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Abstract 16 

Environmental magnetism, and the magnetic leaf signal in particular, is amply investigated and 17 

applied as proxy for atmospheric particulate matter pollution. In this study, we investigated the 18 

magnetic signal of annual segments of tree branches, and the composition of particles deposited 19 

hereon. Branches are, contrary to leaves, available during leaf-off seasons and exposed to air 20 

pollution year-round. We examined the intra- and inter-tree variation in saturation isothermal 21 

remanent magnetization (SIRM) of branch internodes of London plane (Platanus x acerifolia 22 

Willd.) trees in an urban environment. The branch SIRM, normalized by surface area, ranged from 23 

18 to 650 x 10-6 A; the median amounted to 106 x 10-6 A. Most of the branch magnetic signal was 24 

attributed to the epidermis or bark, and the presence of metal-containing particles on the branch 25 

surfaces was confirmed by SEM-EDX. The location of the trees and the height, depth in the crown 26 

and the age of the branches significantly influenced the branch SIRM. The median branch SIRM 27 

was up to 135% higher near a busy ring road than in quiet environments (city park and quiet street 28 

canyon), and was linked to the presence of Fe-rich particles with co-occurrence of trace metals such 29 

as Cr, Cu, Zn and Mn on the branch surface. Within the tree crowns, the branch SIRM generally 30 

decreased with increasing height, and was 22% higher in the interior than at the periphery of the 31 

crowns. Within the branches, the SIRM increased with each year of exposure, but did not relate to 32 

year-to-year variation in particle concentrations due to branch surface changes (epidermis 33 

shedding). Our results provide indications that branches can be a valuable alternative for 34 

biomagnetic monitoring of particulate pollution, but intra-tree variability in branch SIRM can be 35 

substantial due to the branch’s location in the tree and branch age. 36 

Keywords environmental magnetism, urban trees, air quality, particulate pollution, branch bark 37 

Highlights 38 

- We measured magnetization (SIRM) of urban-tree branches as proxy for particulate deposition. 39 

- Branch SIRM, mainly confined to the bark surface, increases with each year of exposure. 40 

- Branch SIRM reveals similar spatial intra- and inter-tree variation patterns as leaf SIRM. 41 

- Branches can be a valuable alternative for biomagnetic monitoring with leaves.42 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

3 

 

Funding sources 43 

The study was carried out using the facilities and instruments of the University of Antwerp. This 44 

research did not receive any specific grant from funding agencies in the public, commercial, or not-45 

for-profit sectors. 46 

 47 

Declarations of interest: none.48 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

4 

 

1. Introduction 49 

Since the pioneering work by Schädlich et al. (1995) and Matzka & Maher (1999), ample studies 50 

have investigated the utility of magnetic biomonitoring with plant leaves for particulate matter (PM) 51 

concentration assessment and high resolution spatial mapping. Indeed, leaf magnetic properties 52 

such as magnetic susceptibility and saturation isothermal remanent magnetization (SIRM) have 53 

shown to vary between land-use classes (e.g., green area vs. urban area and industry; Kardel et al. 54 

2012; Castanheiro et al. 2016), with distance to sources such as traffic-bearing roads, railways and 55 

industry (Moreno et al. 2003; McIntosh et al. 2007; Szönyi et al. 2008; Hansard et al. 2011; Kardel 56 

et al. 2012) and with motorized-traffic intensity or volume (Moreno et al. 2003; Mitchell & Maher 57 

2009; Kardel et al. 2012). Although direct relationships between atmospheric PM concentrations 58 

and leaf magnetic measures are difficult to disentangle for short time periods (Hofman et al. 2014d, 59 

but see Mitchell et al. 2010), it has been shown that leaf SIRM correlates significantly with 60 

cumulative daily average atmospheric PM10 and PM2.5 concentrations (Kardel et al. 2011, Hofman 61 

et al. 2014d) and the total mass of particles accumulated on the leaf surface (Muxworthy et al. 2003, 62 

Hofman et al. 2014c). As such, leaf SIRM is considered a good proxy for time-integrated PM 63 

exposure. Leaves of deciduous trees thus provide us with an indication of PM exposure throughout 64 

the in-leaf season only, typically from April or May up to October in temperate climates. Leaves or 65 

needles of evergreen species could give an indication of PM exposure over longer time periods 66 

(Lehndorff et al. 2006) but then the needle exposure time is difficult to ascertain. Moreover, in 67 

temperate climate zones, evergreen species are not common in urban environments. Plant parts, 68 

other than leaves, exposed to air pollution year-round, are branch and trunk bark. The use of bark in 69 

magnetic biomonitoring seems feasible as analyses of particles collected by wiping tree bark with 70 

moist tissues demonstrate 50 and 200 times higher magnetization for branch and trunk bark than for 71 

leaves (Flanders 1994). However, research on bark magnetic properties is far less abundant than for 72 

leaves and is restricted to trunk bark. Kletetschka et al. (2003) and Zhang et al. (2008) used 73 

magnetic properties of tree trunk bark as indicators for particles from a traffic-intensive road or an 74 

iron-smelting factory, respectively. While trunk bark exposure time to air pollution would be either 75 

total tree age or difficult to determine in trunk bark shedding species (e.g., the common urban tree 76 

London plane (Platanus sp.)), branch bark exposure time is easy to assess. 77 

Here we present the results of a study on the magnetic analysis of branches of a deciduous tree 78 

species in an urban context. The aim of the study was (i) to evaluate the potential of the magnetic 79 

signal of tree branches for monitoring of particle accumulation and (ii) to identify the variables to 80 

take into consideration when using the magnetic signal of branches in future studies, by 81 

investigating its spatial intra- and inter-tree variation and its response to increasing branch age. We 82 
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measured the SIRM of branch internodes of London plane (Platanus x acerifolia Willd.) trees in a 83 

city center and scanning electron microscopy with energy dispersive X-ray spectroscopy (SEM-84 

EDX) was used to investigate the branch surfaces and the particles present hereon. We hypothesize 85 

that magnetic particles are deposited on the epidermis of shoots (or bark in case of older branches), 86 

similar to leaves, and that, as such, branch SIRM reveals similar spatial intra- and inter-tree 87 

variation patterns as exhibited by leaf SIRM. Lastly, we assume that the deposited magnetic 88 

particles accumulate on branches throughout years of exposure. 89 

 90 

2. Material & methods 91 

2.1. Sampling set-up 92 

We used London plane (Platanus x acerifolia Willd.), a deciduous tall tree species, because (i) it is 93 

the most common roadside and park tree in many cities in the temperate regions, (ii) branches 94 

developed in subsequent years can easily be distinguished and (iii) the Platanus sp. have been used 95 

before in many biomagnetic monitoring studies using leaves (e.g. Moreno et al. 2003; McIntosh et 96 

al. 2007; Hofman et al. 2013, 2014a, 2014c, 2014d). Sampling was performed in the central and 97 

southern part of Antwerp city center, Belgium (Fig. 1), in 2012. The city of Antwerp houses 516 98 

000 inhabitants (2015) on 205 km². It encompasses residential and commercial areas in the centre 99 

and a busy port and harbor area with petrochemical industries in the north. The city centre is 100 

surrounded by a heavily trafficked ring motorway of six to ten lanes, connected with international 101 

motorways. The city daily suffers serious traffic congestions. The city experiences a maritime 102 

temperate climate. In the city centre, an urban background and roadside air quality monitoring 103 

station returned yearly mean atmospheric PM2.5 and PM10 concentrations of, respectively, 17 and 27 104 

µg m-3, and 19 and 30 µg m-3 (Flanders Environment Agency 2013). 105 

We sampled four London plane trees at three locations. The first two trees were located in the quiet 106 

street canyon De Villegas in a densely populated area: one tree in row of trees halfway the street 107 

canyon (Tree 1; 51°11'45.9"N, 4°25'26.1"E) and a second solitary tree on a roundabout at the end of 108 

the street (Tree 2; 51°11'47.8"N, 4°25'24.9"E). The traffic intensity in the street canyon itself is 109 

very low and is limited to passenger cars (daytime average of 50 vehicles h-1; Hofman et al. 2014a, 110 

SGS 2010). Further, we selected a solitary tree in the urban park Stadspark (Tree 3; 51°11'31.1"N 111 

4°25'17.0"E), at 150 to 200 m from roads with low (200 vehicles h-1) and medium traffic intensity 112 

(730 to 1300 vehicles h-1) and at 250 m from tram lines. Lastly, a solitary tree (Tree 4; 113 

51°12'44.4"N, 4°24'51.8"E) was chosen at an intersection of three traffic-intensive roads. The tree 114 

is located at 2 m from the seven-lanes regional ring road Binnensingel (daytime average of 1909 115 

vehicles h-1; SGS 2010), at 40 m from the national N1 road from Antwerp to Brussels (daytime 116 
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average of 2133 vehicles h-1; SGS 2010) and at 70 m from the twelve-lanes highway ring road R1 117 

(daytime average of 8400 vehicles h-1; SGS 2010). The train railway line 59 from Antwerp to Ghent 118 

is at 25 m from Tree 4. Air quality maps modelled following a IFDM-OSP model chain (Vranckx & 119 

Lefebvre 2013) suggest yearly mean PM2.5 concentrations of 18, 18 and 21 µg m-3, PM10 120 

concentrations of 28, 28 and 31 µg m-3 and NO2 concentrations of 46, 39 and 89 µg m-3 in the quiet 121 

street canyon, the park and the ring road locations, respectively. 122 

 123 

  

Figure 1. Location of the city of Antwerp (indicated by the star) in Belgium, Europe, and location of the four 124 

London plane trees sampled in the city of Antwerp (Source: OpenStreetMap contributors, 125 

https://www.openstreetmap.org/) 126 

 127 

Tree branches were sampled with a boom lift at 20 sampling positions in the crown of each tree 128 

between 11 and 14 September 2012, after a rain-free period of 11 days. From each tree, branch 129 

samples were taken at three sampling heights (at about 3.5, 8.5 and 13.5 m above the ground) and in 130 

four wind sectors of the canopy (azimuth). All branches were cut at the periphery of the crown, but 131 

at 3.5 and 8.5 m height, branches were sampled also inside the crown, i.e., at halfway the tree trunk 132 

and the crown periphery. At each sampling position (20 per tree, and thus 80 in total), two branches 133 

about 100 cm in length and carrying fresh leaves were collected. Although London plane sheds 134 

thick scales of bark on the trunk and the very thick, primary branches, the smaller branches do not 135 
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show signs of significant bark loss and have relatively smooth bark tissue in comparison with trunk 136 

bark when inspected with the naked eye. The branches were labelled and transported in plastic 137 

boxes to the lab for further analyses. 138 

 139 

2.2. Sample preparation and magnetic analysis 140 

Arrived in the lab, the branches were stored in cardboard boxes in a cooling room, awaiting further 141 

sample handling in random order in 2013. In the lab, the internodes were cut from the branches 142 

using secateurs, hereby excluding the leaves, fruits, buds, nodes, and leaf scars. Prior tests, by 143 

comparing branch magnetism of trial material before and after it was cut in multiple tiny pieces, 144 

revealed no significant contamination by the secateurs. 145 

First, two pretests were performed before all other branches were processed. A first pretest was 146 

performed to test for the variation within branches, i.e. between years of development (i.e., 147 

consecutive internodes) and between positions of the internode within a year of development (top, 148 

mid and base). Therefore, a detailed sampling on a subset of the branches (the bottom branches of 149 

Tree 4 at the ring road) was done, by cutting the top, mid and base internodes separately from 150 

branches developed in six subsequent growing seasons, i.e., from the current-year branches (Y0) up 151 

to branches developed seven years ago (Y7). A second pretest was performed to evaluate the 152 

contribution of the inside tissue (wood) and the outside surface area (bark) to the magnetic signal. 153 

For this, 12 branch internodes were selected from all azimuths, both crown depths and from Y0, Y1 154 

and Y2 years of development of Tree 4, the bark was removed, and bark and wood were 155 

magnetically analysed separately. 156 

Second, from all other branches, we cut the internodes developed during the current growing season 157 

(Y0) from each branch, and if possible, the internodes developed during the preceding two growing 158 

seasons (Y1 and Y2). For each year of development (or branch age), one sample was prepared which 159 

consisted of either (i) all internodes developed in that year (in case four or less internodes were 160 

available) or a subset of the top, a mid and the base internodes (in case five or more internodes were 161 

available). 162 

The internode surface areas were calculated from the length ��and the mean of two diameters (from 163 

both ends) �̅� of the internode determined with a digital caliper (sensitivity 0.01 mm), assuming a 164 

cylindrical shape. The exposed branch surface area of a sample is the sum of the surface areas of 165 

each internode i involved in the sample (with k the total number of internodes in the sample): 166 

∑ �� ∗ �̅�
�
��	 ∗ 
  167 
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Prior to magnetic analyses, the internodes of each sample were cut into pieces, tightly packed in 168 

cling film and pressed in a plastic container (10 cm3). Magnetic susceptibility measurements, 169 

conducted with the MS2 with B sensor from Bartington Instruments, were below the detection limit 170 

of the instrument (2 x 10-6 SI). Following the protocol described by Kardel et al. (2011), the 171 

container holding the sample was magnetized in a pulse DC magnetic field of 1 Tesla using a 172 

Molspin pulse magnetizer (Molspin Ltd, UK) and the saturation isothermal remanent magnetization 173 

(SIRM) was measured twice immediately after magnetization using a Molspin Minispin 174 

magnetometer (with sensitivity 10-9 A m2). The magnetometer was calibrated with a magnetically-175 

stable rock, and its accuracy was checked every ten samples using the same rock specimen as 176 

reference sample. Method blanks were included as empty containers. The measured magnetization 177 

values (in mA m-1) were multiplied by 10-5 m3 (the assumed sample volume of the Minispin) to 178 

obtain the magnetic moment (A m2), which was then normalized by dividing by the exposed branch 179 

surface area of the sample, yielding an area-normalized SIRM value expressed as A. The magnetic 180 

analyses of the pretests were performed in 2013; the other magnetic analyses were done in 2014. 181 

The SIRM value of a branch is considered an assemblage of SIRM values accumulated throughout 182 

the different years of exposure, starting from the year of development, and thus SIRM values owing 183 

to a specific year can be estimated by comparison of subsequently-developed branches. However, 184 

the magnetic particles deposited on branches during previous year(s) are ‘diluted’ in the SIRM of 185 

the following year(s) because the branch bark expands as a result of branch diameter growth. So, to 186 

evaluate the year-to-year variation, we estimated the annual increase in SIRM taking into account 187 

the yearly branch area expansion induced by diameter growth. Therefore, we estimated the mean 188 

SIRM owing to the year of development of a branch (������; with y from 2007 to 2011) as the 189 

difference between the median normalized SIRM value of the given branch with age k (����) and 190 

the normalized SIRM value of the branch developed the next year (i.e. with one year lower branch 191 

age; ������) multiplied by the ratio of median diameter of the given branch (��) to the median 192 

diameter of the branch developed the next year (����), i.e. corrected for bark expansion due to 193 

diameter growth during one year: 194 

������ = ���� − ������ ∗
��

����
 

with y between 2007 and 2011 and k (= 2012-j) the branch age (between 1 and 5). 195 

 196 

2.3. SEM-EDX analyses 197 
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On a subset of stored samples, SEM-EDX was performed. For each branch age (Y0, Y1 and Y2), 198 

two replicates were chosen from the branch positioned at the bottom, south and inner side of the 199 

crown of Tree 2 in the quiet street canyon, Tree 3 in the city park and Tree 4 at the busy ring road.  200 

In addition, Y5 branches were selected from Tree 3, taken from the same sampling position. The 201 

epidermis and bark of the shoots were cut in 2 mm wide strips from all-round the dried samples, 202 

were fixed on metallic pin stubs with double-sided tape and vacuum-coated with carbon (10 nm; 203 

Leica EM ACE600) to reduce charge build-up effects. The samples were examined with a Field 204 

Emission Gun – Environmental Scanning Electron Microscope (FEG-ESEM) equipped with an 205 

Energy Dispersive X-Ray (EDX) detector (FEI Quanta 250, USA; at AXES and EMAT research 206 

groups, University of Antwerp), using an accelerating voltage of 15kV, a take-off angle of 30°, a 207 

working distance of 10 mm and a chamber pressure of 10-4 Pa. Imaging was performed based upon 208 

secondary electrons (SE), back-scattered electrons (BSE) and characteristic X-rays (EDX). For the 209 

latter, elemental distribution maps (30 frames) were recorded with a 4.5 µm spot size, at a 210 

magnification of 5000, a resolution of 512 x 352, and with a dwell time of 10 µs per pixel, resulting 211 

in a total scan duration between 800 – 2000 s. Based on the BSE image, three to four particles were 212 

selected of which an EDX point spectrum was acquired, using a dwell time of 50 s per spectrum. 213 

All EDX data analysis was performed by using the Inca software package (Oxford Instruments). 214 

 215 

2.4.  Statistical analysis 216 

To test for the variation within branches, i.e. between years of development and between internode 217 

positions (top, mid and base), we fitted a hierarchical linear mixed-effects model on the detailed 218 

subset data of the lowest sampling height of tree 4. Values of internodes developed six and seven 219 

years ago were removed, due to the low amount of replicates, and 125 data points were retained. 220 

The model included the year since development (further on called ‘branch age’; six years, from zero 221 

to five), the internode position (base, mid, top) and their interaction as fixed factors, while sampling 222 

position and branch, nested in the latter, were included as random factors. Pearson correlation 223 

analyses were performed between the median SIRM values of branches developed in the year 2007 224 

up to 2012 and the time of exposure (in number of months, assuming bud break and shoot 225 

development occurs each year in the second part of April). Also correlations were analysed between 226 

the median SIRM values of branches developed in the year 2007 up to 2012 and the mean SIRM 227 

owing to the year of development of a branch in the year 2007 up to 2012 on the one hand and the 228 

yearly mean PM2.5 and PM10 concentrations measured in the nearest air quality monitoring station 229 

for urban background, at 2.0 km from Tree 4, for the corresponding years on the other hand (station 230 

Borgerhout R801; Flanders Environment Agency 2017).  231 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

10 

 

To test for the variation between trees, within trees and within branches, the data of all trees 232 

(N=374) were fitted with a hierarchical linear mixed-effects model, comprising tree, sampling 233 

position nested in tree, and branch nested in sampling position as random factors. Location (three 234 

levels: De Villegas street, city park, ring road), sampling height, azimuth (four levels: N, E, S, W), 235 

crown depth (two levels: crown interior or periphery), year since development (or branch age) and 236 

their two-way interactions were included as fixed factors. 237 

All statistical analyses were performed in R 3.2.2 (R Core Team 2015). The linear mixed models 238 

were built on ln-transformed SIRM data using the package nlme (Pinheiro et al. 2015). When 239 

building the models, first the structure of the random factors was optimized, and then the 240 

contributions of the fixed factors and their interactions to the model were investigated. The Akaike 241 

Information Criterion was used to compare performances of different model structures. The 242 

residuals of the linear mixed models were checked for normality and plotted against explanatory 243 

variables to check for bias, and the models were evaluated using diagnostic plots. Graphs were 244 

produced using R package ggplot2 (Wickham 2009) and contour plots were developed using linear 245 

interpolation with R package akima (Akima & Gebhardt 2015). 246 

 247 

3. Results 248 

3.1. Magnetic analyses 249 

3.1.1. Detailed within-branch variation pretests 250 

The first pretest (detailed analysis of the data subset of Tree 4) showed that the year since 251 

development significantly (p<0.05) affected the ln-transformed branch SIRM value (Table 1), with 252 

the branch SIRM increasing with branch age. The branch SIRM varied from 161 (± 49) x 10-6 A for 253 

Y0 branches to 473 (± 373) x 10-6 A for Y5 branches (median ± median absolute deviation or MAD; 254 

Fig. 2). The estimations of SIRM owing to the year of development of a branch amounted to 161, 255 

147, 49, 184, 32 and 115 x 10-6 A for Y0 (in 2012), Y1, Y2, Y3, Y4 and Y5 (in 2007) branches 256 

respectively. Thus, with each year of development, the branch SIRM on average increased by 115 x 257 

10-6 A. With median values of 232 (± 123), 266 (± 146) and 280 (± 134) x 10-6 A at the base, mid 258 

and top of the branches, the internode position within a year of development did not significantly 259 

influence the SIRM of that internode (Table 1, Fig. 2). The interaction between the year since 260 

development and the internode position did not significantly (p>0.05) contribute to the model and 261 

was removed. The median branch SIRM values from branches developed in 2007 up to 2012 262 

correlated significantly and positively with (i) the time of exposure in months (r=0.97, p=0.0018) 263 

and (ii) the yearly mean PM2.5 (r=0.90, p=0.0134) and PM10 (r=0.89, p=0.0171) concentrations 264 
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measured at the nearest air quality monitoring station in the corresponding years. Relationships of 265 

the mean SIRM owing to the year of development of a branch in the year 2007 up to 2012 and the 266 

yearly mean PM2.5 and PM10 concentrations were not significant (r=-0.42, p=0.4100 and r=-0.35, 267 

p=0.4990). 268 

The second pretest in which bark and wood were analysed separately revealed that, on average 269 

(N=12), 86% of the total bark + wood SIRM signal is attributed to the bark, while the latter only 270 

represents 34% of the wood + bark mass in a shoot sample. For Y0, Y1 and Y2 internodes, bark 271 

represented 78, 88 and 93% of the total bark + wood SIRM signal. 272 

 273 

 274 

Figure 2. SIRM (10-6 A) values of branch internodes, including the median, according to the year of 275 

development of the branch, from current-year branches (Y0) up to five-year old branches (Y5) 276 

 277 

Table 1. ANOVA of the fixed factors in the linear mixed models fitted to (a) the detailed subset data of tree 4 278 

to look into intra-branch variation and (b) the full dataset comprising all trees to look into inter-tree, 279 

intra-tree and intra-branch variation. 280 

Dataset Source of variation F value p value 
Detailed sub-dataset on Tree 4 (Intercept) 14546 <0.0001 
    (N=125) Internode position 2.53 0.0845 

Branch age 101.9 <0.0001 

Full dataset (Intercept) 19473 <0.0001 
    (N=374) Location 50.7 <0.0001 
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Height 16.2 0.0002 
Azimuth 0.26 0.8572 
Crown depth 13.4 0.0005 
Branch age 101.6 <0.0001 
Location x Height 6.2 0.0036 

 Location x Azimuth 1.2 0.3393 

 281 

 282 

3.1.2. Variation between trees, within trees and within branches 283 

From all four trees in total, we were able to collect and magnetically analyse 149 samples of 284 

current-year branches, 126 samples of one-year old branches and 99 samples of two-year old 285 

branches. The median (± MAD) SIRM value of all branches taking into account all branch ages, 286 

locations, heights, azimuths and crown depths amounted to 106 (± 72) x 10-6 A, with minimum and 287 

maximum values of 18 and 650 x 10-6 A. 288 

When considering the current-year branches at the crown periphery (Fig. 3), large variation can be 289 

observed between trees and within trees according to height and azimuth. The median branch SIRM 290 

of current-year periphery branches was 58 and 46 x 10-6 A for the solitary tree (Tree 1) and row tree 291 

(Tree 2) in the street canyon, 56 x 10-6 A for the park tree (Tree 3) and 108 x 10-6 A for the ring 292 

road tree (Tree 4). While the within-tree variation in branch SIRM was low in both street-canyon 293 

trees (Tree 1 & 2; MAD= 22 and 26 x 10-6 A) and the park tree (Tree 3; MAD=16 x 10-6 A), distinct 294 

variation was observed in the ring road tree (Tree 4; MAD=54 x 10-6 A), particularly in relation 295 

with height. Although the one- and two-year old branches in the crown periphery showed higher 296 

SIRM values, analogous patterns as in current-year branches can be observed.  297 

 298 
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 299 

Figure 3. SIRM (10-6 A) of the current-year branches (Y0) at the crown periphery of the four trees sampled 300 

in the quiet street canyon De Villegas (Tree 1 & 2), in the city park (Tree 3) and at the Ring road (Tree 4). 301 

The data on the sampling positions (indicated by circles) are means of two branches, collected at the N 302 

(0°=360°), E (90°), S (180°) and W (270°) sides of the trees and at 3.5, 8.5 and 13.5 m height, and are 303 

linearly interpolated using the akima package in R. 304 

 305 

When building the linear mixed-effects model for the full dataset including all trees, the random 306 

factors tree and branch did not significantly increase model performance. The sampling position in 307 

the crown explained 15% of the total data variance. From all two-way interactions of the fixed 308 

factors, only the location x height interaction was retained in the final model. The location of the 309 

trees, the height and depth in the canopy and the year of branch development significantly 310 

influenced the branch SIRM (Table 1). The effect of tree location, height in the crown and the year 311 

of branch development are depicted in Figure 4. Differences were observed between the three 312 

locations, in the following order: the quiet street canyon < city park < the Ring road (Fig. 4), but 313 

only street canyon and city park values differed significantly from the ring road tree values. In 314 

general, the median branch SIRM was 18% higher at the city park and 135% higher at the ring road 315 

in comparison with the quiet street canyon. Within the tree crown, the branch SIRM showed in 316 

general a significant, decreasing trend with increasing height. The median branch SIRM at 8.5 and 317 
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13.5 m height was 24 and 27% lower than at 3.5 m. The height effect depended significantly on 318 

location (Fig. 4). Significantly more pronounced height effects were appreciable at the Ring road 319 

(61% lower at 13.5 m than at 3.5 m) and in the city park (37% lower at 13.5 m than at 3.5 m) than 320 

in the street canyon, where the height effect even was negligible (3% higher at 13.5 m than at 3.5 321 

m). In addition, the crown depth (crown interior versus crown periphery) significantly affected the 322 

branch SIRM within the trees (Table 1), the inside of the crown exhibiting 22% higher SIRM values 323 

than the crown periphery (Fig. 5). No significant influence of azimuth in the crown on the branch 324 

SIRM was detected (Table 1, Fig. 5). Although azimuth did not interact significantly with location, 325 

we did found significantly higher branch SIRM at the E side than at the other sides of the street 326 

canyon trees. Within the branches, a significant positive effect of the year since development was 327 

observed on the branch SIRM (Fig. 4, Table 1). The median SIRM values of one-year and two-year 328 

old branches were 134 and 83% higher, respectively, than those of current-year branches (68 ± 37 x 329 

10-6 A). 330 

 331 

Figure 4. Median SIRM (10-6 A), with hinges indicating 25th and 75th percentiles and whiskers 1.5 x the 332 

inter-quartile range, at the three studied locations, i.e., the De Villegas street canyon, the city park and the 333 

Ring road, measured on current-year branches (Y0), one-year old branches (Y1) and two-year old branches 334 

(Y2), sampled at three heights (3.5, 8.5 and 13.5 m). Location (p<0.0001), branch age (p<0.0001) and 335 
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height (p=0.0002) and the location x height interaction (p=0.0036)  significantly influenced the branch 336 

SIRM (Table 1). 337 

 338 

 339 

Figure 5. Median branch SIRM (10-6 A) (± standard error) as a function of crown depth (crown interior and 340 

crown periphery) at the studied crown azimuths (north, east, south and west) for all four trees under study. 341 

Location (p<0.0001) and crown depth (p=0.0005) significantly influenced the resulting branch SIRM (Table 342 

1). 343 

 344 

3.2. SEM-EDX elemental distribution maps & point spectra 345 

Secondary electrons images show a rather smooth, contiguous epidermis in current-year branches 346 

(Fig 6A), while in Y1 branches the epidermis is cracked and ruptured by fissures and lenticels, 347 

revealing the underlying cork cells (Fig 6B and C). In Y2 branches, the epidermis is ruptured even 348 

further (Fig. 6D) and even has come off over large parts of the surface, leaving a rough surface of 349 

cork cells (Fig. 6E). In Y5 branches of Tree 4, the epidermis is shed completely and the branch 350 

surface consisting of cork cells is rough and has spongy appearance (Fig. 6F). Back-scattered 351 

electrons images (shown in Fig. 7 for Y1 branches) reveal the presence of particulates of different 352 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

16 

 

shapes and sizes on the epidermis and on and between the spongy cork cells. The branch surfaces of 353 

Tree 2 in the quiet street canyon showed more particles than those of Tree 3 in the park and Tree 4 354 

at the ring road. Striking is the abundant presence of particles in the spongy matrix of the cork cells 355 

of five-year old branches (Y5) in Tree 4 (Fig. 7). Visual inspection of the covariation between 356 

element maps (shown in Fig. 7 for Y1 branches) learns that the branch surfaces harbor particles that 357 

contain Al and Si with Fe, Mg, K, Na and/or Cl, particles of S with Na and Ca and Fe-rich particles 358 

that seem to contain, next to O, almost exclusively Fe. These Fe-rich particles were more abundant 359 

on the branch surfaces of Tree 4 at the ring road than the other trees. Chemical composition 360 

spectrum analyses of selected particles (Fig. 8) revealed that the Fe-rich particles also contained K, 361 

Ca, Mg, Na, Al and Si. In Tree 4 at the ring road, all these Fe-rich particles also contained Cr, Mn, 362 

Ti, Zn and Ba and particularly Cu, while in Tree 2 in the street canyon some particles contained Cr, 363 

Cu, Mn and Zn. In Tree 3 in the park, this co-occurrence of Fe with trace metals did not occur. 364 

 365 

Figure 6. SEM secondary electrons image of the surface of Y0 branches (a), Y1 branches (b and c), Y2 366 

branches (d and e) and Y5 branches (f). All images from park tree (Tree 3) except f from ring road tree (Tree 367 

4). 368 

 369 
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 370 

Figure 7. SEM back-scatter electrons images (BSE) and elemental distribution maps of Fe, Si, Al, K, Na and 371 

Mg, obtained by EDX mapping, of a Y1 branch of Tree 2 in the quiet street canyon, a Y1 branch of Tree 3 in 372 

the city park and a Y1 and Y5 branch of Tree 4 near the ring road (5000x). Arrows indicated the particles 373 

analysed by EDX point measurements and numbers refer to the corresponding EDX point spectra in Fig. 8. 374 
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 375 

 376 

Figure 8. EDX point spectra of selected particles on the surface of Y1 branches following SEM-EDX analysis. The numbers refer to the particles indicated in Fig. 7377 
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 378 

4. Discussion 379 

The main portion of the branch SIRM signal obtained in our study seems to be confined to the bark 380 

of the branch. This endorses the normalization of the SIRM signal by branch surface area and 381 

validates our hypothesis that magnetic particles are deposited on the branch surface, just like on leaf 382 

surfaces. This is confirmed by the presence of metal-containing particles on branch surfaces as 383 

detected by the SEM-EDX elemental maps and point spectra. We, thus, follow the suggestion made 384 

by Zhang et al. (2008) and Kletetschka et al. (2003) that magnetic particles are intercepted and 385 

adhered by (branch) bark. 386 

 387 

4.1. Between tree variation: location effect 388 

The branch SIRM was able to distinguish between the three locations, particularly between the 389 

lower values in the quiet street canyon and the city park on the one hand and much higher values at 390 

the ring road on the other hand. For leaves, SIRM has shown to vary between land-use classes (e.g., 391 

green area vs. urban area and industry) and with distance to, and intensity of, sources such as 392 

traffic-bearing roads, railways and industry and with motorized-traffic intensity or volume (Moreno 393 

et al. 2003, McIntosh et al. 2007, Szönyi et al. 2008, Mitchell & Maher 2009, Hansard et al. 2011, 394 

Kardel et al. 2012). Furthermore, leaf SIRM has been directly related to exposure to traffic-induced 395 

PM, cumulative daily average atmospheric PM10 and PM2.5 concentrations (Kardel et al. 2011, 396 

Hofman et al. 2014d) and the total mass of particles accumulated on the leaf surface (Muxworthy et 397 

al. 2003, Hofman et al. 2014c). Also for traffic-related gaseous compounds such as NOx (McIntosh 398 

et al. 2007, Hofman et al. 2014b) and for trace metals incorporated in particles such as Fe, Zn, Pb, 399 

Cd and Cu (Sant’Ovaia et al. 2012, Castanheiro et al. 2016) significant relations are found with leaf 400 

SIRM, suggesting the influence of the same source i.e. traffic. For branch bark, no such direct 401 

relations have been suggested yet, but higher bark SIRM has been observed in tree stems at sides 402 

facing towards a smelting factory emitting magnetite-dominated PM (Zhang et al. 2008) and 403 

antipodal to a heavy-trafficked highway emitting metallic pollution (Kletetschka et al. 2003). In our 404 

study, the higher branch SIRM values at the ring road coincide with higher PM10, PM2.5 and NOx 405 

concentrations modelled at high resolution by Vranckx & Lefebvre (2013). Moreover, observed 406 

directional (azimuth) and height effects in Figure 3 seem to be associated with, respectively, the 407 

location and distance to motorized road traffic. 408 

SIRM is mainly sensitive to ferro(i)magnetic particulates, which can be of natural origin or 409 

anthropogenic. Following the guideline of 70% relative humidity suggested by Rodríguez-Germade 410 
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et al. (2014), lithogenic dust contributions will be limited and so good correlations can be expected 411 

between metals and leaf magnetic signals in our study area (relative humidity between 70 and 90% 412 

according to the Royal Meteorological Institute of Belgium, http://www.meteo.be). The SEM-EDX 413 

analyses revealed that the branch surface of the park tree and in the quiet street canyon (Tree 2 and 414 

3) mainly collected particles containing a mixture of Si, Al and Fe in combination with K, Mg, Na, 415 

S, and Cl (probably Al, Si or Fe oxides or sulfides), which are linked to sea salt, crustal matter and 416 

road dust (Viana et al. 2008, Vercauteren et al. 2011). In anthropogenic dust, the Fe in 417 

ferri(o)magnetic particles is partly replaced by other cations such as Ni, Co, Cr, Ti, Al, and Mg 418 

(Hoffmann et al. 1999). The co-occurrence of Fe with Ni, Cu, Zn, Cr, Cd, and Pb is associated with 419 

motorized road traffic (Viana et al. 2008, Vercauteren et al. 2011) due to exhaust emissions and 420 

wear and abrasion of brakes, tires and roads (Pant & Harrison 2013). In Tree 4 at the ring road, 421 

more Fe-rich particles were observed, which showed traces of Cr, Cu, Mn, Ti, Zn and Ba. In Tree 2 422 

in the quiet street canyon, also Fe-rich particles were present on the branch surface, with some 423 

containing trace metals, but they were scarcer. The Fe-rich particles on Tree 3 in the park did not 424 

show co-occurrence with traffic-related trace elements. So we can identify as potential source of 425 

magnetic particles on Tree 4 the high-intensity motorized traffic on the regional seven-lane ring 426 

road right next to the sampled tree (at 2 m), the twelve-lane highway ring road at 80 m and the 427 

national N1 road (Antwerp -Brussels) at 50 m. Another source could be the high-intensity train 428 

traffic on the railway line Antwerp-Ghent at 25 m, as railroad traffic generates particles high in Fe 429 

and Zn content (Castanheiro et al. 2016). The city park tree (Tree 3), with lower branch SIRM 430 

values, is located further away from the nearest road (at 150-200 m) and railway line (at 250 m). 431 

Trees 1 and 2 in the quiet street canyon showed even lower branch SIRM, and indeed, these trees 432 

were located even further from the nearest busy roads and railways (at 250 m from the regional ring 433 

road and 450 m from the highway ring road and railway line). The small contribution of the traffic 434 

inside the quiet street canyon as source of magnetic particles is indicated by the very small 435 

contribution (5%) of the local traffic emissions to the atmospheric PM concentrations in that street 436 

canyon (Hofman et al. 2014d). Our study confirms that magnetic properties of branches, just like 437 

leaves, allow a quick discrimination between locations that differ in distance from traffic-bearing 438 

roads and railways and in modelled atmospheric pollution (PM10, PM2.5 and NOx concentrations) 439 

through differences in branch surface-deposited magnetic particulates, but more research is needed 440 

to link branch SIRM with exposure to traffic-borne PM. Obviously, a more extensive dataset 441 

including more tree repeats per land-use class is necessary in future studies, when aiming at relating 442 

the magnetic signal of branches to specific land-use classes. 443 

 444 
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4.2. Within tree variation: effect of height, azimuth and crown depth 445 

Within the trees, the branch SIRM decreased with increasing sampling height. Similar height effects 446 

in the same height range (3.5-13.5 m) are observed for leaf SIRM of plane trees (Hofman et al. 447 

2013, 2014c) and the mass of coarse particles (> 10 µm) collected by leaves in street canyons 448 

(Hofman et al. 2014c). In tree ring cores, Zhang et al. (2008) observed height effects on SIRM, but 449 

only on the tree side oriented towards the main polluting source, a smelting factory. Hofman et al. 450 

(2013, 2014c) attributed the lower leaf SIRM values in the upper canopy to lower atmospheric 451 

particulate concentration (as a result of larger distance to the source at street level and increased 452 

ventilation) and higher wash-off of leaf-deposited particles (due to increased exposure to rain). 453 

Indeed, we observed the most pronounced height effect at the ring road, where the pollution source 454 

(high-intensity traffic) is located right next to the sampled tree and where the open character of the 455 

area facilitates good ventilation and efficient dilution of the traffic pollution. In the quiet street 456 

canyon and in the city park, the source strength of the contributing emission source is weaker due 457 

to, respectively, a much lower traffic intensity (street canyon) or higher distance to the road (park), 458 

hence explaining the weakened height effect. Unexpectedly, in the street canyon, the SIRM in Y0 459 

and Y2 branches suddenly increased at 13.5 m height compared with 8.5 m, which is fully due to 460 

Tree 2. The reason for the unexpectedly higher SIRM values at 13.5 m in Tree 2 is unclear, 461 

although particle deposits from wind-blown emissions originating from the upwind regional ring 462 

road (250 m) and highway ring road (450 m) cannot be excluded. 463 

No significant overall effect of azimuth on branch SIRM was observed. It seems that the azimuthal 464 

differences in magnetic-particle deposition vary from tree to tree, probably depending on the local 465 

settings of the tree and its surroundings. These settings can be the location (position and distance) of 466 

pollution sources relative to the tree (as evidenced by Tree 4 in Figure 3), the tree crown 467 

architecture and the wind flow patterns influenced by the architecture of the surroundings, as put 468 

forward by Hofman et al. (2014a) as important determinants for azimuthal effects on leaf SIRM. 469 

For example, the influence of the local pollution source (intensive traffic) is clearly visible (but not 470 

significant) in the bottom branches at the north and west side of the ring road tree, the sides the 471 

closest to the seven-lane ring road. Also Matzka & Maher (1999) observed higher SIRM values for 472 

leaves at the traffic-oriented side than at the distal side of a Betula pendula tree. The higher branch 473 

SIRM at the east side of the tree crown in the street canyon complies with the higher leaf SIRM at 474 

the north-east side of trees simultaneously sampled in the same street canyon by Hofman et al. 475 

(2014c). 476 

Branches sampled on the inside of the tree crowns exhibited higher SIRM values than branches at 477 

the crown periphery, thus suggesting higher accumulation of magnetic particles inside the crown. 478 
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As wind flow enters a tree crown, from the periphery to the interior, wind speeds are reduced by 479 

drag, and turbulence will be increased. With lower wind speeds, deposition velocities and capture 480 

efficiencies of branches for fine particles are lowered (Freer-Smith et al. 2004), although 481 

gravitational settling and turbulent transfer resulting from impaction and interception processes will 482 

be increased for coarser particles (Freer-Smith et al. 2005). The potentially lower deposition rate 483 

inside the crown thus must have been counteracted by lower wash-off inside the crown (as these 484 

branches are less exposed to rain), additional input of particles via throughfall (canopy drip from 485 

branches and leaves above) and/or decreased ventilation and dilution with subsequent build-up of 486 

particles in the atmosphere under and inside the tree crown. Although atmospheric-concentration 487 

build-up is a plausible explanation for locations where pollution sources are located next to or 488 

underneath the trees, such as the ring road location, it cannot hold for the city park and street 489 

canyon locations. Our observations thus suggest a significant role of rain in the accumulation of 490 

magnetic particles on branches. For leaves at least, the effect of rain on particle accumulation and 491 

magnetic signal is ambiguous. While in some studies leaf magnetism and particle accumulation are 492 

lowered by rainfall (e.g., Mitchell et al. 2010), in other they are increased (Wang et al. 2015) or not 493 

affected at all (e.g., Urbat et al. 2004, Szönyi et al. 2008, Hofman et al. 2014d). 494 

 495 

4.3. Within branch variation: effect of branch age 496 

The trend of increasing branch SIRM with branch age (i.e. between subsequently-developed 497 

branches) is obvious. This trend could be due to an increasing time of exposure causing the amount 498 

of magnetic particles on the branches to accumulate throughout time, to temporal changes in yearly 499 

PM concentrations in the corresponding year of branch development and to temporal changes in 500 

branch surface structure. The median SIRM values of branches developed in 2007 up to 2012 501 

indeed correlated significantly with the number of exposure months, endorsing the particle 502 

accumulation hypothesis. In addition, also significant correlations were observed with the yearly 503 

mean PM2.5 and PM10 concentrations of the corresponding years. However, care should be taken in 504 

the interpretation of the latter results: the PM2.5 and PM10 concentrations gradually and 505 

monotonically decreased from 2007 to 2012, and thus the significant correlations between branch 506 

SIRM and PM concentrations could just as well be the result of the coincidence of two independent 507 

time trends. 508 

By comparing SIRM values of subsequently-developed branches, assuming year-to-year 509 

accumulation, and taking into account the dilution effect throughout time due to surface stretching - 510 

as was previously shown for leaf SIRM in early leaf development by Hofman et al. (2014d) - we 511 

calculated the SIRM owing to the different years of exposure. On average, one year of exposure 512 
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caused an accumulation of 115 x 10-6 A for branches near the Ring road, although strong variation 513 

was experienced. This variation in SIRM owing to specific years cannot be explained by variation 514 

in PM2.5 and PM10 concentrations between the years, since correlations between both were not 515 

significant. Thus, when taking into account year-to-year accumulation and the dilution effect 516 

throughout time due to surface stretching, no relationship with atmospheric PM concentrations 517 

could be observed. 518 

Interestingly, the SEM pictures demonstrated shifts in branch surface structure with time, which 519 

could not be observed during sample collection by naked-eye visual inspection. At first, the 520 

epidermis of young plane shoots is smooth, but is increasingly ruptured in the next two years. 521 

Though thorn, the epidermis accumulates particles from year to year. As the epidermis starts to 522 

come off in the second year, the particles on it are disposed of too, while the rougher, initially 523 

uncontaminated cork layer is uncovered. The shedding of the epidermis starts in the second year, 524 

explaining the smallness of the increase in SIRM from Y1 to Y2 branches in Fig. 2 and Fig 4. 525 

Throughout the following years, the epidermis shedding progresses and completes, while particles 526 

accumulate on the newly revealed cork layer and the SIRM values rise again. Indeed, in the SEM 527 

pictures of five-year old branches (Y5), one can clearly see that particles nest abundantly on and 528 

deep in the cork layer. With changing surface roughness (from epidermis to cork layer), rates of 529 

deposition and loss of particles from the branches (e.g. by precipitation) are probably altered, but 530 

our data is too short to make conclusions on changing particle accumulation rates. The exfoliation 531 

of the branch thus discards the hypothesis that the median SIRM of a branch developed in a specific 532 

year is representative for the yearly mean PM concentrations in the corresponding year. The 533 

increase in SIRM with branch age thus likely is the result of accumulation of particles with 534 

increasing time of exposure, interfered by the change in surface structure. The branch SIRM shows 535 

a stagnation but not a complete decline to 0 in Y2 or Y3, at a point when the epidermis is almost 536 

completely shed, because the exfoliation occurs gradually enabling the cork layer underneath to 537 

start accumulating particles before the entire epidermis is completely shed. 538 

Catinon et al. (2009) found young ash trees to accumulate metals in stem bark up to 10 to 15 years, 539 

after which the deposited material only slowly increased as if branches were becoming saturated, 540 

depending on its exposure to rain wash-off. No signs of saturation were observed in the branch bark 541 

of our study (at least up to five-year old branches). In a study on trace elements in the branch bark 542 

of holm oak in an urban environment, Drava et al. (2017) observed, in a series of segments 543 

representing 1 to 13 years of exposure, increasing concentrations for only 3 out of 10 trace elements 544 

analysed, i.e. Cd, Pb and Zn. The constant concentrations of Fe, As, Co, Cu, Mn and Ni with the 545 

course of exposure time in their study does not comply with the increase in branch SIRM with time 546 
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of exposure, with SIRM being mainly dominated by the presence of iron rich particles. Although 547 

Drava et al. (2007) suggest that annual branch segments can be a good indicator for year-to-year 548 

atmospheric presence of Pb and Cd, we conclude from our data that trends in branch SIRM from 549 

current-year to three-year old branches of London plane cannot be used as indicator for year-to-year 550 

variation in magnetic particle concentrations, due to evolution of the branch surface structure with 551 

time. Maybe it is possible to evaluate the year-to-year particle accumulation on older branches 552 

which have completely shed the epidermis, but this certainly deserves further study. 553 

 554 

4.4. Comparison of branch SIRM with leaf SIRM 555 

With a median value of 106 x 10-6 A and a range of 18 - 650 x 10-6 A for Y0 to Y2 branches, the 556 

branch SIRM values obtained in our study are situated in the higher section of the range of SIRM 557 

values of leaves collected at similar urban sites from deciduous trees at the end of summer. For 558 

example, Hofman et al. (2013) found SIRM values of P. x acerifolia leaves, sampled between 5 and 559 

12 m height, to range from 4 to 64 x 10-6 A in a street canyon in a medium-size Belgian city. In that 560 

same city, Kardel et al. (2012) measured, between 1.5 and 5 m height, mean leaf SIRM of 86, 99 561 

and 46 x 10-6 A for Carpinus betulus, Tilia sp. with ‘hairy’ leaves and Tilia with ‘non-hairy’ leaves, 562 

respectively. In a study by Mitchell & Maher (2009) in Lancaster (UK), Tilia platyphyllos leaves 563 

from a suburban park and a heavily-trafficked section of a ring road, displayed at 1.5-2 m height 564 

mean SIRM values of 3 and 81 x 10-6 A, respectively. Of course, the branch SIRM in our study is 565 

elevated by the presence of ‘older’ branches in our dataset, which are exposed longer than one 566 

growing season and bared higher SIRM values. Indeed, our branch SIRM values are more in line 567 

with the leaf SIRM values of 34 to 640 x 10-6 A obtained by Hofman et al. (2014b) in Antwerp city 568 

from the evergreen climber Hedera sp., whose leaves are, like branches, exposed to air pollution 569 

throughout (multiple) entire year(s). Also, the median SIRM of the ‘youngest’ current-year 570 

branches (68 x 10-6 A) in our study is of the same order of magnitude as the above-mentioned leaf 571 

SIRM values of deciduous trees. 572 

More correct is to compare SIRM values of branches and leaves normalized by exposed surface, as 573 

accumulation of particles occurs on both leaf sides (so considering the total leaf area instead of the 574 

one-sided leaf area). For example, Flanagan et al. (1980) found that twigs of roadside shrubs have 575 

higher traffic-derived lead and zinc accumulation per area than their leaves, when considering both 576 

abaxial and adaxial leaf surfaces. In a wind tunnel study by Freer-Smith et al. (2004), both 577 

deposition velocity and capture efficiency of particles were found larger for stems than leaves (at 578 

both sides) in deciduous trees with narrow stems, complex architecture and large simple leaves. It is 579 

not unlikely that next to object dimensions (Freer-Smith et al. 2004) differences in other surface 580 
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features (such as surface roughness and wettability) between branches and leaves could induce 581 

differences in particle accumulation between the surfaces. Although our magnetic values suggest 582 

that particle accumulation on current-year branches has the same order of magnitude as on leaves, a 583 

proper comparison of particle deposition and accumulation between co-located, simultaneously 584 

exposed branch and leaf surfaces is needed to evaluate their relative importance in PM removal at 585 

tree level. 586 

 587 

4.5. Implications and suggestions 588 

Based on our observations that branch bark, just like leaves, accumulates atmospheric particles and 589 

that their magnetic signal enables differentiating between sites differently exposed to traffic-related 590 

particles, we can conclude that deciduous tree branches provide a suitable exposure surface for 591 

biomonitoring purposes. The magnetic signal of branches can be used as proxy for time-integrated 592 

magnetic particle exposure, e.g. in pre-screening applications to identify hotspots and regions of 593 

interest for detailed analyses using more time-consuming and expensive methods. And although the 594 

use of branches instead of leaves has some advantages, it also has some drawbacks. Although 595 

branch SIRM is subject to more noise in comparison with leaves, branches have the advantage of 596 

being available in times when deciduous trees are leafless, e.g. due to drought or in wintertime 597 

conditions when air pollution often reaches even higher levels than in the growing season. The use 598 

of branches over leaves of evergreen broadleaf species like Hedera has the advantage that the 599 

surface’s exposure time is known, although it is more difficult for species with Lammas growth. In 600 

practice, the effort for sampling and magnetic measurement of tree branches is similar as for leaves, 601 

but sample handling (cutting the branches into pieces that fit the sample holder) and manual 602 

determination of total surface areas for normalization is more time consuming and probably more 603 

prone to errors and contamination for branches than for leaves. The time-consuming surface area 604 

determination can be easily overcome by automatic measurements of projected surface areas, e.g. 605 

with scanners. Contamination during sample processing can be avoided easily by using metal-free 606 

secateurs and gloves. The most important weakness of the use of branches is the variation of the 607 

SIRM values with branch age. At least for London plane, our study shows that SIRM of branches of 608 

different ages cannot be used as indicator for temporal variation in PM concentrations, due to 609 

branch exfoliation. This however does not hamper the use of branch SIRM for biomonitoring 610 

studies to evaluate the spatial variation in particle exposure as long as the same branch age is 611 

sampled throughout the study. For next biomonitoring campaigns using branch magnetism, we 612 

suggest that sampling height, crown depth and particularly branch age are kept constant or, at least, 613 

are corrected for. Just as with leaves, biomonitoring with branches is limited by the availability of a 614 
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tree species in the city. This could be overcome by using multiple species based on inter-species 615 

calibration of branch SIRM, as established for leaves by Mitchell et al. (2010) and Kardel et al. 616 

(2011), or by combination with artificial samplers (Cao et al. 2015). Next to enabling magnetic 617 

screening, the epidermis or bark of branches has proven to be a suitable collection surface for 618 

particles which can be characterised by SEM and EDX.  Our results provide the first indication that 619 

branches can be a valuable alternative for leaf magnetic biomonitoring, particularly in combination 620 

with SEM-EDX, but has some weaknesses related to inter-tree variation and sample handling effort. 621 

Further research is needed to confirm the capacity of wintertime branch SIRM to discriminate 622 

between multiple locations in a broad range of PM levels, and to determine the relationship of 623 

branch magnetic properties with total deposited particle mass and air concentrations of PM in 624 

particular. In addition, measurements of other branch magnetic parameters (such as magnetic 625 

susceptibility) will yield more information than SIRM alone on branch-accumulated particles, such 626 

as particle magnetic mineralogy and grain size, which could be useful for source-apportionment. 627 

 628 

5. Conclusions 629 

As hypothesized, magnetic particles are deposited on the epidermis and bark of branches of urban 630 

trees. Significant spatial intra- and inter-tree variation patterns were observed for branch SIRM, 631 

similar as seen for leaf SIRM in other studies, confirming our second hypothesis. The branch SIRM 632 

varied between trees in response to locations that differ in exposure to traffic-borne particles, rich in 633 

Fe and trace metals such as Cu, Cr and Zn. Significant variation in branch SIRM occurred within 634 

trees, due to location of the branch within the tree and its age. With increasing age, tree branches 635 

keep on accumulating magnetic particles for several years, for as branch SIRM tends to increase 636 

with each year of exposure, confirming our third hypothesis. However, changes in branch surface 637 

structure occur over time (i.e. epidermis shedding when branches are three years old), explains that 638 

trends in SIRM of branches developed in subsequent years cannot be used as indicators for year-to-639 

year variation in atmospheric particle concentrations. On the practical side, the use of branches as 640 

biomagnetic indicator has some important drawbacks in comparison with the use of leaves: sample 641 

preparation requires more handling, and is thus more time-consuming and more prone to errors for 642 

branches than for leaves. Our results provide indications that, in atmospheric pollution screening 643 

programs, branches can be a valuable alternative for magnetic biomonitoring of particle pollution in 644 

seasons when deciduous trees are leafless. However, our study also highlights the practical 645 

considerations and limits of the methodology and the importance of inter-tree variation in branch 646 

SIRM (due to height, crown depth and branch age effects), which should be kept in mind when 647 

sampling in future air quality screening studies using branch (bark) biomagnetism. 648 
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