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Abstract

Environmental magnetism, and the magnetic leafasignparticular, is amply investigated and
applied as proxy for atmospheric particulate maitdiution. In this study, we investigated the
magnetic signal of annual segments of tree branemesthe composition of particles deposited
hereon. Branches are, contrary to leaves, avaithbiag leaf-off seasons and exposed to air
pollution year-round. We examined the intra- artdritree variation in saturation isothermal
remanent magnetization (SIRM) of branch internaefdsondon planeRlatanus x acerifolia

Willd.) trees in an urban environmeiihe branch SIRM, normalized by surface area, rafiged

18 to 650 x 18 A; the median amounted to 106 x°1A. Most of the branch magnetic signal was
attributed to the epidermis or bark, and the preseh metal-containing particles on the branch
surfaces was confirmed by SEM-EDX. The locatiothaftrees and the height, depth in the crown
and the age of the branches significantly influeinte branch SIRM. The median branch SIRM
was up to 135% higher near a busy ring road thajuiet environments (city park and quiet street
canyon), and was linked to the presence of Fepaticles with co-occurrence of trace metals such
as Cr, Cu, Zn and Mn on the branch surface. Withéntree crowns, the branch SIRM generally
decreased with increasing height, and was 22% higltee interior than at the periphery of the
crowns. Within the branches, the SIRM increaseti wiéch year of exposure, but did not relate to
year-to-year variation in particle concentrationg @b branch surface changes (epidermis
shedding). Our results provide indications thahbhes can be a valuable alternative for
biomagnetic monitoring of particulate pollution,thotra-tree variability in branch SIRM can be

substantial due to the branch’s location in the &ed branch age.
Keywords environmental magnetism, urban trees, air qualdyticulate pollution, branch bark
Highlights

- We measured magnetization (SIRM) of urban-treediras as proxy for particulate deposition.
- Branch SIRM, mainly confined to the bark surfaceréases with each year of exposure.

- Branch SIRM reveals similar spatial intra- and iritee variation patterns as leaf SIRM.

- Branches can be a valuable alternative for biomagn®nitoring with leaves.
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1. Introduction

Since the pioneering work by Schadlich et al. ()% Matzka & Maher (1999), ample studies
have investigated the utility of magnetic biomoniitg with plant leaves for particulate matter (PM)
concentration assessment and high resolution spadiaping. Indeed, leaf magnetic properties
such as magnetic susceptibility and saturatiornesatal remanent magnetization (SIRM) have
shown to vary between land-use classes (e.g., @reanvs. urban area and industry; Kardel et al.
2012; Castanheiro et al. 2016), with distance tocs such as traffic-bearing roads, railways and
industry (Moreno et al. 2003; Mcintosh et al. 208Zpnyi et al. 2008; Hansard et al. 2011; Kardel
et al. 2012) and with motorized-traffic intensityvamlume (Moreno et al. 2003; Mitchell & Maher
2009; Kardel et al. 2012). Although direct relasbips between atmospheric PM concentrations
and leaf magnetic measures are difficult to diseglieafor short time periods (Hofman et al. 2014d,
but see Mitchell et al. 2010), it has been shoven lgaf SIRM correlates significantly with
cumulative daily average atmospheric Béind PM s concentrations (Kardel et al. 2011, Hofman
et al. 2014d) and the total mass of particles actat®d on the leaf surface (Muxworthy et al. 2003,
Hofman et al. 2014c). As such, leaf SIRM is consadea good proxy for time-integrated PM
exposure. Leaves of deciduous trees thus providgthsan indication of PM exposure throughout
the in-leaf season only, typically from April or Map to October in temperate climates. Leaves or
needles of evergreen species could give an indicati PM exposure over longer time periods
(Lehndorff et al. 2006) but then the needle expesiune is difficult to ascertain. Moreover, in
temperate climate zones, evergreen species ammwhon in urban environments. Plant parts,
other than leaves, exposed to air pollution yeanrdy are branch and trunk bark. The use of bark in
magnetic biomonitoring seems feasible as analyspartcles collected by wiping tree bark with
moist tissues demonstrate 50 and 200 times highgnatization for branch and trunk bark than for
leaves (Flanders 1994). However, research on bagaetic properties is far less abundant than for
leaves and is restricted to trunk bark. Kletetsatikal. (2003) and Zhang et al. (2008) used
magnetic properties of tree trunk bark as indicator particles from a traffic-intensive road or an
iron-smelting factory, respectively. While trunkrk@xposure time to air pollution would be either
total tree age or difficult to determine in trun&rk shedding species (e.g., the common urban tree

London planeRlatanussp.)), branch bark exposure time is easy to assess

Here we present the results of a study on the nmiagaealysis of branches of a deciduous tree
species in an urban context. The aim of the stualy (iy to evaluate the potential of the magnetic
signal of tree branches for monitoring of part@ézumulation and (ii) to identify the variables to
take into consideration when using the magnetieadigf branches in future studies, by

investigating its spatial intra- and inter-treeiaion and its response to increasing branch age. W
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measured the SIRM of branch internodes of LondangPlatanusx acerifoliaWilld.) trees in a

city center and scanning electron microscopy witkrgy dispersive X-ray spectroscopy (SEM-
EDX) was used to investigate the branch surfacdgtaparticles present hereon. We hypothesize
that magnetic particles are deposited on the epidesf shoots (or bark in case of older branches),
similar to leaves, and that, as such, branch SIBMals similar spatial intra- and inter-tree
variation patterns as exhibited by leaf SIRM. Lastle assume that the deposited magnetic
particles accumulate on branches throughout ydaspmsure.

2. Material & methods

2.1. Sampling set-up

We used London plan@latanusx acerifolia Willd.), a deciduous tall tree species, becausk ig)
the most common roadside and park tree in margsditi the temperate regions, (ii) branches
developed in subsequent years can easily be dissimgd and (iii) thé’latanussp. have been used
before in many biomagnetic monitoring studies usaayes (e.g. Moreno et al. 2003; Mclintosh et
al. 2007; Hofman et al. 2013, 2014a, 2014c, 2018dnpling was performed in the central and
southern part of Antwerp city center, Belgium (Fig. in 2012. The city of Antwerp houses 516
000 inhabitants (2015) on 205 kmz2. It encompasssdential and commercial areas in the centre
and a busy port and harbor area with petrochenmdalstries in the north. The city centre is
surrounded by a heavily trafficked ring motorwaysof to ten lanes, connected with international
motorways. The city daily suffers serious traffangestions. The city experiences a maritime
temperate climate. In the city centre, an urbark@pawnd and roadside air quality monitoring
station returned yearly mean atmosphericBBhd PMg concentrations of, respectively, 17 and 27
pg m°, and 19 and 30 pg ™(Flanders Environment Agency 2013).

We sampled four London plane trees at three logatidhe first two trees were located in the quiet
street canyome Villegasin a densely populated area: one tree in rowegsthalfway the street
canyon (Tree 1; 51°11'45.9"N, 4°25'26.1"E) andapsd solitary tree on a roundabout at the end of
the street (Tree 2; 51°11'47.8"N, 4°25'24.9"E). Traffic intensity in the street canyon itself is
very low and is limited to passenger cars (dayt@werage of 50 vehicles‘hHofman et al. 2014a,
SGS 2010). Further, we selected a solitary trékarurban pariStadsparkTree 3; 51°11'31.1"N
4°25'17.0"E), at 150 to 200 m from roads with I&@0( vehicles ) and medium traffic intensity
(730 to 1300 vehicles and at 250 m from tram lines. Lastly, a solitase (Tree 4;

51°12'44.4"N, 4°24'51.8"E) was chosen at an inteiwe of three traffic-intensive roads. The tree
is located at 2 m from the seven-lanes regiongl mradBinnensinge(daytime average of 1909
vehicles i; SGS 2010), at 40 m from the national N1 road fAamwerp to Brussels (daytime
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average of 2133 vehicle§"hSGS 2010) and at 70 m from the twelve-lanes hiaghting road R1
(daytime average of 8400 vehicled IBGS 2010). The train railway line 59 from AntwéopGhent
is at 25 m from Tree 4. Air quality maps modelletddwing a IFDM-OSP model chain (Vranckx &
Lefebvre 2013) suggest yearly mean f2Moncentrations of 18, 18 and 21 pg, Mg
concentrations of 28, 28 and 31 pg and NQ concentrations of 46, 39 and 89 pgimthe quiet

street canyon, the park and the ring road locatimspectively.
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Figure 1. Location of the city of Antwerp (indicdtey the star) in Belgium, Europe, and locatiorhef four

\

London plane trees sampled in the city of Antw&qufce: OpenStreetMap contributors,

https://www.openstreetmap.org/)

Tree branches were sampled with a boom lift ata20pding positions in the crown of each tree
between 11 and 14 September 2012, after a rairpéeed of 11 days. From each tree, branch
samples were taken at three sampling heights (aitt&o5, 8.5 and 13.5 m above the ground) and in
four wind sectors of the canopy (azimuth). All bches were cut at the periphery of the crown, but
at 3.5 and 8.5 m height, branches were sampledragte the crown, i.e., at halfway the tree trunk
and the crown periphery. At each sampling posi(Rihper tree, and thus 80 in total), two branches
about 100 cm in length and carrying fresh leave®wsllected. Although London plane sheds

thick scales of bark on the trunk and the verykthpcimary branches, the smaller branches do not
6



136 show signs of significant bark loss and have netdyi smooth bark tissue in comparison with trunk
137  bark when inspected with the naked eye. The branafeee labelled and transported in plastic
138  boxes to the lab for further analyses.

139

140 2.2. Sample preparation and magnetic analysis

141 Arrived in the lab, the branches were stored idlloaard boxes in a cooling room, awaiting further
142 sample handling in random order in 2013. In the thé internodes were cut from the branches
143  using secateurs, hereby excluding the leavessfioitds, nodes, and leaf scars. Prior tests, by
144  comparing branch magnetism of trial material beford after it was cut in multiple tiny pieces,

145  revealed no significant contamination by the seaate

146  First, two pretests were performed before all olranches were processed. A first pretest was
147  performed to test for the variation within branchies between years of development (i.e.,

148  consecutive internodes) and between positionseoirntternode within a year of development (top,
149  mid and base). Therefore, a detailed sampling subaet of the branches (the bottom branches of
150 Tree 4 at the ring road) was done, by cutting tipe tnid and base internodes separately from

151  branches developed in six subsequent growing ssasen from the current-year branches)(Yp
152  to branches developed seven years agh &/second pretest was performed to evaluate the

153  contribution of the inside tissue (wood) and thésmle surface area (bark) to the magnetic signal.
154  For this, 12 branch internodes were selected fribazanuths, both crown depths and frorg Y1

155 and Y, years of development of Tree 4, the bark was rempand bark and wood were

156  magnetically analysed separately.

157  Second, from all other branches, we cut the indesaleveloped during the current growing season
158  (Yo) from each branch, and if possible, the internattasloped during the preceding two growing
159  seasons (Yand Y,). For each year of development (or branch aged sample was prepared which
160  consisted of either (i) all internodes developethat year (in case four or less internodes were

161  available) or a subset of the top, a mid and ttse li@ernodes (in case five or more internodes were
162  available).

163  The internode surface areas were calculated frentetigthl;and the mean of two diameters (from
164  both ends}i; of the internode determined with a digital calif@nsitivity 0.01 mm), assuming a
165  cylindrical shape. The exposed branch surfacearaasample is the sum of the surface areas of
166  each internode i involved in the sample (with k thial number of internodes in the sample):

167 Kolixdy*m
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Prior to magnetic analyses, the internodes of saofple were cut into pieces, tightly packed in
cling film and pressed in a plastic container (&)c Magnetic susceptibility measurements,
conducted with the MS2 with B sensor from Bartimgtostruments, were below the detection limit
of the instrument (2 x 1DSI). Following the protocol described by Kardehet(2011), the
container holding the sample was magnetized ingeddC magnetic field of 1 Tesla using a
Molspin pulse magnetizer (Molspin Ltd, UK) and geuration isothermal remanent magnetization
(SIRM) was measured twice immediately after magadéibn using a Molspin Minispin
magnetometer (with sensitivity 0\ m?). The magnetometer was calibrated with a magritica
stable rock, and its accuracy was checked evergamples using the same rock specimen as
reference sample. Method blanks were included gdyecontainers. The measured magnetization
values (in mA rit) were multiplied by 18 m* (the assumed sample volume of the Minispin) to
obtain the magnetic moment (Amwhich was then normalized by dividing by the es@d branch
surface area of the sample, yielding an area-na@eth5IRM value expressed as A. The magnetic

analyses of the pretests were performed in 20E3ptiher magnetic analyses were done in 2014.

The SIRM value of a branch is considered an assagelof SIRM values accumulated throughout
the different years of exposure, starting fromytear of development, and thus SIRM values owing
to a specific year can be estimated by compari$snlzsequently-developed branches. However,
the magnetic particles deposited on branches dprexgjous year(s) are ‘diluted’ in the SIRM of
the following year(s) because the branch bark edpas a result of branch diameter growth. So, to
evaluate the year-to-year variation, we estimatedannual increase in SIRM taking into account
the yearly branch area expansion induced by diarngedath. Therefore, we estimated the mean
SIRM owing to the year of development of a branttk{/;_,,; with y from 2007 to 2011) as the
difference between the median normalized SIRM valude given branch with age KIRM,,) and
the normalized SIRM value of the branch develofedext year (i.e. with one year lower branch
age;SIRM;_,) multiplied by the ratio of median diameter of thigen branchd,) to the median
diameter of the branch developed the next y&ar,(), i.e. corrected for bark expansion due to

diameter growth during one year:

d
SIRM,y = SIRM — SIRM;c_ * i

k-1

with y between 2007 and 2011 and k (= 2012-)) tlambh age (between 1 and 5).

2.3. SEM-EDX analyses
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On a subset of stored samples, SEM-EDX was perfbriner each branch ageqY1 and Y,),

two replicates were chosen from the branch postiat the bottom, south and inner side of the
crown of Tree 2 in the quiet street canyon, TreetBe city park and Tree 4 at the busy ring road.
In addition, Y5 branches were selected from Tree 3, taken fronsdhee sampling position. The
epidermis and bark of the shoots were cut in 2 mde strips from all-round the dried samples,
were fixed on metallic pin stubs with double-sidape and vacuum-coated with carbon (10 nm;
Leica EM ACEG600) to reduce charge build-up effettee samples were examined with a Field
Emission Gun — Environmental Scanning Electron bicope (FEG-ESEM) equipped with an
Energy Dispersive X-Ray (EDX) detector (FEI Qua2®®, USA; at AXES and EMAT research
groups, University of Antwerp), using an accelergtvoltage of 15kV, a take-off angle of 30°, a
working distance of 10 mm and a chamber pressut@bPa. Imaging was performed based upon
secondary electrons (SE), back-scattered elec(B®E) and characteristic X-rays (EDX). For the
latter, elemental distribution maps (30 frames)enecorded with a 4.5 um spot size, at a
magnification of 5000, a resolution of 512 x 352d avith a dwell time of 10 us per pixel, resulting
in a total scan duration between 800 — 2000 s.Bardhe BSE image, three to four particles were
selected of which an EDX point spectrum was acduueging a dwell time of 50 s per spectrum.

All EDX data analysis was performed by using thealsoftware package (Oxford Instruments).

2.4. Statistical analysis

To test for the variation within branches, i.e viltn years of development and between internode
positions (top, mid and base), we fitted a hiermadHinear mixed-effects model on the detailed
subset data of the lowest sampling height of trééadues of internodes developed six and seven
years ago were removed, due to the low amountphiteges, and 125 data points were retained.
The model included the year since developmenthi{&urdn called ‘branch age’; six years, from zero
to five), the internode position (base, mid, topdl gheir interaction as fixed factors, while samgli
position and branch, nested in the latter, werkidex as random factors. Pearson correlation
analyses were performed between the median SIRMsalf branches developed in the year 2007
up to 2012 and the time of exposure (in number afitims, assuming bud break and shoot
development occurs each year in the second pampml). Also correlations were analysed between
the median SIRM values of branches developed iiy¢he 2007 up to 2012 and the mean SIRM
owing to the year of development of a branch inyiés& 2007 up to 2012 on the one hand and the
yearly mean PMs and PM, concentrations measured in the nearest air quabityitoring station

for urban background, at 2.0 km from Tree 4, fa@ tbrresponding years on the other hand (station
Borgerhout R801; Flanders Environment Agency 2017).



232 'Totest for the variation between trees, withirsrand within branches, the data of all trees

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

234  position nested in tree, and branch nested in sagpbsition as random factors. Location (three
235 levels: De Villegas street, city park, ring roasgmpling height, azimuth (four levels: N, E, S, W),
236 crown depth (two levels: crown interior or peripfjeryear since development (or branch age) and

237  their two-way interactions were included as fixadtors.

238  All statistical analyses were performed in R 3(RZCore Team 2015). The linear mixed models
239  were built on In-transformed SIRM data using thekage nlme (Pinheiro et al. 2015). When

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

241 contributions of the fixed factors and their intgrans to the model were investigated. The Akaike
242 Information Criterion was used to compare perforoesnof different model structures. The

243  residuals of the linear mixed models were checkeddrmality and plotted against explanatory
244  variables to check for bias, and the models weatuated using diagnostic plots. Graphs were
245  produced using R package ggplot2 (Wickham 2009)camdour plots were developed using linear
246  interpolation with R package akima (Akima & Gebhd@15).

247

248 3. Results
249  3.1. Magnetic analyses

250 3.1.1. Detailed within-branch variation pretests

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

252  development significantly (p<0.05) affected thermasformed branch SIRM value (Table 1), with
253 the branch SIRM increasing with branch age. Thadir&8IRM varied from 161 (+ 49) x P0A for
254  Yobranches to 473 (+ 373) x 2@ for Y5 branches (median + median absolute deviation oDMA
255  Fig. 2). The estimations of SIRM owing to the yeadevelopment of a branch amounted to 161,
256 147,49, 184, 32 and 115 x™48 for Y, (in 2012), VY, Y2, Y3, Yz and ¥ (in 2007) branches

257  respectively. Thus, with each year of developmidnatbranch SIRM on average increased by 115 x
258  10° A. With median values of 232 (+ 123), 266 (+ 146) 280 (+ 134) x IBA at the base, mid
259 and top of the branches, the internode positiohiwia year of development did not significantly
260 influence the SIRM of that internode (Table 1, Y. The interaction between the year since

261 development and the internode position did notiBamtly (p>0.05) contribute to the model and
262 was removed. The median branch SIRM values fromdbras developed in 2007 up to 2012

263  correlated significantly and positively with (i)ehime of exposure in months (r=0.97, p=0.0018)
264  and (ii) the yearly mean PM(r=0.90, p=0.0134) and PM(r=0.89, p=0.0171) concentrations

10



265 measured at the nearest air quality monitoringostan the corresponding years. Relationships of
266 the mean SIRM owing to the year of development lofaanch in the year 2007 up to 2012 and the
267  yearly mean PMs and PMo concentrations were not significant (r=-0.42, g400 and r=-0.35,
268  p=0.4990).

269  The second pretest in which bark and wood wereyaedlseparately revealed that, on average
270  (N=12), 86% of the total bark + wood SIRM signaatfributed to the bark, while the latter only
271 represents 34% of the wood + bark mass in a slamople. For ¥, Y1 and Y, internodes, bark
272 represented 78, 88 and 93% of the total bark + v&I&M signal.

273
1500 - Internocde position
* Base
1000 - Mid *
Top
E T -
= -
= ; * k. .
o — .
[F5] | R |
-I - - L]
Branch age (year of development)
274

275  Figure 2. SIRM (18 A) values of branch internodes, including the medaccording to the year of
276  development of the branch, from current-year brascfy 0) up to five-year old branches (Y5)

277

278  Table 1. ANOVA of the fixed factors in the lineaxed models fitted to (a) the detailed subset ddtace 4

279 to look into intra-branch variation and (b) the lfdlataset comprising all trees to look into intee,
280 intra-tree and intra-branch variation.
Dataset Source of variationF 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

11
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284
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287
288

289
290
291
292
293
294
295
296
297

298

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

3.1.2. Variation between trees, within trees antthiwibranches

From all four trees in total, we were able to odtilend magnetically analyse 149 samples of
current-year branches, 126 samples of one-yedrraliches and 99 samples of two-year old
branches. The median (£ MAD) SIRM value of all lmfa@s taking into account all branch ages,
locations, heights, azimuths and crown depths ateouo 106 (+ 72) x IBA, with minimum and

maximum values of 18 and 650 x 4.

When considering the current-year branches atrthercperiphery (Fig. 3), large variation can be
observed between trees and within trees accordihgight and azimuth. The median branch SIRM
of current-year periphery branches was 58 and #8%A for the solitary tree (Tree 1) and row tree
(Tree 2) in the street canyon, 56 X°1A for the park tree (Tree 3) and 108 x®A for the ring

road tree (Tree 4). While the within-tree variatiorbranch SIRM was low in both street-canyon
trees (Tree 1 & 2; MAD= 22 and 26 x1@) and the park tree (Tree 3; MAD=16 x18), distinct
variation was observed in the ring road tree (BeAD=54 x 10° A), particularly in relation

with height. Although the one- and two-year oldrmtaes in the crown periphery showed higher

SIRM values, analogous patterns as in currentdyearches can be observed.

12
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300 Figure 3. SIRM (18 A) of the current-year branches (Y0) at the cr@eriphery of the four trees sampled
301 inthe quiet street canyon De Villegas (Tree 1 &2)he city park (Tree 3) and at the Ring roade@4).
302 The data on the sampling positions (indicated bgles) are means of two branches, collected at\the
303  (0°=360°), E (90°), S (180°) and W (270°) sidethaftrees and at 3.5, 8.5 and 13.5 m height, aed ar

304 linearly interpolated using the akima package in R.

305

306  When building the linear mixed-effects model foe fall dataset including all trees, the random
307 factors tree and branch did not significantly ims® model performance. The sampling position in
308 the crown explained 15% of the total data variaiktem all two-way interactions of the fixed

309 factors, only the location x height interaction weakained in the final model. The location of the
310 trees, the height and depth in the canopy anddheof branch development significantly

311 influenced the branch SIRM (Table 1). The effectreé location, height in the crown and the year
312  of branch development are depicted in Figure 4ebahces were observed between the three

313 locations, in the following order: the quiet streahyon < city park < the Ring road (Fig. 4), but
314  only street canyon and city park values differgphgicantly from the ring road tree values. In

315 general, the median branch SIRM was 18% highdreatity park and 135% higher at the ring road
316 in comparison with the quiet street canyon. Witiie tree crown, the branch SIRM showed in

317 general a significant, decreasing trend with insirggaheight. The median branch SIRM at 8.5 and
13
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13.5 m height was 24 and 27% lower than at 3.5me. Height effect depended significantly on
location (Fig. 4). Significantly more pronounceddhe effects were appreciable at the Ring road
(61% lower at 13.5 m than at 3.5 m) and in the paxk (37% lower at 13.5 m than at 3.5 m) than
in the street canyon, where the height effect evas negligible (3% higher at 13.5 m than at 3.5
m). In addition, the crown depth (crown interiorsgs crown periphery) significantly affected the
branch SIRM within the trees (Table 1), the insafi¢he crown exhibiting 22% higher SIRM values
than the crown periphery (Fig. 5). No significamluence of azimuth in the crown on the branch
SIRM was detected (Table 1, Fig. 5). Although azimdid not interact significantly with location,
we did found significantly higher branch SIRM a¢ tB side than at the other sides of the street
canyon trees. Within the branches, a significasitp@ effect of the year since development was
observed on the branch SIRM (Fig. 4, Table 1). Mieelian SIRM values of one-year and two-year
old branches were 134 and 83% higher, respectittedy, those of current-year branches (68 + 37 x
10° A).

s

SIRM (10° A
ed An

peol Buiy

Branch age (vear of development)

Figure 4. Median SIRM (10A), with hinges indicating 25th and 75th percesgtiand whiskers 1.5 x the
inter-quartile range, at the three studied locagopne., the De Villegas street canyon, the citfk@and the
Ring road, measured on current-year branches (¥i@;year old branches (Y1) and two-year old brasche
(Y2), sampled at three heights (3.5, 8.5 and 13.8 atation (p<0.0001), branch age (p<0.0001) and
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height (p=0.0002) and the location x height interae (p=0.0036) significantly influenced the branc
SIRM (Table 1).
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Figure 5. Median branch SIRM (£\) (+ standard error) as a function of crown degtiown interior and
crown periphery) at the studied crown azimuths {fmoeast, south and west) for all four trees urstedy.
Location (p<0.0001) and crown depth (p=0.0005) #igantly influenced the resulting branch SIRM (Tab
1).

3.2. SEM-EDX elemental distribution maps & point spectra

Secondary electrons images show a rather smoatligaous epidermis in current-year branches
(Fig 6A), while in Y; branches the epidermis is cracked and rupturdissyres and lenticels,
revealing the underlying cork cells (Fig 6B and @)Y, branches, the epidermis is ruptured even
further (Fig. 6D) and even has come off over Igygds of the surface, leaving a rough surface of
cork cells (Fig. 6E). In Ybranches of Tree 4, the epidermis is shed coniplatel the branch
surface consisting of cork cells is rough and Ipesgy appearance (Fig. 6F). Back-scattered

electrons images (shown in Fig. 7 foy bfanches) reveal the presence of particulategfefent
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shapes and sizes on the epidermis and on and betiaespongy cork cells. The branch surfaces of
Tree 2 in the quiet street canyon showed moregbestihan those of Tree 3 in the park and Tree 4
at the ring road. Striking is the abundant preserfigarticles in the spongy matrix of the cork sell
of five-year old branches gYin Tree 4 (Fig. 7). Visual inspection of the coaion between

element maps (shown in Fig. 7 fof Mranches) learns that the branch surfaces hadvbclps that
contain Al and Si with Fe, Mg, K, Na and/or ClI, fiees of S with Na and Ca and Fe-rich patrticles
that seem to contain, next to O, almost exclusit/elyThese Fe-rich particles were more abundant
on the branch surfaces of Tree 4 at the ring rbad the other trees. Chemical composition
spectrum analyses of selected patrticles (Fig.\B)aled that the Fe-rich particles also contained K,
Ca, Mg, Na, Al and Si. In Tree 4 at the ring roaldithese Fe-rich particles also contained Cr, Mn,
Ti, Zn and Ba and patrticularly Cu, while in Treen2he street canyon some particles contained Cr,

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

200 um

Figure 6. SEM secondary electrons image of theaserbf YO branches (a), Y1 branches (b and c), Y2
branches (d and e) and Y5 branches (f). All imdges park tree (Tree 3) except f from ring roacet(@ree
4).

16



370

371
372
373
374

Tree 2 -Y, Tree 3-Y, Tree 4-Y, Tree 4—Ys
Quiet street canyon City park Ring road Ring road

Figure 7. SEM back-scatter electrons images (B®$#)aelemental distribution maps of Fe, Si, Al, K,axa
Mg, obtained by EDX mapping, of a Y1 branch of Treéethe quiet street canyon, a Y1 branch of Br&e
the city park and a Y1 and Y5 branch of Tree 4 tlearing road (5000x). Arrows indicated the paes
analysed by EDX point measurements and numbernsteefiee corresponding EDX point spectra in Fig. 8.
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377  Figure 8. EDX point spectra of selected particlegte surface of Y1 branches following SEM-EDX ysial The numbers refer to the particles indicateBig. 7
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4. Discussion

The main portion of the branch SIRM signal obtaiiredur study seems to be confined to the bark
of the branch. This endorses the normalizatiomef3IRM signal by branch surface area and
validates our hypothesis that magnetic particledaposited on the branch surface, just like din lea
surfaces. This is confirmed by the presence of lwetataining particles on branch surfaces as
detected by the SEM-EDX elemental maps and poexttsp. We, thus, follow the suggestion made
by Zhang et al. (2008) and Kletetschka et al. (2008t magnetic particles are intercepted and
adhered by (branch) bark.

4.1.Between tree variation: location effect

The branch SIRM was able to distinguish betweerthhee locations, particularly between the
lower values in the quiet street canyon and thepatrk on the one hand and much higher values at
the ring road on the other hand. For leaves, SIRMdhown to vary between land-use classes (e.g.,
green area vs. urban area and industry) and wstartse to, and intensity of, sources such as
traffic-bearing roads, railways and industry anthwnotorized-traffic intensity or volume (Moreno
et al. 2003, Mclintosh et al. 2007, Szonyi et aD@Mitchell & Maher 2009, Hansard et al. 2011,
Kardel et al. 2012). Furthermore, leaf SIRM hashbaieectly related to exposure to traffic-induced
PM, cumulative daily average atmospheric{g®hd PM s concentrations (Kardel et al. 2011,
Hofman et al. 2014d) and the total mass of pagialcumulated on the leaf surface (Muxworthy et
al. 2003, Hofman et al. 2014c). Also for traffidated gaseous compounds such as MXIntosh

et al. 2007, Hofman et al. 2014b) and for traceatsahcorporated in particles such as Fe, Zn, Pb,
Cd and Cu (Sant’'Ovaia et al. 2012, Castanheirhd €046) significant relations are found with leaf
SIRM, suggesting the influence of the same souecédraffic. For branch bark, no such direct
relations have been suggested yet, but higher®idkl has been observed in tree stems at sides
facing towards a smelting factory emitting magmetiominated PM (Zhang et al. 2008) and
antipodal to a heavy-trafficked highway emittingtadiéc pollution (Kletetschka et al. 2003). In our
study, the higher branch SIRM values at the riraglrooincide with higher PM, PMy s and NQ
concentrations modelled at high resolution by Vkan& Lefebvre (2013). Moreover, observed
directional (azimuth) and height effects in FigBreeem to be associated with, respectively, the
location and distance to motorized road traffic.

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

anthropogenic. Following the guideline of 70% nekathumidity suggested by Rodriguez-Germade
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et al. (2014), lithogenic dust contributions wi# bmited and so good correlations can be expected
between metals and leaf magnetic signals in outystvea (relative humidity between 70 and 90%
according to the Royal Meteorological InstituteBaflgium, http://www.meteo.be). The SEM-EDX
analyses revealed that the branch surface of ttketigee and in the quiet street canyon (Tree 2 and
3) mainly collected particles containing a mixtofeSi, Al and Fe in combination with K, Mg, Na,
S, and ClI (probably Al, Si or Fe oxides or sulfigeghich are linked to sea salt, crustal matter and
road dust (Viana et al. 2008, Vercauteren et @l120n anthropogenic dust, the Fe in
ferri(o)magnetic particles is partly replaced blgestcations such as Ni, Co, Cr, Ti, Al, and Mg
(Hoffmann et al. 1999). The co-occurrence of Féawit, Cu, Zn, Cr, Cd, and Pb is associated with
motorized road traffic (Viana et al. 2008, Vercaeateet al. 2011) due to exhaust emissions and
wear and abrasion of brakes, tires and roads @#&tarrison 2013). In Tree 4 at the ring road,
more Fe-rich particles were observed, which shotnazes of Cr, Cu, Mn, Ti, Zn and Ba. In Tree 2
in the quiet street canyon, also Fe-rich partialese present on the branch surface, with some
containing trace metals, but they were scarcer.Fdidch particles on Tree 3 in the park did not
show co-occurrence with traffic-related trace eleteeSo we can identify as potential source of
magnetic particles on Tree 4 the high-intensityariaed traffic on the regional seven-lane ring
road right next to the sampled tree (at 2 m), Wedwe-lane highway ring road at 80 m and the
national N1 road (Antwerp -Brussels) at 50 m. Arotbource could be the high-intensity train
traffic on the railway line Antwerp-Ghent at 25 as, railroad traffic generates particles high in Fe
and Zn content (Castanheiro et al. 2016). Thepatk tree (Tree 3), with lower branch SIRM
values, is located further away from the nearesd (@t 150-200 m) and railway line (at 250 m).
Trees 1 and 2 in the quiet street canyon showed leveer branch SIRM, and indeed, these trees
were located even further from the nearest busysraad railways (at 250 m from the regional ring
road and 450 m from the highway ring road and @jine). The small contribution of the traffic
inside the quiet street canyon as source of magpatticles is indicated by the very small
contribution (5%) of the local traffic emissionstte atmospheric PM concentrations in that street
canyon (Hofman et al. 2014d). Our study confirna thagnetic properties of branches, just like
leaves, allow a quick discrimination between |lomagi that differ in distance from traffic-bearing
roads and railways and in modelled atmospheriapoh (PMy, PM, s and NQ concentrations)
through differences in branch surface-depositednatag particulates, but more research is needed
to link branch SIRM with exposure to traffic-borR&1. Obviously, a more extensive dataset
including more tree repeats per land-use clasedsssary in future studies, when aiming at relating

the magnetic signal of branches to specific larelalasses.
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4.2.Within tree variation: effect of height, azimuthdacrown depth

Within the trees, the branch SIRM decreased witheiasing sampling height. Similar height effects
in the same height range (3.5-13.5 m) are obsdorddaf SIRM of plane trees (Hofman et al.
2013, 2014c) and the mass of coarse particles {#i0collected by leaves in street canyons
(Hofman et al. 2014c). In tree ring cores, Zhangle2008) observed height effects on SIRM, but
only on the tree side oriented towards the maitupng source, a smelting factory. Hofman et al.
(2013, 2014c) attributed the lower leaf SIRM valirethe upper canopy to lower atmospheric
particulate concentration (as a result of largstagtice to the source at street level and increased
ventilation) and higher wash-off of leaf-deposipetticles (due to increased exposure to rain).
Indeed, we observed the most pronounced heighttettehe ring road, where the pollution source
(high-intensity traffic) is located right next thet sampled tree and where the open character of the
area facilitates good ventilation and efficienudbn of the traffic pollution. In the quiet street
canyon and in the city park, the source strength@tcontributing emission source is weaker due
to, respectively, a much lower traffic intensityréet canyon) or higher distance to the road (park)
hence explaining the weakened height effect. Unebepody, in the street canyon, the SIRM ig Y
and Y, branches suddenly increased at 13.5 m height cmapeéth 8.5 m, which is fully due to
Tree 2. The reason for the unexpectedly higher SiRMes at 13.5 m in Tree 2 is unclear,
although particle deposits from wind-blown emissi@niginating from the upwind regional ring
road (250 m) and highway ring road (450 m) canmo¢xcluded.

No significant overall effect of azimuth on brarBlRM was observed. It seems that the azimuthal
differences in magnetic-particle deposition vaopnirtree to tree, probably depending on the local
settings of the tree and its surroundings. Thedmgs can be the location (position and distanée)
pollution sources relative to the tree (as eviddrimeTree 4 in Figure 3), the tree crown
architecture and the wind flow patterns influenbgdhe architecture of the surroundings, as put
forward by Hofman et al. (2014a) as important dateants for azimuthal effects on leaf SIRM.
For example, the influence of the local polluti@uce (intensive traffic) is clearly visible (bubtn
significant) in the bottom branches at the norttl aest side of the ring road tree, the sides the
closest to the seven-lane ring road. Also MatzKdaher (1999) observed higher SIRM values for
leaves at the traffic-oriented side than at theatlE@de of eBetula penduldree. The higher branch
SIRM at the east side of the tree crown in theesttanyon complies with the higher leaf SIRM at
the north-east side of trees simultaneously sanipléte same street canyon by Hofman et al.
(2014c).

Branches sampled on the inside of the tree crowhibiged higher SIRM values than branches at

the crown periphery, thus suggesting higher accatimul of magnetic particles inside the crown.
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As wind flow enters a tree crown, from the periphterthe interior, wind speeds are reduced by
drag, and turbulence will be increased. With lowerd speeds, deposition velocities and capture
efficiencies of branches for fine particles aredogd (Freer-Smith et al. 2004), although
gravitational settling and turbulent transfer réaglfrom impaction and interception processes will
be increased for coarser particles (Freer-Smith. @005). The potentially lower deposition rate
inside the crown thus must have been counteragtéalNer wash-off inside the crown (as these
branches are less exposed to rain), additionat ijpparticles via throughfall (canopy drip from
branches and leaves above) and/or decreased tientdad dilution with subsequent build-up of
particles in the atmosphere under and inside #eedrown. Although atmospheric-concentration
build-up is a plausible explanation for locationsere pollution sources are located next to or
underneath the trees, such as the ring road logaticannot hold for the city park and street
canyon locations. Our observations thus suggegnéisant role of rain in the accumulation of
magnetic particles on branches. For leaves at, ldaeseffect of rain on particle accumulation and
magnetic signal is ambiguous. While in some stuldi@aEmagnetism and particle accumulation are
lowered by rainfall (e.g., Mitchell et al. 2010), ather they are increased (Wang et al. 2015) br no
affected at all (e.g., Urbat et al. 2004, Sz6nyle2008, Hofman et al. 2014d).

4.3.Within branch variation: effect of branch age

The trend of increasing branch SIRM with branch @ge between subsequently-developed
branches) is obvious. This trend could be due tmemeasing time of exposure causing the amount
of magnetic particles on the branches to accumtiateighout time, to temporal changes in yearly
PM concentrations in the corresponding year of dratevelopment and to temporal changes in
branch surface structure. The median SIRM valudsariches developed in 2007 up to 2012
indeed correlated significantly with the numbeegposure months, endorsing the particle
accumulation hypothesis. In addition, also sigaificcorrelations were observed with the yearly
mean PM s and PMg concentrations of the corresponding years. Howeae should be taken in
the interpretation of the latter results: the 2Mnd PM, concentrations gradually and
monotonically decreased from 2007 to 2012, and tiisignificant correlations between branch
SIRM and PM concentrations could just as well leertsult of the coincidence of two independent

time trends.

By comparing SIRM values of subsequently-develdp@aches, assuming year-to-year

accumulation, and taking into account the dilugdiect throughout time due to surface stretching -

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

calculated the SIRM owing to the different yeargxposure. On average, one year of exposure
22
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caused an accumulation of 115 x°1® for branches near the Ring road, although strarigtion
was experienced. This variation in SIRM owing tedfic years cannot be explained by variation
in PM, s and PM, concentrations between the years, since corraklabetween both were not
significant. Thus, when taking into account yeag¢ar accumulation and the dilution effect
throughout time due to surface stretching, no iatahip with atmospheric PM concentrations

could be observed.

Interestingly, the SEM pictures demonstrated shiftsranch surface structure with time, which
could not be observed during sample collection diked-eye visual inspection. At first, the
epidermis of young plane shoots is smooth, butdeeasingly ruptured in the next two years.
Though thorn, the epidermis accumulates partictas fyear to year. As the epidermis starts to
come off in the second year, the particles ondtdisposed of too, while the rougher, initially
uncontaminated cork layer is uncovered. The shedofithe epidermis starts in the second year,
explaining the smallness of the increase in SIRMNfiY; to Y, branches in Fig. 2 and Fig 4.
Throughout the following years, the epidermis sheglgrogresses and completes, while particles
accumulate on the newly revealed cork layer andStR# values rise again. Indeed, in the SEM
pictures of five-year old branchessjYone can clearly see that particles nest abuhdamtand

deep in the cork layer. With changing surface raggis (from epidermis to cork layer), rates of
deposition and loss of particles from the branckeeas by precipitation) are probably altered, but
our data is too short to make conclusions on clmangarticle accumulation rates. The exfoliation
of the branch thus discards the hypothesis thatibgian SIRM of a branch developed in a specific
year is representative for the yearly mean PM catnagons in the corresponding year. The
increase in SIRM with branch age thus likely is tbgult of accumulation of particles with
increasing time of exposure, interfered by the gean surface structure. The branch SIRM shows
a stagnation but not a complete decline to 0 irol¥¥3, at a point when the epidermis is almost
completely shed, because the exfoliation occurdugidy enabling the cork layer underneath to

start accumulating particles before the entire expils is completely shed.

Catinon et al. (2009) found young ash trees to mctate metals in stem bark up to 10 to 15 years,
after which the deposited material only slowly E&sed as if branches were becoming saturated,
depending on its exposure to rain wash-off. No siginsaturation were observed in the branch bark
of our study (at least up to five-year old branghksa study on trace elements in the branch bark
of holm oak in an urban environment, Drava et201(7) observed, in a series of segments
representing 1 to 13 years of exposure, increasingentrations for only 3 out of 10 trace elements
analysed, i.e. Cd, Pb and Zn. The constant coratenis of Fe, As, Co, Cu, Mn and Ni with the
course of exposure time in their study does notpigmwith the increase in branch SIRM with time
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of exposure, with SIRM being mainly dominated bg resence of iron rich particles. Although
Drava et al. (2007) suggest that annual branch setgntan be a good indicator for year-to-year
atmospheric presence of Pb and Cd, we concludedrgrdata that trends in branch SIRM from
current-year to three-year old branches of Londangcannot be used as indicator for year-to-year
variation in magnetic particle concentrations, ttuevolution of the branch surface structure with
time. Maybe it is possible to evaluate the yeaydar particle accumulation on older branches
which have completely shed the epidermis, butdargainly deserves further study.

4.4.Comparison of branch SIRM with leaf SIRM

With a median value of 106 x P and a range of 18 - 650 x 1@ for Y, to Y- branches, the
branch SIRM values obtained in our study are sth&t the higher section of the range of SIRM
values of leaves collected at similar urban sitesfdeciduous trees at the end of summer. For
example, Hofman et al. (2013) found SIRM value® ok acerifolialeaves, sampled between 5 and
12 m height, to range from 4 to 64 x°A in a street canyon in a medium-size Belgian. ditythat
same city, Kardel et al. (2012) measured, betwegmarid 5 m height, mean leaf SIRM of 86, 99
and 46 x 10 A for Carpinus betulusTilia sp. with ‘hairy’ leaves andilia with ‘non-hairy’ leaves,
respectively. In a study by Mitchell & Maher (2008)Lancaster (UK)Tilia platyphyllosleaves
from a suburban park and a heavily-trafficked sectf a ring road, displayed at 1.5-2 m height
mean SIRM values of 3 and 81 x %8, respectively. Of course, the branch SIRM in siudy is
elevated by the presence of ‘older’ branches indatiaset, which are exposed longer than one
growing season and bared higher SIRM values. Indegdranch SIRM values are more in line
with the leaf SIRM values of 34 to 640 x4 obtained by Hofman et al. (2014b) in Antwerpycit
from the evergreen climbétederasp., whose leaves are, like branches, exposead polaution
throughout (multiple) entire year(s). Also, the na@dSIRM of the ‘youngest’ current-year
branches (68 x IDA) in our study is of the same order of magnitadehe above-mentioned leaf

SIRM values of deciduous trees.

More correct is to compare SIRM values of brandrekleaves normalized by exposed surface, as
accumulation of particles occurs on both leaf s{desconsidering the total leaf area instead of the
one-sided leaf area). For example, Flanagan €1380) found that twigs of roadside shrubs have
higher traffic-derived lead and zinc accumulati@n @rea than their leaves, when considering both
abaxial and adaxial leaf surfaces. In a wind tushaly by Freer-Smith et al. (2004), both
deposition velocity and capture efficiency of paes were found larger for stems than leaves (at
both sides) in deciduous trees with narrow stems\ptex architecture and large simple leaves. It is
not unlikely that next to object dimensions (Fr&enith et al. 2004) differences in other surface
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features (such as surface roughness and wettalnétyveen branches and leaves could induce
differences in particle accumulation between théases. Although our magnetic values suggest
that particle accumulation on current-year brandtessthe same order of magnitude as on leaves, a
proper comparison of particle deposition and acdatimn between co-located, simultaneously
exposed branch and leaf surfaces is needed toatedheir relative importance in PM removal at

tree level.

4.5.Implications and suggestions

Based on our observations that branch bark, jkstidéaves, accumulates atmospheric particles and
that their magnetic signal enables differentiabietyveen sites differently exposed to traffic-reflate
particles, we can conclude that deciduous treechesprovide a suitable exposure surface for
biomonitoring purposes. The magnetic signal of bines can be used as proxy for time-integrated
magnetic particle exposure, e.g. in pre-screengpdi@tions to identify hotspots and regions of
interest for detailed analyses using more time-gornisg and expensive methods. And although the
use of branches instead of leaves has some adeantaglso has some drawbacks. Although
branch SIRM is subject to more noise in comparisih leaves, branches have the advantage of
being available in times when deciduous treeseafdss, e.g. due to drought or in wintertime
conditions when air pollution often reaches evahér levels than in the growing season. The use
of branches over leaves of evergreen broadleafespbkeHederahas the advantage that the
surface’s exposure time is known, although it igerdifficult for species with Lammas growth. In
practice, the effort for sampling and magnetic mmeament of tree branches is similar as for leaves,
but sample handling (cutting the branches intogsdbat fit the sample holder) and manual
determination of total surface areas for normalirais more time consuming and probably more
prone to errors and contamination for branches thialeaves. The time-consuming surface area
determination can be easily overcome by automagiasurements of projected surface areas, e.g.
with scanners. Contamination during sample prongssan be avoided easily by using metal-free
secateurs and gloves. The most important weakrigle ase of branches is the variation of the
SIRM values with branch age. At least for Londoang, our study shows that SIRM of branches of
different ages cannot be used as indicator for teaiwariation in PM concentrations, due to
branch exfoliation. This however does not hampere of branch SIRM for biomonitoring

studies to evaluate the spatial variation in plréxposure as long as the same branch age is
sampled throughout the study. For next biomonitpdgampaigns using branch magnetism, we
suggest that sampling height, crown depth andquéatily branch age are kept constant or, at least,

are corrected for. Just as with leaves, biomomgpwith branches is limited by the availabilityaf
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tree species in the city. This could be overcomeadigg multiple species based on inter-species
calibration of branch SIRM, as established for &salpy Mitchell et al. (2010) and Kardel et al.
(2011), or by combination with artificial sampléf3ao et al. 2015). Next to enabling magnetic
screening, the epidermis or bark of branches hageprto be a suitable collection surface for
particles which can be characterised by SEM and EDXr results provide the first indication that
branches can be a valuable alternative for leafnmtgbiomonitoring, particularly in combination
with SEM-EDX, but has some weaknesses relatedi¢o-tree variation and sample handling effort.
Further research is needed to confirm the capa€tiyintertime branch SIRM to discriminate
between multiple locations in a broad range of Bls, and to determine the relationship of
branch magnetic properties with total depositedigfarmass and air concentrations of PM in
particular. In addition, measurements of other binamagnetic parameters (such as magnetic
susceptibility) will yield more information than M alone on branch-accumulated particles, such

as particle magnetic mineralogy and grain sizectlsould be useful for source-apportionment.

5. Conclusions

As hypothesized, magnetic particles are depositeth® epidermis and bark of branches of urban
trees. Significant spatial intra- and inter-treeatgon patterns were observed for branch SIRM,
similar as seen for leaf SIRM in other studies,ficonmng our second hypothesis. The branch SIRM
varied between trees in response to locationdiffat in exposure to traffic-borne patrticles, rich

Fe and trace metals such as Cu, Cr and Zn. Signifiariation in branch SIRM occurred within
trees, due to location of the branch within the @ed its age. With increasing age, tree branches
keep on accumulating magnetic particles for sewerats, for as branch SIRM tends to increase
with each year of exposure, confirming our thirghbghesis. However, changes in branch surface
structure occur over time (i.e. epidermis shedavhgn branches are three years old), explains that
trends in SIRM of branches developed in subsequesars cannot be used as indicators for year-to-
year variation in atmospheric particle concentragidOn the practical side, the use of branches as
biomagnetic indicator has some important drawbatkemparison with the use of leaves: sample
preparation requires more handling, and is thusertiore-consuming and more prone to errors for
branches than for leaves. Our results provide atitios that, in atmospheric pollution screening
programs, branches can be a valuable alternativadgnetic biomonitoring of particle pollution in
seasons when deciduous trees are leafless. Hoveewrestudy also highlights the practical
considerations and limits of the methodology aredithportance of inter-tree variation in branch
SIRM (due to height, crown depth and branch agectdj, which should be kept in mind when
sampling in future air quality screening studiemgsranch (bark) biomagnetism.
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