macro- and micro-24 

morphology were exposed during three months at a moderate road traffic site in Antwerp, Belgium. 25 

Leaves collected every three weeks were analyzed for their magnetic signature, morphology and 26 

elemental content, by a combination of techniques (biomagnetic analyses, ED-XRF, HR-ICP-MS, 27 

SEM). Dust accumulation on the leaves was observed both visually (SEM) and magnetically, while 28 

the metal enrichment was limited (only evident for Cr) and more variable over time. Temporal 29 

dynamics during the second half of the exposure period, due to precipitation events and reduction of 30 

atmospheric pollution input, were evidenced in our results (elements/magnetically/SEM). Ivy 31 

accumulated more dust than strawberry leaves and seemed less susceptible to wash-off, even though 32 

strawberry leaves contain trichomes and a rugged micromorphology, leaf traits considered to be 33 

important for capturing PM. The magnetic enrichment (in small-grained, SD/PSD magnetite 34 

particles), on the other hand, was not species-specific, indicating a common contributing source. 35 

Variations in pollution contributions, meteorological phenomena, leaf traits, particle deposition (and 36 

encapsulation) versus micronutrients depletion, are discussed in light of the conducted monitoring 37 

campaign. Although not completely elucidative, the complex, multifactorial process of leaf dust 38 

accumulation can better be understood through a combination of techniques. 39 
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1. Introduction 43 

Air pollution monitoring using accumulation surfaces of green elements (e.g. leaves) is recurrently 44 

used as a rapid, yet reliable approach to explore habitat quality in cities and to identify contamination 45 

hot spots, mostly in terms of particulate matter (PM) pollution (e.g. Castanheiro et al., 2016; 46 

Dzierżanowski et al., 2011; Kardel et al., 2011; Mo et al., 2015; Popek et al., 2013; Sawidis et al., 47 

2011; Tomašević et al., 2005; Wang et al., 2013). The micro-morphological attributes of plant leaves, 48 

with sticky epicuticular waxes, irregular structure and topography, also often containing trichomes, 49 

promote the deposition and accumulation of atmospheric particulates on their surface (Beckett et al., 50 

2000; Grote et al., 2016; Liu et al., 2012a; Weerakkody et al., 2018) by gravitational sedimentation, 51 

impaction, interception and diffusion (Litschke and Kuttler, 2008). Besides trapping PM (mitigation 52 

action) or impacting local pollutant’s dispersal and dilution (aerodynamic action), urban greening 53 

allows for a close study of PM chemical and physical characteristics under the influence of e.g. 54 

spatial/temporal variations and local/regional emissions (monitoring action) (e.g. Baldacchini et al., 55 

2017). 56 

Despite legislative and regulatory efforts to reduce PM levels such as for instance the inclusion of PM 57 

guidelines in the Gothenburg Protocol (UNECE, 2012), atmospheric PM remains a serious issue in 58 

developed and developing countries alike. Since 2000, anthropogenic emissions of fine particulate 59 

matter (≤ 2.5µm; PM2.5) have decreased by 28% in Europe. However, in 2013-2015 ca. 82% of the 60 

urban population was still exposed to concentrations above the World Health Organization (WHO) 61 

PM2.5 guideline (10 µg m-3 annual mean); for coarse PM (≤ 10 µm; PM10), more than half of the 62 

population faced concentrations exceeding the WHO limit (20 µg m-3 annual mean) (EEA, 2017a, 63 

2017b). These scenarios are even more worrying in emerging countries, where fast growing 64 

populations and industrialization are inevitably less sustainable; globally 9 out of 10 people breath air 65 

exceeding the WHO’s air quality guidelines (WHO, 2018). Both short- and long-term exposure to 66 

atmospheric PM have been associated with e.g. cardiovascular and respiratory diseases and lung 67 

cancer mortality (Dockery and Pope, 1994; Pope et al., 2002). Oxidative stress and inflammation are 68 

the main mechanistic precursors of PM-induced health effects (Breysse et al., 2013; Moretti et al., 69 

2019; Schwarze et al., 2006). In addition to total PM mass or concentration values, the particle size 70 
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and composition are key factors as they differently affect human health and can reveal contributing 71 

emission sources. Particle number, size distribution (Vu et al., 2015), traffic- or combustion-related 72 

PM (Künzli et al., 2000; Laden et al., 2000), associated metals, organic compounds or biological 73 

species (Harrison and Yin, 2000; Schwarze et al., 2006) are among the components of interest. 74 

A range of analytical methods is nowadays available for characterizing e.g. filter-collected PM, such 75 

as energy dispersive X-ray fluorescence (ED-XRF) and high-resolution inductively coupled plasma 76 

mass spectrometry (HR-ICP-MS). These two methods differ in terms of sample preparation and 77 

detection limits (Galvão et al., 2018, and references therein). ED-XRF allows for a non-destructive, 78 

cost-effective and straightforward determination of chemical elements on leaf specimens. This is even 79 

possible in relatively small concentrations since the main vegetal constituents (C, N, H, O) are 80 

considered transparent to X-rays (Marguí et al., 2009). On the other hand, inductively coupled plasma 81 

mass spectrometry (ICP-MS) requires samples in a liquid state to be pumped into a sample 82 

introduction system, after which they are subjected to a series of physico-chemical transformations 83 

before reaching the plasma state at high temperatures (Houk et al., 1980; Przybysz et al., 2014; 84 

Thomas, 2004). Such complex and onerous analytical routine results in the destruction or alteration of 85 

the samples, despite offering a higher detection capability compared to ED-XRF. The coupled use of 86 

ED-XRF and HR-ICP-MS for multi-element analysis has been reported before for aerosol samples 87 

collected on e.g. Teflon and quartz fiber filters (Okuda et al., 2013; Yatkin et al., 2011). Yet, to our 88 

knowledge, this is the first study where both techniques are applied on leaves to evaluate the 89 

accumulated dust composition. Such evaluation can be supplemented by magnetic analysis, which has 90 

proven to be a reliable and efficient tool to capture pollution gradients and sources (Baldacchini et al., 91 

2017; Castanheiro et al., 2016; Hofman et al., 2017; Maher et al., 2008; Matzka and Maher, 1999).  92 

Atmospheric dust deposition on leaves is mainly influenced by plant species (evergreen or deciduous, 93 

wax composition), specific leaf structure (leaf size, shape, roughness, trichomes), meteorological 94 

conditions (air humidity, rainfall, wind speed) and source-specific particle features (e.g. particle size 95 

distribution) (Chen et al., 2017; Dzierżanowski et al., 2011; Janhäll, 2015; Litschke and Kuttler, 2008; 96 

Mo et al., 2015). And so, leaf accumulation of dust also enables the collection of site-specific PM. 97 

Previous studies have investigated seasonal or temporal variation of PM leaf accumulation 98 
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gravimetrically (e.g. Dzierżanowski et al., 2011; Przybysz et al., 2014; Sgrigna et al., 2015; Sæbø et 99 

al., 2012), magnetically (e.g. Lehndorff et al., 2006; Hofman et al., 2014a) and through microscopy 100 

(e.g. Wang et al., 2015). However, they mostly focused in comparing the end to the start of the 101 

growing season. In some cases, chemical-based techniques were also applied but to a rather small 102 

selection of samples (e.g. ICP-MS on three replicates per plants species, as in Przybysz et al., 2014) or 103 

on homogenized leaf material (e.g. ICP-MS or ED-XRF on leaf pulverized powders, as in De Nicola 104 

et al. (2008) and Kardel et al. (2018)). In the present study, we aimed for a leaf-level comprehensive 105 

analysis of atmospheric dust accumulation over time. Leaves from two plant species (ivy (Hedera sp.) 106 

and strawberry (Fragaria sp.)) with distinct leaf macro- and micro-morphology, exposed to similar 107 

conditions, were investigated throughout a period of three months. The magnetic signature, 108 

morphology and elemental content of the leaf accumulated dust was investigated by the combination 109 

of biomagnetic analysis, ED-XRF, ICP-MS and scanning electron microscopy (SEM). The study 110 

objectives were: a) to investigate the temporal leaf accumulation and composition of atmospheric dust 111 

throughout a period of three months, b) to relate the observed accumulation to different leaf 112 

characteristics or traits, and c) to evaluate how the various analytical techniques perform on delivering 113 

insight into the process of leaf dust accumulation. 114 

2. Materials and methods 115 

2.1 Leaf collection and sample preparation 116 

Three ivy (Hedera sp.) and three strawberry (Fragaria sp.) plants were obtained from a nursery on 117 

May 12, 2017 (Garden Center Claes, Edegem, Belgium). After collection of blank (non-exposed) 118 

leaves (0w), the six plants were planted together in all-purpose potting soil, inside a robust plastic box 119 

(polypropylene; 43 x 36 x 26 cm, length x width x height). The box was perforated at the bottom to 120 

allow for water drainage and subsequently placed next to an air quality monitoring station (42R817) 121 

of the Flemish Environment Agency (VMM). This monitoring station (Groenenborgerlaan; 42R817; 122 

51˚10’38.17” N, 4˚25’4.64” E), at ca. 100 m distance from the Campus Groenenborger of the 123 

University of Antwerp, Belgium, is located in a residential area with moderate car traffic, with the 124 

nearest traffic road at 10 m from the test plants. The land use class of the monitoring station is defined 125 
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as sub-urban, with car traffic being the main locally contributing pollution source. Air quality and 126 

meteorological data can be found in SI.1 and Figure S.1. Since the biomonitoring campaign was 127 

carried out in summer period, plants were watered once a week to prevent soil drought stress. The 128 

watering was done avoiding any physical contact with the leaves. 129 

Leaf collection was conducted every three weeks during a period of three months; consecutively on 130 

June 2 (3w), June 23 (6w), July 14 (9w) and August 4 (12w), 2017. Leaves were sampled at ca. 35-60 131 

cm height from the ground, at a distance of at least 10-15 cm, from the soil in the box, in order to 132 

avoid direct soil contamination and to standardize any potential influence from resuspension of the 133 

potted soil or of the soil at the test site. Twelve leaves of each species (i.e. four leaves per plant) were 134 

collected per sampling point and subsequently divided in two groups: leaves 1-6 were punched with a 135 

metallic puncher (48 mm in diameter) to obtain suitable, homogenous leaf sizes for elemental analysis 136 

by ED-XRF and HR-ICP-MS; leaves 7-12 were used for biomagnetic and SEM analyses. Leaves 7 137 

and 12 were cut in half and punched (10 mm in diameter) twice to collect adaxial and abaxial leaf 138 

samples for SEM. While leaves 1-6 had a constant surface area of ca. 18.1 cm2 after being punched, 139 

the leaf surface area of leaves 7-12 was determined using a leaf area meter LI-3100C (Licor 140 

Biosciences, USA). Prior to the analyses, leaf samples 1-6 were kept in the fridge (4˚C), while leaves 141 

7-12 were dried at 35°C for at least three days in a drying cabinet (Memmert, Germany). 142 

2.2 Leaf surface elemental composition: ED-XRF and HR-ICP-MS 143 

Leaf samples 1-6 were analyzed for their elemental composition via ED-XRF and HR-ICP-MS. First, 144 

leaf samples were analyzed by ED-XRF for the elements range Na – Bi, on both their adaxial and 145 

abaxial surface sides. For both plant species (ivy and strawberry), element concentrations of non-146 

exposed, blank leaves (0w) were subtracted from the concentrations of the exposed leaves. Whenever 147 

elements were highly abundant and variable (with high relative standard deviation) in the blank 148 

leaves, high quantification limits were observed and it was not possible to accurately determine their 149 

concentrations. Concentrations found for elements Mg, Al, Mn and Zn were below the detection or 150 

quantification limits (additional information about the detection limits in SI.2). Samples were 151 

measured using a PANalytical Epsilon5 (UK) which has a 600 W Gd anode tube and is equipped with 152 

several secondary targets. The following parameters were used for the analyses of (i) Mg-Sn: tube 153 
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voltage of 25 kV, current of 24 mA, live time of 500 s and a Ti secondary target; (ii) Ti-Ba: 75 kV, 8 154 

mA, 1000 s and Ge secondary target; and (iii) Se-Bi:  100 kV, 6 mA, 1000 s and Mo secondary target, 155 

in the samples. The same parameters were used for the analyses of the blank leaves, but with three 156 

times the live time. Spectra were fitted using bAxil (BrightSpec, Belgium), after which net peak 157 

intensities were obtained and compared to all blank measurements. Quantification was performed by 158 

using sensitivity coefficients which were determined by measuring thin reference films and using a 159 

thin-film approximation allowing the concentrations (ng cm-2) to be determined. This approximation 160 

is only fully correct for exogenous elements deposited on the leaf surface, whereas for all other 161 

elements the information depth needs to be considered. As an indication, we have calculated 162 

theoretical information depths using leaf composition from literature (e.g. Hobbie et al., 2006) and an 163 

average leaf density of 0.25 g cm-3 (Poorter et al., 2009). The calculated information depths were 60-164 

850 µm (Na-Sc);  0.6-1 mm (Ru-Sn); 2-8 mm (Ti-Ga), 2-5 mm (Sb-Er); 1-4 cm (Ge-Nb) and 7-18 165 

mm (Tm-Bi). Although these are estimates, it is clear that for elements with Z > 21 (Sc), the full leaf 166 

thickness (or a substantial part of it) is analyzed. In such cases, variations on thickness and bulk 167 

composition of leaves will have an influence on the X-ray response; thus, only if exogenous elements 168 

are detected, the ED-XRF quantification can be correctly performed. Secondly, leaf samples were 169 

individually transferred to acid washed 50 mL glass bottles with 15 mL of ultrapure water (0.055 µS 170 

cm-1; Milli-Q, Merck, USA), which were then placed on an orbital shaker (GFL 3015, Germany) for 171 

10 minutes at 180 rpm. The selected shaking time was previously tested on collected leaves of both 172 

plant species (ivy and strawberry). The conductivity of the water solutions achieved a plateau after 3 173 

minutes of shaking, suggesting the stagnation of ions leached from the leaves, and therefore, of dust 174 

removal. The resulting washing solutions were collected and acidified with concentrated HNO3 (Trace 175 

Metal Grade, Fisher Scientific, USA) for HR-ICP-MS analysis. The concentrations of elements Na, 176 

Mg, Al, Si, K, Ca, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Rb, Sr, Mo, Rh, Pd, Ag, Cd, Sb, Tl, Pb and 177 

U were determined. From those elements, concentrations of Rh, Pd, Tl and U were all below the 178 

method quantification limit (1x10-3 µg L-1, equivalent to ca. 6x10-5 µg L-1 cm-2). The elements 179 

determined by the two techniques, namely, Si, K, Ca, Ti, Cr, Fe, Cu, Rb, Sr, Pb, were defined as 180 

‘common elements’. 181 
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2.3 Leaf magnetic analyses 182 

After drying, leaf samples 7-12 were stored at room temperature awaiting magnetic analysis. On the 183 

day of analysis, the leaf dry mass (mg) was measured using a S-234 analytical balance (Denver 184 

Instrument, USA; 0.1 mg precision), after which the samples were individually wrapped in cling film 185 

and packed in 6.7 cm3 sample containers. Leaf samples were then analyzed for their low-field 186 

magnetic susceptibility and their anhysteretic and isothermal remanent magnetization (ARM and 187 

IRM, respectively). The magnetic susceptibility �, which illustrates how easily the sample material 188 

can get magnetized (Thompson and Oldfield, 1986), was measured using a Bartington MS2B system 189 

(Bartington Instruments, UK). ARM and IRM were measured using an Agico JR-6 magnetometer 190 

(Agico Ltd., Czech Republic). The ARM is the remanent magnetization acquired by superposing a 191 

small steady direct current (DC) magnetic field with an alternating current (AC) (Evans and Heller, 192 

2003). While the AC field amplitude establishes which particles are involved in the magnetization 193 

process depending on their coercivity, the DC field (also named bias field) intensity controls the 194 

degree to which those particles are magnetized. Different AC/DC combinations (80mT/80µT, 195 

100mT/40µT, 100mT/100µT, 200mT/100µT and 200mT/500µT) were performed for ARM 196 

acquisition using a LDA5/PAM1 system (Agico Ltd., Czech Republic). Highest ARM values were 197 

reached at 200mT/500µT (ARM200/500). So, this field combination was used in further magnetic ratios, 198 

as well for calculating ARM susceptibility (χARM), i.e. the ARM normalized for the DC bias field. 199 

IRM is acquired by imposing strong DC magnetic fields; when the applied field leads the sample to 200 

saturation, this is called saturation IRM, i.e. SIRM. The application of consecutively increasing DC 201 

fields until reaching saturation and subsequent demagnetization through the use of reverse fields can 202 

be used to characterize the type and grain size of magnetic particles present (Evans and Heller, 2003). 203 

In our study, IRM acquisition curves were obtained from consecutive field applications with 204 

intensities 1T, -1T, 10mT, 20mT, 40mT, 50mT, 60mT, 70mT, 80mT, 90mT, 100mT, 120mT, 150mT, 205 

200mT, 250mT, 300mT, 500mT and 1T, using a Molspin pulse magnetizer (Molspin Ltd., UK). In 206 

order to gain insight on the magnetic grain size and the contribution of low/high coercivity magnetic 207 

minerals, additional magnetic indicators were produced from the magnetic properties measured, 208 

namely S-ratio (SIRM/IRM-300), HIRM (0.5(SIRM+IRM-300)) and ARM/SIRM. More information on 209 
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environmental magnetic analysis for monitoring atmospheric pollution can be found in the review of 210 

Hofman et al. (2017). 211 

Magnetic intensities (ARM, IRM), expressed in mA m− 1, were corrected for the sample container 212 

volume (6.7 cm3) and normalized for leaf surface area (in cm2), yielding values expressed in A. The 213 

mass-specific magnetic susceptibility (χmass) was obtained by dividing the magnetic susceptibility (�, 214 

dimensionless) by the leaf dry mass and correcting it for the sample container volume, being 215 

expressed in m3 kg-1. The contribution of empty sample containers with cling foil (sample blank) was 216 

assessed for all measurements and subtracted from the magnetic signal of the corresponding leaf 217 

samples. 218 

2.4 Leaf morphology and visualization: SEM 219 

Each leaf sample punch (of 10 mm in diameter) was fixed on an aluminum pin stub, using conductive 220 

double-sided tape, and left to dry at room temperature for at least three days. Leaf punches were 221 

subsequently vacuum coated with carbon (ca. 20 nm thick layer; Leica EM ACE600, Germany) and 222 

analyzed with a field emission gun – environmental scanning electron microscope (FEG-ESEM) 223 

equipped with an energy dispersive X-Ray (EDX) detector (FEI Quanta 250, USA; at AXES and 224 

EMAT research groups, University of Antwerp), using an accelerating voltage of 20 kV, a take-off 225 

angle of 30°, a working distance of 10 mm, a sample chamber pressure of 10-4 Pa and a 3.6 spot size. 226 

All samples (adaxial and abaxial from leaves 7 and 12 after collection at 0w, 3w, 6w, 9w and 12w) 227 

were explored for their leaf micro-characteristics and leaf-surface deposited particles, for which 228 

illustrative secondary electron (SE) images were taken from two opposite locations (e.g. left and 229 

right) in the sample at magnifications 200x, 500x and 2500x.  230 

2.5 Data analysis 231 

Differences in leaf surface area and dry mass between ivy and strawberry plants were tested by using 232 

a one-way analysis of variance (ANOVA). Visual (histogram and qq plots) and statistical (Shapiro-233 

Wilk normality test) methods were used to assess normality of the magnetic and elemental 234 

concentrations per monitored plant species (ivy and strawberry leaves). Results were transformed 235 

logarithmically to comply with normality assumptions, however, this did not ensure that the 236 

concentrations of all elements followed a normal distribution, due to inter-leaf variability even within 237 
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the same plant and same exposure conditions. Measured elemental concentrations and magnetic 238 

parameters were tested against exposure time by using linear regression fit, while differences between 239 

the two plant species were investigated using ANOVA or non-parametric testing (Mann-Whitney or 240 

Kruskal Wallis tests) whenever variables were not normally distributed even after transformation. 241 

Where applicable, Spearman Rank correlation tests were applied to evaluate associations between 242 

different variables. Principal component analysis (PCA) was performed to explore the contribution of 243 

different elements in the accumulated leaf dust. Data was processed using Microsoft Excel 2016 and 244 

statistical analyses were conducted in JMP Pro 14 (SAS Institute Inc., 2018).  245 

3. Results and Discussion 246 

3.1 Leaf macro- and micro-morphology 247 

Both (log-transformed) leaf dry mass and surface area showed to be significantly different (p < 0.001) 248 

between the two studied plant species. Ivy leaves were on average broader and heavier (35.2 ± 7.2 249 

cm2, 356.3 ± 93.7 mg; n = 30) than strawberry leaves (22.2 ± 5.4 cm2, 135.3 ± 39.5 mg; n = 30) 250 

(Table S.1). These leaves, collected every three weeks during a period of three months (Figure 1), 251 

showed an increase in their dry mass with exposure time for ivy (p = 0.005, R2 = 0.25, n = 30), while 252 

changes in the leaf surface area over time were only significant for strawberry (p = 0.037, R2 = 0.15, n 253 

= 30). In terms of epicuticular wax structure, ivy leaves are characterized as platelets while strawberry 254 

leaves present wax platelets on the adaxial surface and very dense wax rodlets on the abaxial side 255 

(Barthlott et al., 1998; Kim et al., 2009). The micromorphology of strawberry leaves appeared more 256 

rugged than for ivy leaves, where an undulated topography is present (Figures S.2, S.3). A similar 257 

micromorphology and wax structure is observed on both leaf surfaces of ivy, with a high stomatal 258 

density on the abaxial side and absence of stomata on the adaxial side. For strawberry, a comparable 259 

micromorphology but distinct wax structures are found between both leaf sides, with long trichomes 260 

and stomata present on the abaxial side only.  261 
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Figure 1 – Evolution of leaf dry mass (left) and surface area (right) of ivy and strawberry leaves collected 262 
throughout the exposure period (in weeks).  263 

3.2 Leaf surface elemental composition 264 

Predominant elements determined by ED-XRF included Si, Cl, Fe and Pb on both ivy and strawberry 265 

leaves (Tables S.2, S.4). Concentration ranges for Si (a major crustal component) and Pb (traffic-266 

related) were very comparable between ivy and strawberry leaves, with slightly higher concentrations 267 

for ivy. Fe (crustal and traffic-related) was found in more than five times higher concentrations on ivy 268 

leaves than on strawberry. On the other hand, strawberry leaves showed to be almost nine times more 269 

effective in retaining Cl (a sea salt tracer) in comparison with ivy. Elements Ti, Cr, Cu, Br, Rb and Sr 270 

were also frequently measured on ivy leaves, but rarely on strawberry leaves (Table S.4). While Ti, 271 

Rb and Sr are associated with crustal resuspension, metals Cr and Cu can be derived from exhaust and 272 

non-exhaust road traffic (Amato et al., 2011, 2013; Vercauteren et al., 2011). Emissions of Br have 273 

been associated with marine contribution while anthropogenic sources include vehicle emissions, 274 

pesticides and chemical manufacturing (Lammel et al., 2002). Element concentrations determined by 275 

ED-XRF ranged from 6 ng.cm-2 (e.g. Cr, Br) to more than 25,000 ng.cm-2 (Cl, K, Ca) (Table S.2). It 276 

was found that Fe and Si (p < 0.022) accumulated more on ivy than on strawberry leaves, while the 277 

opposite was true for elements Sr and Cl (p < 0.006). The concentrations throughout the entire 278 

exposure period only increased significantly for Cl and Sr on ivy leaves (p = 0.008, R2 = 0.19, n = 15; 279 

p = 0.039, R2 = 0.43, n = 23). Such increases were observed for both leaf sides, although loosing 280 

significance for Sr when tested for each leaf side separately. The observed variability between leaves 281 

from the same species and exposure time was larger than expected (Table S.4), and concentrations 282 
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were frequently below detection and/or quantification limits, from blank leaves to leaves exposed for 283 

three months. ED-XRF offers many advantages for multi-element, non-destructive analysis, which 284 

can be performed directly on the sample, at relatively low cost and with rapid output. Still, drawbacks 285 

are present caused by the heterogeneity of plant material due to chemical and physical matrix effects 286 

(Marguí et al., 2009). Particularly when samples do not meet the condition of thin-film, self-287 

absorption effects arise that complicate the process of matrix calibration required for quantitative 288 

analysis (Bilo et al., 2017). Sample grinding or pelletization can be used to reduce such matrix effects 289 

(e.g. Marguí et al., 2005; Kardel et al., 2018), yet this was not possible in our study as the leaves 290 

analyzed via ED-XRF were subsequently used for ICP-MS determination.  291 

An assessment was also made of the elements present on the non-exposed leaves, as this pre-exposure 292 

conditions can have an effect on the concentrations estimated for the exposed leaves. In general, the 293 

elements Al, P, S, Cl, K, Ca, Ti, Mn, Fe, Cu, Zn, Br, Rb and Sr, were present in all blank leaves (for 294 

both ivy and strawberry, both leaf surfaces) (Figure S.4), of which K, Ca, Mn and Fe were the most 295 

abundant elements. As mentioned (section 2.3), for elements with Z < 22 (e.g. Si, Cl) the information 296 

depth is less than the leaf thickness. Differences in the adaxial and abaxial analyses can, thus, be 297 

expected for those elements in case they are deposited heterogeneously on the leaf surfaces. For all 298 

other elements, in which the information depth is larger than the leaf thickness, both surfaces, and in 299 

fact the entire leaf depth, are analyzed by ED-XRF. Testing leaf surface side as a potential influencing 300 

factor for dust accumulation, revealed significantly higher accumulations of Cl for ivy (p = 0.029) and 301 

strawberry (p = 0.015), and Si for strawberry (p = 0.002), at the upper (adaxial) side compared to the 302 

lower (abaxial) leaf surface. The adaxial and abaxial concentrations as measured were compared 303 

against the overall leaf concentrations, i.e. obtained by averaging the adaxial and abaxial (element-304 

specific) concentrations whenever both were available. This comparison revealed no differences 305 

regarding the analyzed ivy leaves, while for strawberry leaves, the averaged concentrations in Si 306 

differed from the abaxial values (p = 0.047). 307 

The quantification on the exposed leaves of elements which were not detected on the blank leaves 308 

strongly suggests those elements to originate from the accumulation of atmospheric dust. This was the 309 

case for Ti, Cr and Pb. While the content in Ti and Cr in the blank leaves was unclear, Pb was absent 310 
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on the blanks, but frequently detected on the exposed leaves (Table S.6). The Pb concentrations 311 

showed a similar temporal pattern for both leaf sides of each species, and also quite consistent for 312 

both ivy and strawberry. The highest yet more variable Pb concentrations were measured after six and 313 

twelve weeks of exposure (Figure S.5). The largest amount of rain (57 mm) was registered in the time 314 

interval between six and nine weeks of exposure, with 9w leaves being subject to double amounts of 315 

rain compared to the 6w leaves. The second largest precipitation period was between nine and twelve 316 

weeks (48 mm). While the precipitation between 9w and 12w was evenly distributed over the three 317 

weeks, for the period 6w – 9w a great peak of ca. 25 mm was registered only two days before the 318 

sampling of leaves 9w (Figure S.1). Most probably this rain event has removed some of the leaf 319 

accumulated dust by wash-off. Chen et al. (2017) observed that PM2.5 removal from the leaf surface 320 

by wash-off was correlated with the amount of PM2.5 accumulated on the leaf before a simulated rain 321 

event, and influenced by plant species and rainfall duration. During our exposure campaign, 322 

atmospheric PM10 and PM2.5 concentrations were, as expected, negatively influenced by precipitation 323 

(p = 0.0009, Spearman’s ρ = -0.35; p = 0.039, ρ = -0.22, respectively) due to atmospheric wash-out, 324 

and by wind speed (p < 0.0001, ρ = -0.42; p = 0.0004, ρ = -0.37). Higher wind speeds result in the 325 

dispersion and dilution of pollutants (Kgabi and Mokgwetsi, 2009) in both particulate and gaseous (p 326 

< 0.0001, ρ = -0.55 for NO2) forms (Table S.7). PM concentrations were positively correlated with air 327 

temperature (PM10, p < 0.0001, ρ = 0.48; PM2.5, p = 0.0003, ρ = 0.38) while relative humidity (being 328 

inversely related to air temperature) showed to have a negative influence, mainly on the coarse 329 

fraction of PM (PM10, p = 0.0002, ρ = -0.39; PM2.5, p = 0.36). The latter confirms previous findings 330 

that moisture aids in the deposition of atmospheric particles by promoting their (condensational) 331 

growth in particle size (Jayamurugan et al., 2013; Litschke and Kuttler, 2008). The influence of air 332 

temperature, on the other hand, is rather complex since it greatly depends on the climate zone and 333 

diurnal/nocturnal variations, it has an inverse impact on relative humidity, and indirectly affects the 334 

emission of pollutants due to e.g. heating/cooling needs. 335 

Leaf concentrations measured by ICP-MS are usually performed on pulverized or powdered samples 336 

(e.g. Alfani et al., 1996; De Nicola et al., 2013). However, this preparation procedure allows no 337 

distinction between the dust accumulated on the leaf surface (leaf-deposited particles) and the dust 338 
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that becomes entrained on the leaves (leaf-encapsulated or in-wax particles). Nonetheless, leaf-339 

encapsulated particles can amount to or even surpass the quantity of leaf-deposited particles, 340 

depending on plant species and particle size fraction (Dzierżanowski et al., 2011; Song et al., 2015). 341 

Moreover, such sample preparations are unable to exclude the intrinsic, natural leaf tissue elements. 342 

The element concentrations were, in our study, derived from the surface washing solution of collected 343 

leaves, with values ranging from 0.01 ng.cm-2 (e.g. V, Co, Mo, Ag) up to more than 5,000 ng.cm-2 (K, 344 

Ca) (Tables S.3, S.5). Most measured elements were detected on both ivy and strawberry leaves, but 345 

concentrations were always significantly higher for ivy than for strawberry leaves for Na, Ca, Fe, Cu, 346 

Cd (p < 0.001), Mg, Zn (p = 0.001), Mn (p = 0.005), Sb (p = 0.006) and Pb (p = 0.042). Plant leaves 347 

subject to traffic conditions compared to a traffic-poor background location are known to get enriched 348 

in trace metals such as Cr, Fe, Cu and Pb (De Nicola et al., 2008, 2013; Maher et al., 2008), although 349 

temporal dynamics of such leaf accumulation are less studied. Log-transformed concentrations 350 

showed to decrease or increase with exposure time depending on the elements and differently for ivy 351 

and strawberry plant leaves. For ivy (n = 25), decreasing concentrations in Al (R2 = 0.17), Ti (R2 = 352 

0.31), Zn (R2 = 0.31), Rb (R2 = 0.19, n = 24), Sr (R2 = 0.25), Sb (R2 = 0.16), and increasing 353 

concentrations in Mg (R2 = 0.35), Cr (R2 = 0.35), Mn (R2 = 0.37), Co (R2 = 0.26) were observed (p < 354 

0.05). For strawberry (n = 22), decreasing concentrations in Na (R2 = 0.18), Al (R2 = 0.54), K (R2 = 355 

0.21), Ti (R2 = 0.43), Fe (R2 = 0.51, n = 21), Ni (R2 = 0.37, n = 20), Cu (R2 = 0.31, n = 21), Zn (R2 = 356 

0.84, n = 21), Sb (R2 = 0.41, n = 22), and increasing concentrations in Cr (R2 = 0.39, n = 20) were 357 

observed (p < 0.05).  358 

The exposed leaves were investigated using both ED-XRF and HR-ICP-MS techniques for a total of 359 

ten (common) elements (Si, K, Ca, Ti, Cr, Fe, Cu, Rb, Sr, Pb), for which concentrations were always 360 

higher when measured by ED-XRF (Table 1) in comparison with the ICP-MS (Table 2) determination 361 

of the leaf washing solutions. However, those ten elements were detected for most analyzed leaves 362 

with ICP-MS, what was not the case for ED-XRF. For the latter, the number and frequency of 363 

detected elements was rather low, and in some cases only detected on the adaxial or on the abaxial 364 

leaf surface (e.g. Si, Ti, Cr) (Figure S.6). The contributions of each separate leaf side could not be 365 

distinguished for with ICP-MS, while with ED-XRF each leaf surface could be measured separately. 366 
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*  

Whenever both leaf sides were quantifiable for the considered elements, the average of the two leaf 367 

concentrations was calculated to obtain leaf-level ED-XRF concentration values. Otherwise, either the 368 

adaxial or abaxial concentrations were used. As mentioned before, the complex matrix of plant leaves 369 

interferes with the operational and measuring principle of ED-XRF, leading to large between-sample 370 

variability. Therefore, we consider the accumulation of elements throughout this campaign to be most 371 

accurately represented by the concentrations quantified by HR-ICP-MS on the leaf washing solutions 372 

(Figure 2). Elements K and Ca can originate from crustal dust (Tomašević and Aničić, 2010; 373 

Vercauteren et al., 2011), as well as from foliar exchange and leaching in the form of cations (K+ and 374 

Ca2+). K+ is a highly mobile plant electrolyte, while Ca2+ is bound to structural plant tissues or enzyme 375 

complexes (Draaijers et al., 1994; Kopáček et al., 2009). As they can easily be transferred into the 376 

washing solutions, high concentrations of both K and Ca are observed (Figure 2, center). Disregarding 377 

those components from the composition profile (Figure 2, rightmost), the relative contribution of 378 

anthropogenic, traffic-related metals is comparable between ivy and strawberry species, with Fe > Cu 379 

≈ Pb > Cr. Yet, these relative contributions appear to be very different when compared to the obtained 380 

ED-XRF concentrations (Figure 2, leftmost). 381 
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Figure 2 – Pie charts of average leaf surface elemental concentrations (Si, K, Ca, Ti, Cr, Fe, Cu, Rb, Sr, Pb) 382 
measured by ED-XRF and HR-ICP-MS for ivy and strawberry leaves throughout the exposure campaign (0-3-6-383 
9-12 weeks). The piecharts in the rightmost column (indicated with *) display only a selection of the traffic-384 
related elements (Cr, Fe, Cu, Pb). 385 
 386 
The evolution of ED-XRF leaf concentrations over exposure time was not linear nor consistent among 387 

all investigated elements. However, leaf concentrations showed a relative decrease after six weeks of 388 

exposure with values growing again on 12w leaves for Si, Ti and Pb (Figure 3). The concentrations 389 

measured via ICP-MS on the leaf washing solutions did not show a consistent temporal pattern either 390 

(Figure 3). The concentrations in Ti, Cu and Pb were the highest for the 6w leaves, with values 391 

decreasing on 9w and then increasing for 12w leaves. On the other hand, such patterns were rather 392 

diverse for the remaining elements (Si, K, Ca, Cr, Fe, Cu, Rb, Sr) and also species-dependent. When 393 

comparing the leaves obtained at the end of the exposure campaign (12w) against the non-exposed 394 

leaves (0w), elemental concentrations of K (strawberry, p = 0.016), Ca (ivy, p = 0.008), Ti (ivy and 395 

strawberry, p = 0.032 and p = 0.016) and Fe (strawberry, p = 0.036) decreased significantly, 396 

suggesting a reduced contribution of crustal dust matter (K, Ca, Ti, Fe) (Vercauteren et al., 2011). In 397 

contrast, a significant enrichment in Cr, often linked to traffic and corrosion sources (especially under 398 

railway/subway influences, considered negligible at the test site though) (Gehrig et al., 2007), was 399 

displayed on both ivy and strawberry. An exploratory PCA on the surface elemental concentrations 400 

(determined by ICP-MS) throughout the exposure period (Figure 4) also suggests the contribution of 401 

Cr to be closely connected with the exposure time at the test site. The two most discriminant 402 

components, PC1 and PC2, accounted for 55.7% of the total variance in all sampled leaves. The 403 

element Cr and ‘exposure’ (negative PC1 values) are separated from the remaining elements (Figure 404 

4, a)), and reflected in the gradient going from non-exposed to 12-weeks exposed leaves (Figure 4, 405 

b)). The PC2 allows the distinction between crustal dust and leaf-occurring elements (K, Rb, Sr; 406 

negative PC2 values) and anthropogenic dust (Fe, Cu, Pb, Cr; positive PC2 values). Comparable 407 

conclusions are obtained from analyzing the two plant species separately (Figure S.7), with the 408 

highest concentrations in traffic-derived elements (Fe, Cu, Pb, Cr) being clearly depicted by 6w and 409 

12w leaves.  410 
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The test site, located in a residential area and close to the university campus, is considered to be 411 

subjected to moderate car traffic. However, the intensity of car traffic may have decreased gradually 412 

during our exposure campaign, particularly from the end of June onwards with the start of the summer 413 

holidays period. This ‘holiday effect’ is supported by the relatively lower particulate and gaseous 414 

atmospheric concentrations observed during the second half of July (Figure S.1), and further 415 

confirmed by the negative Spearman’s correlations (p < 0.01) between NO2 (ρ = -0.36), PM10 (ρ = -416 

0.43) and PM2.5 (ρ = -0.32) concentrations with day of the year (DOY) during the campaign. Daily 417 

fluctuations of atmospheric pollutants were consistent over the entire exposure period (p < 0.01; ρ = 418 

0.90 between PM10 and PM2.5 concentrations, ρ = 0.43 and ρ = 0.41 between PM2.5 and NO2, and PM10 419 

and NO2, respectively) (Table S.7), suggesting road traffic (NOx and PM) as main local contributing 420 

source (McIntosh et al., 2007). 421 
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Figure 3 – Evolution of (log-transformed) elemental concentrations (Si, K, Ca, Ti, Cr, Fe, Cu, Rb, Sr, Pb) found 422 
for ivy (in green) and strawberry (in red) plant leaves throughout exposure time, as measured by ED-XRF (top) 423 
and HR-ICP-MS (bottom). Mean values are presented and the interval bars represent the interquartile ranges. 424 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
Figure 4 – Outputs of the PCA performed on the elemental concentrations measured by HR-ICP-MS on the leaf 425 
washing solutions, considering as input variables the 10 elements (Si, K, Ca, Ti, Cr, Fe, Cu, Rb, Sr, Pb) and the 426 
exposure time (in weeks). The projection in the PC1-PC2 plane of the a) input variables and b) analyzed 427 
samples, according to their plant species and exposure period, is shown, with PC1 and PC2 explaining 55.7% 428 
of the total variance. The same outputs were obtained separately for ivy and strawberry leaf samples and can be 429 
found in Figure S.7. 430 
Table 1 - Mean leaf surface elemental concentrations (ng cm-2) obtained via ED-XRF per plant species (ivy and 431 
strawberry), leaf side (adaxial and abaxial) and exposure time in weeks. Due to the reduced detection of 432 
elements, only the mean values (n = 1 to 6) are presented while standard deviations are not shown; “-“ 433 
indicates that the element was not detected/quantified. Only the common elements (Si, K, Ca, Ti, Cr, Fe, Cu, Rb, 434 
Sr, Pb) are shown. Concentrations of other investigated elements and individual leaf concentrations can be 435 
found in the supplementary material (Tables S.2, S.4). 436 
 
Plant Leaf side #Weeks Si K Ca Ti Cr Fe Cu Rb Sr Pb 

Iv
y 

adaxial 

3 567.1 - - 37.4 8.6 - - 33.3 - 13.1 
6 1462.9 14108.0 - 88.5 11.7 3497.9 29.8 25.1 126.3 30.0 
9 929.6 - - 30.7 - 3683.0 45.0 18.9 268.7 14.9 
12 1025.9 - - 78.7 11.2 4787.9 27.1 22.2 272.9 28.4 

abaxial 

3 - - - - 9.4 - - 34.0 - - 
6 - 25986.3 - - 8.8 4060.0 24.2 26.0 218.5 30.5 
9 - - - - - 4944.4 - 22.5 358.8 17.6 
12 - - - - - 3659.5 34.9 27.9 370.2 29.5 

S
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 adaxial 

3 - - - - - - - - - 9.8 
6 757.9 - - - - - - - - 22.4 
9 1667.6 - 51342.4 - - - - - 492.8 14.3 
12 495.2 - - 49.0 - 614.5 - 32.2 - 22.1 

abaxial 

3 - - - - 10.5 568.7 - - - 12.3 
6 - - - 26.8 6.3 616.7 - - - 21.7 
9 411.3 - 40198.1 - - 1090.6 - - 543.9 21.4 
12 371.1 - - - - 615.9 - - - 23.0 

 
Table 2 - Mean and standard deviation (white and grey shading, respectively) of leaf elemental concentrations 437 
(ng cm-2) obtained via HR-ICP-MS, per plant species (ivy and strawberry) and exposure time in weeks (n = 1 to 438 
6); “-“ indicates that the element was not detected/quantified. Only the common elements (Si, K, Ca, Ti, Cr, Fe, 439 
Cu, Rb, Sr, Pb) are shown. Concentrations of other investigated elements and individual leaf concentrations can 440 
be found in the supplementary material (Tables S.3, A.5). 441 
 

a) b) 
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Plant #Weeks Si K Ca Ti Cr Fe Cu Rb Sr Pb 

Iv
y 

0 
36.64 3090.62 3044.93 0.78 0.13 23.44 1.60 1.59 10.74 1.08 
11.50 1977.39 2107.74 0.27 0.03 15.07 0.44 1.29 4.42 0.78 

3 
19.40 1856.09 1109.86 0.65 0.08 15.00 1.75 1.22 3.36 0.97 
12.23 1183.67 993.10 0.28 0.03 6.02 0.41 0.58 1.94 0.63 

6 
53.37 1638.76 2143.87 1.28 0.09 39.67 3.08 0.71 5.14 2.49 
29.24 1079.02 572.65 0.53 0.05 10.17 0.51 0.32 1.49 1.41 

9 
50.89 1422.65 1871.07 0.29 0.22 18.53 1.17 0.59 4.02 1.18 
69.77 1248.29 1720.39 0.12 0.07 13.18 0.32 0.26 2.76 0.26 

12 
39.37 1260.61 1209.33 0.35 0.24 13.90 1.52 0.73 2.83 2.01 
52.86 609.33 429.12 0.17 0.06 8.58 0.49 0.43 1.53 1.10 
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0 
87.38 2827.98 374.10 0.74 0.06 14.94 1.50 1.20 3.13 1.16 
104.39 617.48 220.77 0.26 0.03 5.06 0.87 1.21 2.54 0.97 

3 
72.37 2257.68 685.42 0.49 0.07 7.84 0.82 1.06 3.38 0.59 
73.48 1158.33 347.57 0.17 0.03 1.41 0.13 0.63 0.94 0.09 

6 
30.14 2398.66 464.33 0.96 0.05 13.10 1.34 1.15 4.08 1.90 
31.23 911.87 377.97 0.48 0.06 5.85 0.44 0.59 2.51 0.93 

9 
71.09 2360.93 1180.23 0.22 0.12 4.76 0.42 0.78 5.10 0.51 
95.19 1342.80 775.58 0.06 0.04 0.85 0.13 0.47 2.74 0.17 

12 
11.20 951.70 254.80 0.13 0.36 4.29 0.58 0.36 1.34 0.60 
7.77 923.40 225.01 0.08 0.10 1.85 0.08 0.28 1.12 0.41 

blanks 
- 11.83 24.37 0.04 0.31 0.80 - 0.08 - 0.01 
- 11.04 - 0.04 - 0.62 - 0.06 - - 

 

 

 

3.3 Leaf magnetic analysis 442 

Magnetic susceptibility of exposed leaves was almost negligible and often negative, with χmass values 443 

ranging from -6.5 to 4.4 ×10-8 m3 kg-1 for ivy, and from -12.1 to 21.4 ×10-8 m3 kg-1 for strawberry. 444 

Although values are comparable with results obtained in other leaf monitoring studies, e.g. from pine 445 

needles exposed for 3-8 months in Cologne, Germany (Lehndorff et al., 2006) or from leaves of 446 

Platanus spp., Quercus spp., Tilia spp., Nerium oleander sampled monthly during 4-10 months in 447 

Northern Portugal (Sant’Ovaia et al., 2012), the � values measured in our study (range -3 to 4 ×10-6 448 

SI) are very close to the resolution of the measuring equipment (2×10-6 SI). This indicates that the 449 

concentration of magnetic particles accumulated over 3-months of exposure at the selected site was 450 

not sufficient to overcome the diamagnetic nature of the plant leaves, mainly composed of water and 451 

organic content. A similar observation was made for lime tree leaves collected at the end of the 452 

growing season in Lancaster, England (Mitchell and Maher, 2009). Rodríguez-Germade et al. (2014) 453 

have also reported negative and low χmass values for leaves of Platanus hispanica in the urban region 454 

of Madrid, Spain, yet with a more than thirty-fold increase (maximum of 32.2×10-8 m3 kg-1) after a 455 
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total exposure of eight months. Such increasing trend over time was not evident in our data though 456 

(Table 3).  457 

The application of various AC/DC combinations for leaf samples to acquire ARM (magnetic 458 

moment), showed that the largest intensity fields (AC 200mT and DC 500µT, ARM200/500) led to the 459 

highest ARM values (Figure S.8). ARM depends on the mineralogy and concentration of magnetic 460 

particles, as well as on their magnetic grain size, with small single domain (SD) grains acquiring 461 

ARM more efficiently than multi domain (MD) grains (Liu et al., 2012b). Raw ARM200/500 values 462 

were significantly larger for ivy than for strawberry (p < 0.0001), with exposed ivy (3w, 6w, 9w, 12w) 463 

and strawberry leaves (6w, 9w) exhibiting higher values compared to the non-exposed leaves (0w) (p 464 

< 0.035 and p < 0.045, respectively) (Figure S.9). For magnetic concentration indicators (χmass, SIRM, 465 

ARM), it is more useful to consider the values normalized for either mass or leaf surface area than the 466 

obtained magnetic moments. While mass-normalization is logical for assessing e.g. the amount and 467 

concentration of dust collected actively on pumped-air PM filters that have the same size, leaf 468 

monitoring is based on the fact that leaves accumulate PM passively on their surface. For the same 469 

plant species and equal exposure to pollutants, leaves with large surfaces accumulate more. For 470 

comparative purposes, results both normalized by mass and surface area are shown in Table 3. 471 

ARM200/500 ranged between 0.24 µA and 1.09 µA for ivy and between 0.15 µA and 1.18 for 472 

strawberry species, being on average larger for ivy than for strawberry (p < 0.0001). For SIRM, one 473 

of the most investigated properties in the field of environmental magnetism, values ranged from 5.24 474 

µA to 19.27 µA (Table 3). Ivy leaves accumulated higher concentrations of magnetic particles in 475 

comparison to strawberry (p = 0.003), with an average SIRM of 13.15 µA ± 3.57 µA (standard 476 

deviation) against 10.06 µA ± 4.18 µA, respectively. The obtained results are relatively low and 477 

comparable to values measured in parks or green areas, not reflecting the car traffic (although 478 

moderate and likely to have declined during the exposure campaign) in the nearby street road. In the 479 

province of Antwerp, passive monitoring studies using ivy from distinct land use types had shown a 480 

mean SIRM of 24 µA for a forested site compared to 205 µA for a busy roadside intersection with 481 

intense traffic (Castanheiro et al., 2016). In the same study area Smets et al. (2016) could 482 

magnetically recognize urban areas (mean SIRM of 200 µA) against green residential areas (mean of 483 
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31 µA). Similar outcomes were reported after a wide spatial study with 110 sampling locations in the 484 

city of Antwerp, in which the SIRM of ivy leaves was found to be correlated with traffic intensity 485 

(Hofman et al., 2014b). At a European-scale, leaf SIRM of Platanus acerifolia tree leaves collected at 486 

the end of their growing season revealed mean SIRM values of 30 µA and 153 µA for park and street 487 

sites, respectively. The minimum values of 7 µA (park site in Copenhagen, Denmark) and 9 µA 488 

(street site in Kavala, Greece) (Baldacchini et al., 2017) obtained in that study are in line with the 489 

values measured in our study. 490 

The evolution of leaf SIRM throughout the exposure period was distinct for the two test species 491 

(Figure 5). Leaf SIRM of ivy increased significantly from three weeks onwards, as leaves from 6w, 492 

9w and 12w had higher SIRM values than the non-exposed leaves (p < 0.01). For strawberry, an 493 

enrichment in magnetic grains was evident after three weeks of exposure as well, with the highest 494 

SIRM values obtained for 6w leaves (p < 0.04). However, this magnetic enrichment appeared to 495 

decrease after six weeks until the end of the exposure campaign. The latter results are unexpected as 496 

SIRM accumulation throughout the in-leaf season was found to be significant for 2-weekly collected 497 

Plane tree leaves in the same street of our monitored site, only affected at the end of the in-leaf season 498 

by leaf senescence (Hofman et al., 2014a). We hypothesize that the observed decrease may be due to 499 

the heavy rainfall after six weeks and that strawberry leaves are more sensitive to wash-off compared 500 

to ivy leaves. Furthermore, we noticed during leaf sampling that new leaves (both for ivy and 501 

strawberry) rapidly sprouted between the various sampling moments. This complicated the distinction 502 

between leaves exposed since the beginning of the campaign and newly emerged leaves, particularly 503 

at the end of the exposure period. This possible variation in exposure period may have influenced our 504 

results, as dust accumulation on the leaves was not so evident in terms of surface deposited elements 505 

nor magnetic enrichment, and a large variation was sometimes observed within the leaves sampled at 506 

the same moment. Leaf monitoring campaigns following this study were improved by labelling all 507 

plant leaves at the start of the exposure period. Nonetheless, meteorological conditions and the 508 

moderate road traffic, considered to decline at the second half of the exposure period, appear to be 509 

key factors in the leaf accumulation of dust at this test site. Such influences should not be overlooked 510 



22 
 

as they are also relevant in terms of human exposure to atmospheric PM. Moreover, the test site is 511 

rather open, leading to ventilation effects, i.e. diluting the air pollutants (Janhäll, 2015). 512 

 
Figure 5 – Evolution of leaf SIRM for ivy (in green) and strawberry (in red) plant leaves throughout the 513 
exposure time in (weeks). Levels not associated with the same letter indicate (log-transformed) SIRM to be 514 
significantly different at p < 0.01 for ivy (A, B) and p < 0.04 for strawberry (C, D, E, F) leaves. 515 
 

Obtained IRM-300 values were similar to SIRM values (Table 3), with subsequent S-ratio close to the 516 

unity (0.94 – 0.99 for ivy, 0.90 – 1.11 for strawberry), which indicates the remanence to be dominated 517 

by low-coercivity carriers such as magnetite-type minerals (Evans and Heller, 2003; Hansard et al., 518 

2011; Hofman et al., 2017). Mean HIRM values varied throughout the exposure campaign between 519 

0.09 – 0.33 µA and 0.06 – 0.40 µA for ivy and strawberry leaves, respectively. Such low HIRM 520 

values reflect that saturation is already achieved by 300 mT for most leaf samples, as corroborated by 521 

the S-ratio and obtained IRM acquisition curves (Table S.8, Figure S.10). The exposed leaves 522 

achieved ca. 22% and 69% of the total SIRM at 50 mT and 100 mT, respectively, with the remaining 523 

30% to be acquired between 100 mT and 1 T. The contribution of anti-ferromagnetic grains (e.g. 524 

hematite) is negligible since only 3% of the total SIRM was reached above 300 mT (Evans and 525 

Heller, 2003). The S-ratio and HIRM, i.e. descriptors of the relative contribution of low- to high-526 

coercivity components, were similar for both test species, as they were exposed to the same polluting 527 

conditions. ARM/SIRM can be used as a grain size indicator, with higher values representing more 528 

fine-grained (SD or pseudo-single domain, PSD) particles in contrast with MD grains (Evans and 529 
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Heller, 2003; Shi et al., 2014). The ratio ARM/SIRM (24.5 – 71.2 x10-3), or equivalent ARMχ/SIRM 530 

(3.5 – 17.9 m A-1), was statistically larger for ivy than for strawberry leaves (p < 0.0001), however, 531 

with values falling within the standard deviation ranges of each other (Figure S.11). Taking these 532 

uncertainties into account, the ranges of ARM/SIRM values are still comparable between ivy and 533 

strawberry, while also not largely changing throughout the exposure period. This reveals no change in 534 

magnetic grain size of the deposited PM at the monitored site. Therefore, the difference in leaf macro- 535 

and micro-morphological characteristics between ivy and strawberry appears not to have a grain size 536 

selective influence on the accumulation of atmospheric dust. Our values (S-ratio and ARM/SIRM) are 537 

comparable to the observations of Shi et al. (2014) and Wang et al. (2017) for daily PM filters, and 538 

suggest high contributions of small-grained SD/PSD magnetite particles within the accumulated 539 

atmospheric dust (Evans and Heller, 2003).  540 

 

 

 

 

 

Table 3 – Mean (in grey), standard deviation (Std) and range (minimum: Min; maximum: Max) of measured 541 
leaf magnetic properties, per plant species (ivy and strawberry) and exposure time in weeks (n = 6). χ is 542 
normalized by leaf dry mass; ARM200/500 and SIRM are normalized for both leaf dry mass (A m2 kg-1) and surface 543 
area (A). 544 
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Iv
y 

0 

0.24 4.81 0.43 1.21 108.2 9.57 9.39 0.09 0.98 43.80 Mean 
3.90 1.68 0.15 0.42 27.5 2.51 2.45 0.05 0.01 7.55 Std 
-6.48 2.57 0.24 0.64 80.4 7.43 7.29 0.03 0.97 31.97 Min 
3.81 7.61 0.69 1.91 159.7 14.47 14.16 0.16 0.99 54.08 Max 

3 

0.52 7.68 0.66 1.93 126.7 10.94 10.55 0.19 0.96 59.70 Mean 
2.82 2.97 0.15 0.74 39.8 1.75 1.67 0.05 0.01 6.99 Std 
-3.56 4.80 0.46 1.20 89.1 8.80 8.51 0.14 0.96 52.67 Min 
4.37 12.56 0.88 3.15 199.7 13.94 13.37 0.28 0.97 71.22 Max 

6 

0.53 6.93 0.83 1.74 122.3 14.67 14.01 0.33 0.96 56.74 Mean 
1.40 1.50 0.10 0.38 26.1 1.86 1.75 0.10 0.01 2.42 Std 
-1.89 5.20 0.74 1.30 88.2 12.48 12.12 0.18 0.94 52.86 Min 
2.06 9.60 1.00 2.41 165.6 17.22 16.46 0.45 0.97 59.04 Max 

9 -0.88 7.90 0.75 1.98 173.5 15.32 14.79 0.26 0.97 49.44 Mean 
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2.30 1.99 0.26 0.50 53.6 2.74 2.13 0.14 0.01 6.16 Std 
-3.78 5.30 0.30 1.33 111.2 12.44 12.06 0.16 0.95 24.46 Min 
2.73 11.09 0.99 2.78 241.9 18.90 18.22 0.47 0.98 66.12 Max 

12 

-0.69 7.18 0.82 1.80 133.3 15.26 14.90 0.18 0.98 54.31 Mean 
1.45 2.07 0.22 0.52 42.6 4.30 4.12 0.13 0.01 2.83 Std 
-2.43 4.33 0.56 1.09 77.0 9.93 9.66 0.04 0.96 49.64 Min 
1.10 9.65 1.09 2.42 194.4 19.27 18.62 0.32 0.99 56.39 Max 

S
tr

a
w

be
rr
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0 

4.53 1.82 0.13 0.46 83.2 6.03 5.88 0.08 0.98 20.62 Mean 
4.51 1.46 0.10 0.37 10.5 0.43 0.44 0.07 0.02 15.72 Std 
0.00 0.00 0.00 0.00 68.1 5.24 5.10 -0.03 0.95 0.00 Min 
12.12 3.60 0.23 0.90 99.3 6.39 6.45 0.15 1.01 38.19 Max 

3 

-0.97 6.55 0.38 1.64 131.8 7.72 7.60 0.06 0.98 48.98 Mean 
11.67 2.40 0.10 0.60 31.5 0.86 1.32 0.27 0.06 8.02 Std 
-12.06 4.49 0.26 1.13 98.3 6.71 6.31 -0.48 0.94 38.70 Min 
21.39 10.87 0.56 2.72 176.6 9.05 10.01 0.20 1.11 61.53 Max 

6 

-5.25 11.97 0.74 3.00 235.1 14.34 13.54 0.40 0.95 50.04 Mean 
4.80 3.76 0.28 0.94 45.9 3.46 3.21 0.24 0.02 7.13 Std 

-11.18 6.53 0.48 1.64 149.7 10.92 10.38 0.24 0.90 43.62 Min 
0.00 17.95 1.18 4.50 285.4 18.78 17.94 0.87 0.96 62.89 Max 

9 

-0.34 8.75 0.48 2.19 267.1 12.88 12.47 0.21 0.97 34.29 Mean 
5.05 3.86 0.35 0.97 74.3 4.78 4.98 0.17 0.01 8.29 Std 
-8.07 5.13 0.15 1.29 176.2 9.22 9.00 0.10 0.95 14.12 Min 
5.32 15.59 1.11 3.91 363.5 22.22 21.20 0.51 0.98 50.05 Max 

12 

-1.72 5.70 0.36 1.43 147.0 9.31 9.15 0.08 0.99 37.78 Mean 
3.37 2.30 0.15 0.58 41.5 2.69 2.47 0.15 0.05 5.39 Std 
-6.97 3.05 0.20 0.77 95.7 5.84 6.28 -0.22 0.96 29.51 Min 
2.14 9.21 0.61 2.31 203.3 13.41 13.05 0.18 1.08 45.32 Max 

 
3.4 Leaf-surface particle deposition 545 

The accumulation of atmospheric dust in our study has shown to be species- (ivy accumulated more 546 

than strawberry) and element-specific (temporal trends of deposited elements varied per element), 547 

rather than influenced by the buildup of pollutants, which was not as substantial as we would expect. 548 

Nevertheless, the accumulation of particles was corroborated by the SEM images (Figures 6, 7), with 549 

larger amounts of deposited particles found on ivy than on strawberry leaves and with 6w leaves 550 

showing the highest quantities. The size and shape of leaf-surface deposited particles is diverse, as 551 

reported before (Ottelé et al., 2010; Sgrigna et al., 2015; Song et al., 2015). The most striking 552 

information is related with the dust accumulation over time, with particle number increasing from the 553 

non-exposed to the 6w leaves. Subsequently, the number of deposited particles decreased after nine 554 

weeks (9w) and slightly increased again at the end of the campaign (12w). This temporal pattern was 555 

also verified in the concentration of some leaf-accumulated elements (Si, Ti and Pb, ED-XRF; Ti, Cu 556 

and Pb, HR-ICP-MS) and by the leaf SIRM of strawberry leaves. Particle removal processes (e.g. due 557 

to rain) as hypothesized earlier, therefore, seem to be confirmed. 558 

Leaves with rough ridges and containing trichomes accumulate more PM than smooth leaf surfaces 559 

(Mo et al., 2015; Sæbø et al, 2012; Weerakkody et al., 2018). Despite strawberry leaves contain more 560 
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trichomes and have a more rugged micro-topography than ivy (section 3.1), the ivy leaves in our 561 

study had higher SIRM (Figure 5) and displayed a larger quantity of deposited particles compared to 562 

strawberry (Figures 6, 7). In a recent study of Muhammad et al. (2019), a total of 96 plant species 563 

(mainly tree and shrub species) grown in a common garden, located at ca. 250 m from our test site, 564 

were studied to investigate the relation between leaf traits and particle accumulation measured by 565 

SIRM. Although the density of leaf trichomes was again confirmed as enhancing the accumulation of 566 

particles, some plant species with high trichome density but low leaf wettability showed reduced 567 

particle accumulation (i.e., low SIRM) (Muhammad et al., 2019). Both ivy and strawberry leaves are 568 

considered to be hydrophilic (Walker et al., 2015). Yet, we hypothesize that strawberry leaves are less 569 

hydrophilic than ivy leaves (Figures S.2, S.3), which may prevent the deposition of particles (Bakker 570 

et al., 1999; Barima et al., 2016). A wind tunnel experiment also showed that the permeability of 571 

strawberry leaves, i.e. the ability to let pass an air-flow, is significantly lower compared to the 572 

permeability of ivy leaves (Koch et al., 2019), whereas Baker and Hunt (1986) described difficulties 573 

in penetrating the trichome arrangements of strawberry leaves with simulated rain. To clarify the 574 

remaining questions, future leaf monitoring campaigns should include controlled scenarios on rain 575 

exposure (e.g. plants protected/unprotected from rain) and leaf age (labeling to avoid sampling of 576 

newly emergent leaves).  577 
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Figure 6 - Leaf surface SEM images from ivy leaves collected every three weeks (0w-3w-6w-9w-12w) 578 
throughout the total exposure period of three months. Both adaxial and abaxial leaf sides display leaf-deposited 579 
particles. A typical leaf trichome on ivy (of the stellate type (Ackerfield and Wen, 2002), is visible on image 3w-580 
Abaxial. Magnification used is 200x, and the scale indicated in the upper left panel is similar for all panels. 581 
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Figure 7 - Leaf surface SEM images from strawberry leaves collected every three weeks (0w-3w-6w-9w-12w) 582 
throughout the total exposure period of three months. Both adaxial and abaxial leaf sides display leaf-deposited 583 
particles. Long trichomes are visible in all abaxial images. Magnification used is 200x, and the scale indicated 584 
in the upper left panel is similar for all panels. 585 
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3.5 Leaf accumulation of atmospheric dust - holistic analysis of a complex interaction 586 

Due to the aforementioned reasons (low frequency of detection and large between-sample variability; 587 

section 3.2), concentrations of the accumulated elements were better assessed by analyzing the leaf 588 

leachates with ICP-MS than directly with ED-XRF. Reproducibility of the latter could be improved 589 

by grinding the leaf material, while sensitivity could be increased by e.g. combining selective 590 

excitation (through different secondary targets) with the reduction of the background of X-ray spectra 591 

(using polarized-beam instrumentation, PED-XRF) (Marguí et al., 2009).  592 

For the elements measured by ICP-MS, trace metals such as Cr, Mn, Fe, Cu, Zn, and Pb, are of 593 

particular interest due to their potential hazardousness and link with anthropogenic pollution. With 594 

exception of Cr, which clearly built-up on the exposed leaves, the other metals have shown some 595 

fluctuation during the experiment (Figure S.12). Concentrations of Cu and Pb increased with exposure 596 

time until the 6w leaves (maximum values), after which they decreased slightly in a way that the 597 

overall enrichment at the end of the campaign is almost negligible. For other elements, however, the 598 

concentrations at the 0w leaves were the highest or equally high as for the 6w leaves, with values 599 

decreasing between 0w and 3w and increasing again between 3w and 6w. This is the case for Zn, Cu 600 

and Fe, which are known plant micronutrients (Gupta et al., 2009). We suspect that the enhanced 601 

concentrations in these metals at 0w are derived from the use of fertilizers or other treatments at the 602 

garden center, where the plants are kept attractive for people to acquire them. The low concentrations 603 

in Cr and Co at the 0w leaves support this argumentation, since they are not considered 604 

micronutrients. We hypothesize, thus, that between 0 and 3 weeks of exposure there is a natural 605 

depletion of Zn, Cu, and Fe due to decreasing fertilizer concentration. While traffic-related 606 

contributions start to accumulate on the leaves from the moment of exposure (Figures 6, 7), they do 607 

not overcome the natural, plant-internal contributions, and there is a decrease in total concentrations. 608 

Between 3 and 6 weeks, traffic contributions prevail and the elemental concentrations of Zn, Cu and 609 

Fe increase at 6w leaves. Between 6 and 12 weeks, these concentrations decrease again because of the 610 

rain (dust wash-off), the decrease in local atmospheric PM concentrations (particularly after 9w, 611 

leading to lower accumulation rates) and possibly the further natural depletion. In contrast to ICP-MS, 612 

the magnetic concentration indicators (ARM, SIRM) refer exclusively to traffic-related PM. 613 
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Regarding strawberries, ARM and SIRM were the smallest at 0w leaves, then increased until 6w and 614 

started to decrease until 12w (Figures 5, S.9). The same trend is observed for ivy until 6w, but then 615 

the magnetic enrichment remained constant as there was not much further accumulation. The fact that 616 

there is no decrease (in ARM or SIRM) for ivy could be related to the different leaf macro/micro 617 

morphology with respect to strawberry. Our study and previous studies on aerodynamics (Baker and 618 

Hunt, 1986; Koch et al., 2019) suggest strawberry leaves to be relatively slow accumulators of 619 

atmospheric dust. They also appear to be more susceptible to e.g. wash-off effects and/or variation in 620 

PM contributions compared to ivy leaves, as the elemental and magnetic depletion after 6w occurred 621 

much rapidly for strawberry than for ivy. In order to estimate the degree of natural depletion of 622 

micronutrients, a blank plant growing in the laboratory should be monitored along with the plants 623 

exposed to pollution. This side process may be of even more relevance for monitoring low-polluted 624 

sites. Lastly, the difference in dust accumulation between ivy and strawberry might be related with the 625 

degree and/or rate of encapsulation of deposited particles, which become thus unsusceptible to wash-626 

off. The influence of precipitation on the exposed leaves was difficult to evaluate because the leaves 627 

exposed for longer periods (thus, expected to accumulate more dust) were also subjected to total 628 

larger rain volumes. Studies on the leaf wettability of ivy and strawberry leaves, as well as on the 629 

dynamics of leaf encapsulation of particles (in addition to the deposition) could be of relevance to 630 

disentangle the observed species-specific accumulation patterns. 631 

The elemental concentrations on the exposed leaves (ICP-MS) were for some elements (Cr, Co, Mn, 632 

Fe, Zn) correlated with the cumulative atmospheric pollutants (PM10, PM2.5) at the test site (Tables 633 

S.9, S.10; Figure S.13). For both ivy and strawberry, Cr was positively correlated with cumulative 634 

PM10 and PM2.5, whereas Zn was negatively correlated. When relating the cumulative PM with the 635 

measured leaf magnetic properties, the indicators ARM200/500, SIRM and ARMχ were positively 636 

correlated for ivy, and SIRM and ARMχ for strawberry (Tables S.11, S.12; Figure S.14). The average 637 

trace elements concentrations and magnetic indicators were compared for the five sampling events 638 

(0w, 3w, 6w, 9w, 12w). Significant correlations (p = 0.038; ρ = 0.9) were found for ivy only, between 639 

ARM200/500 and the metals Co and Pb, and between SIRM and Mn. Further research should include 640 

performing these analyses (ICP-MS and magnetic) on the same leaves, to properly investigate the 641 
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relationships between leaf magnetic properties and enrichment in trace elements, in terms of dust-642 

polluting contributions and natural depletion.  643 

4. Conclusions 644 

In the present study ivy and strawberry plants were exposed outdoors at a moderate road traffic site 645 

for a period of three months. Leaves collected every three weeks were analyzed for their elemental 646 

and magnetic content, as well as microscopically, in order to evaluate the accumulated leaf dust. Dust 647 

accumulation was mainly observed visually (SEM) and magnetically, on both ivy and strawberry 648 

leaves, while the enrichment in metals was limited (only Cr increased over time for both species). 649 

Dust wash-off effects due to rain and lowered atmospheric PM concentrations, between 6w and 12w, 650 

were reflected in the obtained results (mainly magnetically and via SEM images). The overall dust 651 

accumulation was not as substantial as expected, possibly due to the aforementioned reasons, and to 652 

the fact that traffic-related contributions were moderate. Yet, significant differences were observed 653 

between the two test species. Ivy accumulated more dust (elements/magnetically/SEM) than 654 

strawberry leaves, even though strawberry leaves are characterized by the presence of long trichomes 655 

and a rugged micromorphology, which are considered important leaf traits to capture atmospheric 656 

dust. In addition to accumulating less, strawberry leaves also seemed to be more susceptible to wash-657 

off effects. The magnetic enrichment of exposed ivy and strawberry leaves was, nonetheless, equally 658 

derived from small-grained SD/PSD magnetite particles. The results from this campaign support ivy 659 

leaves to be useful and reliable in the monitoring of atmospheric dust, having also the advantage of 660 

being a resilient, evergreen species, widely available in a variety of environments, from natural to 661 

urban settings.  662 

Leaf surface elemental concentrations were obtained from the same leaf samples with ED-XRF and 663 

HR-ICP-MS. Although ED-XRF requires no sample preparation and is reliable for the analysis of 664 

PM-filters, the observed blank variability was too high to get reliable quantifications, related with the 665 

fact that the leaf matrix is rather heterogeneous, chemically and in terms of thickness. The high 666 

frequency and consistency of elements detected by HR-ICP-MS in the leaf leachates supports this 667 

methodology as a useful approach to investigate the accumulation of atmospheric dust on leaf 668 

surfaces. By comparing the ICP-MS concentrations with the magnetic properties for the non-exposed 669 
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leaves, there was evidence that certain elements (Cu, Fe, Zn) associated with traffic-related pollution 670 

might have been derived from the plants per se through the use of fertilizers (plant micronutrients).  671 

Plant leaves are valuable for monitoring the surrounding habitat quality. The present exposure 672 

campaign illustrated how complex and multifaceted the interaction between atmospheric dust and its 673 

accumulation on leaves can be. Variations in terms of pollution contributions, meteorological 674 

phenomena, species-specific traits, particle deposition (and encapsulation) versus micronutrients 675 

depletion, will normally have a different outcome depending on e.g. the polluting source/level, 676 

monitoring period and species used. Although not being completely elucidative, such multifactorial 677 

leaf dust accumulation process can better be understood through a combination of techniques 678 

(elements/magnetic/SEM).  679 
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Highlights 

• Ivy and strawberry leaves followed up every three weeks for a three months period. 

• Dust accumulation observed visually and magnetically, yet limited in metal built-up. 

• Ivy accumulated more than strawberry, with the latter more susceptible to wash-off. 

• Site-source and precipitation dynamics over time were detected by leaf biomonitoring. 

• Combination of techniques assists in understanding the complex leaf-dust interaction. 
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