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ABSTRACT
Particulate matter (PM) air pollution varies in concentration and composition across both space and time, and has been shown to cause or exacerbate adverse effects on human and ecological health. The concept of biomonitoring - using tree leaves as a proxy for PM pollution - has been explored using a variety of study designs, tree species, sampling strategies, and analytical methods across multiple geographies. Development and refinement of methods for utilizing tree leaves as biomonitors is relevant to public health in that it may improve spatially-resolved PM exposure assessments for epidemiological studies, ultimately contributing to PM exposure reduction and improved urban planning. A pilot study investigating this method is discussed, with results suggesting a somewhat limited utility of magnetic methods that is relatively understated in the literature.
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1.0  LITERATURE REVIEW
1.1 INTRODUCTION

Particulate matter (PM) has been linked to cardiovascular and respiratory health 
 ADDIN EN.CITE 
[2-7]
, with varying effects by chemical composition 
 ADDIN EN.CITE 
[8-12]
.  Although PM concentration and composition varies across urban areas 
 ADDIN EN.CITE 
[13, 14]
, monitoring costs have limited most “saturation” monitoring campaigns to relatively short time periods of a few weeks or less.  Thus, there is a growing need for low-cost monitoring methods to capture longer-term (e.g., seasonal), spatially-resolved ambient PM measures (including constituents) across urban space. 

With the beginning of the industrial era, effects of increased anthropogenic air pollution on certain organisms were evident 15[]
. In the 19th century, qualitative environmental information provided by vegetation was observed in lichens by Scandinavian lichenologist William Nylander 16[]
.  Since then, biomonitoring of air pollution based on quantitative analysis of plants, lichens, or tree leaves has been explored 17[, 18]
, but has not been formally applied to exposure estimations. Specifically, tree leaves may serve as low-cost, widespread biomonitors, due to their quantity, distribution across metropolitan areas, availability of leaves at heights approximating the human breathing zone and minimal training required for collection 
 ADDIN EN.CITE 
[1, 19, 20]
. There are, however, technical, analytical, and practical challenges associated with effectively using leaves as biomonitors. In recent years, several European studies have demonstrated utility of leaves as biomonitors in urban areas 21[]
, and a limited number of U.S. studies have considered tree density or cover as a predictor of spatial variation in pollution 13[]
, though the U.S. Department of Agriculture (USDA) has investigated pollutant [ozone (O3), particulate matter less than 10µm in diameter (PM10), nitrogen dioxide (NO2), sulfur dioxide (SO2), and carbon monoxide (CO)] removal resulting in improved air quality in various U.S. locations 22[]
. To our knowledge, no U.S. studies have effectively used tree leaves as biomonitors across an urban area. Given our interest in characterizing spatially-resolved variation in PM, we review techniques drawn from the existing literature on deciduous tree leaves as biomonitors of PM, and consider issues including species selection, study design, and methods for compositional analysis, to assess utility of tree leaves in intra-urban air pollution exposure assessment and source apportionment. 

1.2 methods
A search was performed in April 2014 using PubMed (U.S. National Library of Medicine, Bethesda, MD, USA) and Google Scholar for articles identifiable using the keywords “biomonitoring,” “trees,” “leaves,” “pollution,” and/or “magnetic.”  Twenty-eight studies met this criterion, and methods and results from these studies were reviewed. From the total number of papers (n = 28), we selected to review data, which included: analytic methods, tree species selection, site selection, sampling height and leaf position, season and sampling interval, analytic controls, and validation with PM sampling and/or modeling.
1.3 Search results review
1.3.1 Analytic methods
Various chemical and magnetic analytic methods have been used for compositional analysis of PM on tree leaves, detailed in Table 1, and summarized below.

Chemical measurements

Chemical methods - including inductively-coupled plasma mass spectrometry (ICP-MS) 23[]
, optical emission spectrometry (ICP-OES) or atomic emission spectrometry (ICP-AES) 
 ADDIN EN.CITE 
[19, 24-28]
, and atomic absorption (AA) spectroscopy 
 ADDIN EN.CITE 
[21, 29-31]
 - have been used to quantify trace elemental composition of multiple media with the best detection limits available for most elements and easily interpreted spectra 32[]
.  While sensitive to chemical concentrations at relatively low limits of detection (LOD) and providing information for a larger suite of elements with more specificity compared to magnetic measures (described below), these methods are costly, require technical expertise, irreversibly destroy samples, and require digestion of leaf samples using corrosive materials such as nitric acid (HNO3) 
 ADDIN EN.CITE 
[21, 29, 30, 33]
, a combination of HNO3 and hydrogen peroxide (H2O2) 
 ADDIN EN.CITE 
[19, 23, 24, 26]
, or “aqua regia” [HNO3+hydrochloric acid (HCl)] 34[]
 prior to microwave digestion, open-vessel heating, or ashing. One study used differential pulse anodic stripping voltammetry (DPASV) with a hanging mercury drop electrode to determine lead (Pb), cadmium (Cd), copper (Cu), and zinc (Zn) post-ashing 33[]
.
Magnetic measurements

All matter responds in various ways to applied magnetic fields 35[]
. Magnetic measurements can be derived from urban dust on leaf surfaces, and mainly reflect the characteristics of trace or moderate amounts of iron oxides from industrial, domestic, and vehicular emissions 
 ADDIN EN.CITE 
[17, 28, 36]
.  Because leaves themselves are insignificantly magnetic, they create minimal interference with magnetic analysis 37[]
.  Accordingly, magnetic analyses may offer rapid, low-cost, non-destructive methods to determine particle properties including magnetic grain size and magnetic mineralogy. Magnetic materials are classified into five major magnetic groups, as detailed in Table 2.

Magnetic techniques can distinguish particles produced at different temperatures and oxidation-reduction (redox) conditions, providing PM composition and source information (Table 1) 38[]
.  Magnetite-like materials (Fe3O4; more strongly magnetic iron oxides) derive predominately from vehicle-related emissions, while hematite (Fe2O3; weaker magnetic iron oxides) forms at higher combustion temperatures from industrial sources in different areas of the world (e.g. steel production in European countries) 
 ADDIN EN.CITE 
[37-40]
.  Hansard et al. (2011) found hematite concentrations on leaves from industrial areas 100 times greater than roadside leaves 41[]
. A similar study found that leaves from port areas had higher saturation isothermal remanent magnetization (SIRM), indicating iron spherules of 5 to 10µm in diameter, associated with industrial combustion 28[]
.

Magnetic materials in areas of predominantly traffic-derived pollution are typically iron oxides (e.g. magnetite 42[]
) and hydroxides, which can constitute between 10 to 70% of the approximately 5 to 15% iron content of traffic-derived urban PM 
 ADDIN EN.CITE 
[43, 44]
.  Observed relationships between tree position and roadway suggest associations with engine wear or combustion emissions; Maher et al. (2008) found higher SIRM for leaves from roadside, uphill-adjacent tree leaves, lower for tree leaves from roadside, downhill-adjacent trees, and lowest for leaves from the distal side of roadside, downhill-adjacent trees 37[]
. Additional factors influencing leaves’ magnetic measures include tree distance from roadway and traffic intensity, sampling height 
 ADDIN EN.CITE 
[37, 40, 45, 46]
, fleet composition 46[]
, and street canyonization 40[]
. Because magnetic grain size is sometimes inconsistently correlated with ambient particle size [i.e. PM as defined by a regulatory agency such as the United States Environmental Protection Agency (US EPA)], this determination warrants supplementary analytic methods.

Table 1. Analytic techniques in deciduous tree leaf biomonitoring studies modified after Rai (2013).

	Chemical

	Parameters
	Instrumentation
	Studies Used
	Units
	Description

	Trace element determination
	Mass spectrometer [inductively-coupled plasma mass spectrometry (ICP-MS)  23[]
, optical emission spectrometry (ICP-OES) or atomic emission spectrometry (ICP-AES)] 
 ADDIN EN.CITE 
[19, 24-28]
 
Atomic absorption (AA) spectroscopy 
 ADDIN EN.CITE 
[1, 21, 29-31, 34]

Differential pulse anodic stripping voltammetry (DPASV) with hanging mercury drop electrode 33[]

	Šućur et al. (2010)

Simon et al. (2011)

Piczak et al. (2003)

Ataabadi (2012)

Aničić et al. (2011)

Rodríguez-Germade et al. (2014)

Davila et al. (2006)

Sawidis et al. (2011)

Sawidis et al. (1995)

Aboal et al. (2004)

Sant’Ovaia et al. (2012)

Baycu et al. (2006)

Tiwari and Dhakarey (2012)

Yildiz et al. (2010)

Tomašević et al. (2008)


	µg g–1
mg kg-1
µg g–1
µg g–1 

µg g–1
µg g–1
ppb/m2  ADDIN EN.CITE <EndNote><Cite><Author>Davila</Author><Year>2006</Year><RecNum>77</RecNum><DisplayText>[28]</DisplayText><record><rec-number>77</rec-number><foreign-keys><key app="EN" db-id="rw0dwde5yt02smerf04xt091x2s5vzapf20v">77</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Davila, Alfonso F</author><author>Rey, Daniel</author><author>Mohamed, Kais</author><author>Rubio, Belén</author><author>Guerra, Ana P</author></authors></contributors><titles><title>Mapping the sources of urban dust in a coastal environment by measuring magnetic parameters of Platanus hispanica leaves</title><secondary-title>Environmental science &amp; technology</secondary-title></titles><periodical><full-title>Environmental science &amp; technology</full-title></periodical><pages>3922-3928</pages><volume>40</volume><number>12</number><dates><year>2006</year></dates><isbn>0013-936X</isbn><urls></urls></record></Cite></EndNote>
µg g–1
mg kg-1

µg g–1
n/a

mg kg-1

ppm

µg g–1

µg g–1
	Analysis for elements comprising leaf sample

	Magnetic

	MEASURED*

	Parameters
	Instrumentation
	Studies Used
	Units
	Description

	Magnetic susceptibility (mass χ or volume κ)
	Bartington MS2B dual-frequency susceptibility sensor connected to MS2 susceptibility meter 45[]

Bartington susceptibility meter 39[, 47]

Geofyzika KLY 2 Kappabridge 48[]

AGICO Kappabridge KLY-4S model 31[]

AGICO Kappabridge KLY-2 instrument 17[]

	Power et al. (2009)

Mitchell and Maher (2009)

Mitchell et al. (2010)

Hanesch et al. (2003)

Sant’Ovaia et al. (2012)

Moreno et al. (2003)
	m3 kg−1
A

A

m 

m3 kg-1
m3 kg-1
	Defined as the ratio of magnetization induced to intensity of magnetic field that is measured on volume (κ) or mass (χ) specific basis 35[, 49]

Studies have explored range of susceptibility measurements: 1) room temperature, 2) frequency-dependent, and 3) low and high temperature, as properties of different classes of magnetic materials behave differently under different conditions.

	Frequency-dependent susceptibility (χFD)
	MS2 Bartington magnetic susceptibility sensor 27[]
 
	Rodríguez-Germade et al. (2014)
	m3/kg
	Measured in terms of frequency variations (calculated as: χFD = χLF – χHF) that is used to constrain grain size and domain state of magnetic materials 50[]


	Anhysteretic remanent magnetization (ARM)
	Molspin (Newcastleupon-Tyne, England) A. F. Demagnetizer 45[]

	Power et al. (2009)
	Am2 kg-1 
	Magnetization acquired by effects of large alternating (AC) current and small direct current (DC) field 35[]


	Isothermal remanent magnetization (IRM)
	Cryogenic magnetometer (CCL Ltd.) 37[, 51]

Digico spinner magnetometer (Molyneux-Newcastle) 48[]

High sensitivity Molspin Minispin magnetometer 31[]

Molspin Minispin spinner magnetometer 27[]

	Maher et al. (2008)

Matzka and Maher (1999)

Hanesch et al. (2003)

Sant’Ovaia et al. (2012)

Rodríguez-Germade et al. (2014)
	A

A 

A

Am2 kg-1
n/a
	Magnetization left after steady field (1-1000mT) applied for short time (~100sec) then removed 35[]


	Saturation isothermal remanent magnetization (SIRM)
	Molspin Minispin magnetometer 
 ADDIN EN.CITE 
[36, 38, 40, 46, 47, 52]
 

AGICO JR5A magnetometer 28[]

Molspin1A magnetometer 45[]

2G Enterprises 755R cryogenic

Magnetometer 17[]

	Kardel et al. (2011, 2012, 2013)

Mitchell et al. (2010)

Hansard et al. (2012)

Hofman et al. (2013)

Maher et al. (2013)

Sant’Ovaia et al. (2012)

Davila et al. (2006)

Power et al. (2009)

Moreno et al. (2003)
	A

A

Am2
A  
A

Am2 kg-1
Am2 kg−1

Am2 kg−1

m3/kg
	Magnetization when external field is reduced to zero and reflective of all concentrations of all remanence-carrying minerals in the sample, dependent on grain size, domain, and temperature 53[]


	CALCULATED**

	Parameters
	Studies Used
	Units
	Description

	High field isothermal remanent magnetization (HIRM)
	Hansard et al. (2011, 2012)

Mitchell and Maher (2009)

Sant’Ovaia et al. (2012)
	% 
%

Am2 kg−1
	Magnetization acquired between 300mT and 1T which indicates high-coercivity antiferromagnetic minerals 41[]


	SIRM/ χ
	Sant’Ovaia et al. (2012)

Moreno et al. (2003)


	k Am-1
kA/m
	Ratio of SIRM to susceptibility that provides information on magnetic particle size and composition 17[, 31]


	IRM/ κ
	Hanesch et al. (2003)
	A/m 
	Ratio of IRM to susceptibility that gives insight to the class and grain size of the sample 48[]


	S ratio
	Moreno et al. (2003)

Hanesch et al. (2003)
	Dimensionless

Dimensionless
	Determined from IRM acquisition and backfield magnetization curves that discriminates between high and low coercivity material 17[]


	Median destructive field (MDFARM)
	Hansard et al. (2011)

Mitchell and Maher (2009)
	mT

mT
	Alternating field required to reduce remanence values to one half of initial value 35[]
, indicative of magnetic grain size of ferromagnetic grains 41[]


	χARM/SIRM
	Hansard et al. (2011, 2012)

Mitchell and Maher (2009)
	A

A
	Ratio indicative of “soft” magnetic grain size of magnetite-like particles affected by presence of “harder” magnetic minerals 41[]


	Additional

	Parameters
	Instrumentation
	Studies Used
	Units
	Description

	Particle characteristics
	Scanning electron microscopy (SEM) with energy dispersive x-ray analyzer (EDXA)
	Maher et al. (2013)

Hanesch et al. (2003)

Sawidis et al. (2011)

Mitchell and Maher (2009)
	nm, µm

µm

µm

nm, µm
	Determination of particle sizes and morphologies 54[]


	Enrichment ratio or pollution factor level
	None (but need elemental concentrations or magnetic parameters to calculate)
	Maher et al. (2008)

Mitchell and Maher (2009)
	Dimensionless

Dimensionless
	Used for certain magnetic parameters [e.g. mean enrichment ratio of SIRM (roadside: background)] 37[, 39]


	*values from direct measurements of samples
**calculated values from measurements taken [e.g. HIRM = 0.5 * (SIRM + IRM_300mT)] 55[]




Table 2. Five major classes of magnetic materials.
	Class
	Example(s)
	Definition

	Diamagnetic
	Cd, Cl, Cu
	A usually weak fundamental property of all matter, due to non-cooperative behavior of orbiting electrons when exposed to an applied magnetic field. Diamagnetic materials are composed of atoms with no net magnetic moments, therefore producing a negative magnetization when exposed to a magnetic field.

	Paramagnetic
	Al, Mg, Na
	These materials have a net magnetic moment due to unpaired electrons in partially-filled orbitals, but individual magnetic moments do not interact magnetically, so magnetization is zero when magnetic field removed, but in the presence of a magnetic field, there is partial alignment of atomic magnetic moments in the direction of the field, resulting in a net positive magnetization.

	Ferromagnetic
	Fe, Co, Ni
	These materials are generally highly magnetic because their atomic moments exhibit very strong interactions, produced by electronic exchange forces which results in parallel or antiparallel alignment of atomic moments. There is parallel alignment of magnetic moments resulting in large net magnetization even in absence of magnetic field, therefore enabling maintenance of magnetization in absence of a magnetic field.

	Ferrimagnetic
	Fe3O4
	These materials exhibit a type of magnetic ordering, with a structure composed of two magnetic sublattices separated by oxygens. The magnetic moments of the sublattices not equal, resulting in a net magnetic moment, similar to ferromagnetism aside from the magnetic ordering. Ferrimagnetic materials are also able to remain magnetized in the absence of a magnetic field.

	Antiferromagnetic
	Cr, Fe2O3
	These materials have well-aligned but opposing magnetic moments, with magnetic forces virtually canceling each other out. They have a net magnetic moment of zero, and are able to remain magnetized in the absence of a magnetic field.


Adapted from Moskowitz (1991) 55[]
.
Other measurements: scanning electron microscopy (SEM)

SEM coupled with energy dispersive x-ray analysis (SEM-EDXA) provides highly-resolved leaf surface images for quantification of particle size and elemental composition. This method, however, requires exhaustive examination by an analyst across leaf surfaces due to heterogeneity in PM deposition, size distribution, and composition, and thus is time-consuming and costly. 

Maher et al. (2008) used SEM-EDXA to observe PM morphology in a subset of leaves, finding spherical clusters ranging from less than 0.5 to 20µm, comprised mostly of iron (Fe), silicon (Si), and aluminum (Al), and some angular particles 1 to 10µm diameter, comprised mostly of Fe, sulfur (S), Al, potassium (K), and calcium (Ca) 37[]
. Pb was present as a minor element on leaf surfaces, only within spherules less than one µm in diameter (Figure 1).

[image: image1.jpg]



Figure 1. Scanning electron micrograph of clustered, spherical leaf particulates. Pb occurs only within spherules <1µm in diameter 37[]
.
Sawidis et al. (2011) found that leaf surface analysis revealed particles with variable morphology, structure, and chemical composition and relative trapping efficiency for larger particles (20 to 40µm) on the abaxial (bottom) surface, and for small particles (1 to 20µm) on the adaxial (top) surface 1[]
. Figures 2 and 3 show this variation.
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1.3.2 Tree species selection 
Selection of deciduous or evergreen trees may depend on characteristics relevant to the exposure interval(s) of interest and goals of study, such as textural component of leaves, abundance within study area, etc. Deciduous trees lose their leaves each fall (abscission), go dormant for the winter, and leaf out again in spring; dormancy occurs to conserve water and reduce water loss, enabling it to survive. Evergreen trees, including various conifers, retain leaves year-round and can have needle-, scale-like, or broad-leafed foliage, adapted so that they do not need to drop leaves to conserve water during certain times of the year. Therefore, deciduous tree leaves may be appropriate for measures capturing the growing season or a portion of it. For year-round or longer-term measures, evergreens may be appropriate, as their leaves or needles grow for a longer period, slowly incorporating particles into the epicuticular wax layer 47[, 52]
.  

Particle deposition varies with leaf characteristics (e.g. complex leaf shape), and large surface area increases surface adsorption 17[, 56]
.  Many studies reviewed selected species by: (a) abundance within, or spatial coverage across, the sampling domain 
 ADDIN EN.CITE 
[27, 33, 51]
 or (b) leaf surface characteristics (e.g., broad shape, ridged or “hairy” surface) to maximize surface deposition 
 ADDIN EN.CITE 
[31, 46, 52]
. 

Easily identifiable tree species may facilitate collection and improve consistency across sampling personnel.  The ability to grow in urban environments is required for sampling in highly-polluted areas, and to ensure non-differential variance in species availability and survival across an urban domain.  Trees capable of thriving in multiple environments (”generalists”) may improve generalizability across studies and locations, as would the capacity to grow at different elevations, and ability to transplant well 57[]
. In addition, the role of genotypic variability between trees may be less influential on elemental concentrations in leaves than the role of the environment 16[]
. 
1.3.3 Site selection

Geographic range of selected tree species can be a limiting factor for sampling allocation; hence most studies prioritize spatial coverage across study areas in species selection.  Site allocation approaches have ranged from systematic coverage (i.e., representation across land-use types) 
 ADDIN EN.CITE 
[36, 46, 52]
 to source-specific sampling (i.e., high traffic areas) 
 ADDIN EN.CITE 
[17, 21, 45, 47]
.

To compare leaf samples by land-use type, Kardel et al. (2011,2012,2013) sampled sites across: 1) green spaces, 2) suburban areas, 3) urban areas, and 4) harbor/industrial areas 
 ADDIN EN.CITE 
[36, 46, 52]
.  Other studies used systematic grid-based approaches; Hanesch et al. (2003) used the urban administration grid to achieve uniform coverage, allocating at least one sampling point to each cell 48[]
.  To systematically sample leaves across different urbanization levels, Davila et al. (2006) divided their urban and suburban zones into 1km2 cells, and the city center (expecting greater spatial variability) into 0.25km2 cells 28[]
.  Power et al. (2009) focused sampling along high traffic roadways, to compare roadside pollution along four differently-characterized roadways 45[]
.

1.3.4 Sampling height and leaf position

Though most studies aim to examine leaves from heights approximating the human breathing zone, sampling height may depend on study goals, characteristics of emissions sources relative to leaf position, or general availability of tree leaves at a particular height. Because PM concentration and composition can vary with height or source proximity, it is important to keep this variable constant to accurately compare between sites. Reviewed studies sampled at heights ranging from less than 1 to more than 5m above ground, depending on tree height and crown properties 
 ADDIN EN.CITE 
[36, 46]
, leaf age or availability 
 ADDIN EN.CITE 
[31, 37, 39, 45, 51]
,  position of leaves (e.g. facing roadside) 
 ADDIN EN.CITE 
[28, 31, 36, 52]
, or hypothesized associations between concentrations and near-roadway pollution gradients 40[]
. One study did not specify sampling height 21[]
. Hofman et al. (2013) found SIRM to be 66% weaker, on average, for leaves collected at 12 vs. 5m in height within an urban street canyon 40[]
. Mitchell and Maher (2009) found 50% reduction in SIRM from leaves collected at 2 vs. 0.3m in height 39[]
.  A separate study observed height effects by PM components: SIRM, Pb, and Fe concentrations all peaked at 0.3m, and decreased with height, while Zn, barium (Ba), and manganese (Mn) were lowest at 0.3m, and increased with height 37[]
.  Another study found no significant effect of sampling height on leaf SIRM 46[]
.

Beyond sampling height, appropriate study designs for leaf sampling likely require attention to the position of selected leaves on the tree, as leaves adjacent to a busy road, for example, may differ in PM deposition from leaves on the opposite side.  Further variation may arise from position on a branch, leaf size, age, light, and shade conditions, though this variation may be assessed by sampling multiple leaves per branch, and selecting leaves of uniform size 58[]
 or of similar age (i.e. oldest leaves on newest twig growth) 37[, 51]
. 

1.3.5 Sampling season and interval
For ambient air pollution monitoring, seasonal characteristics (e.g., meteorology, regional source emissions intensity) are important drivers of temporal variance in PM concentrations 59[]
.  For leaf sampling, the seasonal growth cycle is of concern. Single-season sampling (i.e., spring 47[]
 or summer 
 ADDIN EN.CITE 
[19, 37, 40, 60]
) may be useful for capturing specific meteorological or regional source emissions regimes. Autumn sampling 
 ADDIN EN.CITE 
[28, 39, 51]
, assuming leaf persistence, is useful for capturing PM accumulated throughout the growing season.  Alternatively, multi-season approaches have been used to compare pollutant concentration and composition across seasons, and biomonitoring capability of trees at different points in the growing season 
 ADDIN EN.CITE 
[23, 26, 27, 29-31, 41, 46, 52]
. 

While longer sampling intervals may be useful to compare accumulated seasonal concentration gradients across an urban area, shorter intervals may be useful for examining short-term weather or source effects on PM deposition on leaves. Matzka and Maher (1999) used consecutive-day sampling to examine spatial and temporal patterns of urban dust on roadside tree leaves (n = 600) 51[]
.  Others used consecutive-day sampling to elucidate patterns of PM magnetism from varying vehicular emissions 37[, 39]
. 

1.3.6 Physio-chemical properties affecting interpretation of PM contribution to leaves

In order to utilize leaves as biomonitors for air pollution, it is necessary to determine what proportion of PM is on the leaf surface or within leaf tissue and whether or not it results from airborne deposition vs. translocation from roots, bark, or soil.  Rodríguez-Germade et al. (2014) suggested that biogenic magnetic materials in leaves are not significantly related to those in soil, indicating a predominant contribution from airborne deposition 27[]
. Some elements are relatively immobile from soil, but translocation of inorganic elements within plants is not clear 61[]
.  Physio-chemical soil characteristics may affect element uptake and bioavailability of elements, and thus are preferably sampled in conjunction with leaves.  Tomašević et al. (2008) stated that soils with lesser organic matter tend to accumulate more Pb, Cd, Cu, and Zn than do soils with more organic matter 33[]
. Likewise, lower pH may increase bioavailability of metals for uptake 33[]
. 

1.3.7 Effects of weather, precipitation, and moisture

Leaves are not sheltered from weather, which may result in sample loss or reduced collection efficiency, and may vary with leaf position on the tree or irregular surface structure 27[]
.  The net effect of precipitation on leaf surface PM integrity is unclear 42[]
, and study designs require attention to variation in moisture conditions.  Collecting leaves before and after rainfall may reveal precipitation-driven changes in concentrations. Kardel et al. (2011) observed limited rain-induced wash-off, and increased SIRM of PM concentrations over the growing season in two species, possibly from PM accumulation in the leaf tissue 52[]
.  Others reported decreased magnetic measures of 5-30% 37[]
, 12-64% 39[]
, and 28% 51[]
 after a rainstorm, and Moreno et al. (2003) observed no significant change in magnetic measures - specifically magnetic susceptibility - after rainfall 17[]
.

Other studies examined precipitation effects using leaf washing 
 ADDIN EN.CITE 
[20, 23-26, 30, 51]
 or leaching procedures 
 ADDIN EN.CITE 
[27, 28, 37]
, though the process may imperfectly represent precipitation effects 33[]
. Davila et al. (2006) reported leaf samples with high magnetic measures retaining up to 20% of initial measures post-leaching; those with low initial measures had post-leaching measures close to instrument LOD 28[]
.  Rodríguez-Germade et al.’s (2014) procedure removed 69 to 97% of Al, Cu, Fe, Mn, and Zn 27[]
, and Maher et al. (2008)’s removed approximately 75% of initial SIRM 37[]
.

Leaf moisture content can vary across the growing cycle 33[]
 and with soil moisture status, therefore, several leaf drying procedures have been developed to standardize the analysis of dry mass 
 ADDIN EN.CITE 
[23, 24, 26, 27, 29-31, 33, 40, 45, 52]
.  Accordingly, studies which did not dry leaves, but instead stored samples in a refrigerator 
 ADDIN EN.CITE 
[19, 27-29, 38, 39, 41, 47]
 or freezer 30[]
 until analysis, may not be directly comparable to dry leaves. 
1.3.8 Analytic controls

Identifying and obtaining control leaves for analytic calibration (or blank control) can be a challenge, thus few studies have used a “clean” control of the same species.  Mitchell et al. (2010) grew glasshouse-grown, “magnetically-clean” leaves to adjust for environmental background, then deployed them at background and high traffic sites for reanalysis 47[]
.  Some studies have employed washing, or reference, procedures using distilled or deionized water 
 ADDIN EN.CITE 
[19, 23-26, 30, 33, 51]
, detergents, and/or ultrasonic agitation 51[, 58]
 to clean “control” leaves for magnetic analysis.  Matzka and Maher (1999) reported that cleaning with water, detergent, and ultrasonic agitation removed 65 to 80% of magnetization from leaf samples, with residual magnetization attributed to incorporation of dust particles into leaf tissue, imperfect cleaning, or biogenic magnetic contributions 51[]
.

Nutrient uptake varies with species and nutrient availability, and trees can survive only within distinct ranges of nutrient concentrations 21[, 62]
, which vary over the vegetative cycle 
 ADDIN EN.CITE 
[33, 58, 61]
. Thus, determining the leaf’s “chemical fingerprint” may help disentangle inherent elemental concentrations from anthropogenic contributions 33[]
, if this “fingerprint” is not unreasonably variable. 

1.3.9 Validation: PM measures from sampling and/or modeling

Validating leaf magnetic and elemental measures against traditional air monitoring data, or additional active sampling, is critical for understanding the utility of tree leaves as sampling media for environmental exposure studies. Multiple studies reported positive correlations between leaf-based magnetic measures and atmospheric PM measurements 
 ADDIN EN.CITE 
[39, 41, 45]
. Power et al. (2009) used a hand-held P-Trak Ultrafine Particle Counter to measure ultrafine PM1.0 concentrations at each leaf sampling site during peak traffic hours, reporting positive correlations between PM1.0 and χLF (R2 = 0.60, p > 0.05), ARM (R2 = 0.75,p > 0.05), and SIRM (R2 = 0.78, p < 0.05) of roadside Tilia europaea leaves, and between PM1.0 and χLF (R2 = 0.79, p < 0.05), ARM (R2 = 0.94, p < 0.01), and SIRM (R2 = 0.96, p < 0.01) of roadside Acer pseudoplatanus leaves, with higher PM1.0 concentrations near roadways with more idling vehicles 
 ADDIN EN.CITE 
[36, 39, 45]
. Hansard et al. (2011) co-located SidePak AM510 personal aerosol monitors for coarse PM10 with sampled trees, reporting positive associations with leaf SIRM (R2 = 0.71, p = 0.01) 41[]
.  In the same study, comparisons were made between leaf-derived PM10 estimates and Gaussian plume dispersion model results near an industrial site. Model results underestimated ambient PM10 (expected for single-source models), but spatial patterns of leaf SIRM corresponded with monthly-averaged prevailing wind direction from the industrial site 41[]
. Mitchell and Maher (2009) collected one-hour PM10 samples at leaf sampling sites using SKC Leyland Legacy personal monitors with magnetically-clean Teflon® filters.  Despite different sampling intervals, filter samples correlated strongly with mean leaf SIRM (R2 = 0.80, p = 0.01).  Leaf magnetic measures and filters revealed similar ranges of particle sizes, morphologies, and compositions, with most particles in the 0.1 to 1µm diameter range.  Elemental analysis revealed high Fe concentrations in sub-micron particles, and higher concentrations of Al and Si in larger (≤ 5µm) angular particles.  Mitchell and Maher further compared mean PM10 leaf measures with dispersion model predictions, reporting a correlation of rho = 0.60 (p = 0.01) 39[]
. 

1.3.10 Observed associations between sources and PM concentration or composition

Despite challenges in using tree leaves as biomonitors of PM pollution, meaningful associations between leaf-derived measures and local emissions sources have been observed.  Davila et al. (2006) identified higher magnetic SIRM for leaf samples from urban areas with higher traffic density and spherical iron particles (5 to 10µm in diameter) from combustion sources using magnetic methods 
 ADDIN EN.CITE 
[28, 39, 51]
. Kardel et al. (2012) found that leaf SIRM decreased with increasing distance from nearest road, and increased with higher traffic intensity and tram/rail transport frequency 46[]
.

Using chemical analysis, Baycu et al. (2006) found higher Pb concentrations in leaves from roadside sites 21[]
.  Similarly, Tomašević et al. (2008) hypothesized the source of Pb concentrations from leaf samples to be from traffic emissions, as leaded gasoline was the predominant fuel used in their sampling domain 33[]
, and Sawidis et al. (2011) found that leaves from city centers had higher concentrations of metals associated with vehicular and industrial activities (Cr, Cu, Fe, Pb) 1[]
. Simon et al. (2011) found that leaf wash (solution derived from leaf-washing procedures) from urban areas had higher concentrations of sodium (Na), Ba, strontium (Sr), Pb, Fe, selenium (Se), Al, Cu, cobalt (Co), magnesium (Mg), arsenic (As), and Ca, and that (washed) leaf tissue from urban areas higher concentrations of Zn, Mn, Mg, Cu, Ca, phosphorus (P), K, Cd, Ba, and lithium (Li), both associated with vehicular and industrial activities 19[]
. As hypothesized, differences in various constituents from leaf samples (or leaf wash) from high traffic, roadside, or urban areas have been found when compared to low traffic or rural areas. 

1.4 Review Conclusions

Cost-effective methods to capture and identify sources of intra-urban variability in PM pollution are needed for use in human exposure assessment. Deciduous tree leaves - exposed throughout the leaf-growing season - offer a cost-effective means of collecting seasonal PM samples across urban areas, and statistically significant positive associations have been found between magnetic and chemical leaf and atmospheric PM measurements. However, magnetic and chemical leaf-based analyses require robust validation against actively-sampled or modeled PM concentrations to derive location or source-specific associations. For instance, in the US, co-locating tree leaves with EPA PM2.5 Federal Reference Method filter-based measurements after sampling for approximately six rain-free days will increase the interpretability of results.  A multiple-technique approach, such as coupled magnetic and microscopy analyses 63[]
, may also be employed for better characterization of pollutants - depending on hypothesis - and understanding of sources 28[]
. Additionally, a standard “control” leaf sample for tree species that have been utilized is lacking in some investigations, and standard reference material such as lichen-336 may not sufficient for use as a “control”  due to inter-species differences in trace element concentrations. Thus, there are some clear benefits and utility for deciduous tree leaves as biomonitors for characterizing spatially-resolved variation in PM in areas of stark contrast, such as high traffic urban roadways or industry-dominated (e.g. steel-making) areas vs rural areas. However, technique refinement is needed to reduce uncertainties for general application and potential use in exposure and epidemiological studies. These and other issues were taken into consideration for a pilot study designed, implemented, and conducted in 2012 and discussed below.

2.0  pilot study

2.1 methods

2.1.1 Study design

Using Geographic Information Systems (GIS)-based methods, we designed a study to systematically sample Norway maple tree leaves across our Pittsburgh domain. Built upon the design for Shmool et al. (2014), we aimed to capture pollutant source variability across the region. This was done by parsing our study domain into 100m2 grid cells (n = 159,031) using ArcGIS and removing rivers, streams, and river-edges to 20m using the USGS National Hydrography Dataset to ensure accessibility to all sampling locations. Data on traffic density, local industrial facilities, and topography were collected from publicly-available resources at the Pennsylvania Department of Transportation (PennDOT), the Allegheny County Health Department criteria pollutant emissions inventory, and the USGS National Elevation Dataset (30m2 resolution raster dataset). These data were used as pollutant “source indicators” across the study domain. We dichotomized each source indicator at the 70th percentile, and cross-stratified each grid cell across eight classifications, representing combinations of ‘high’ and ‘low’ local pollution source profiles 64[]
, and conducted sampling so as to represent each of these classes. A high traffic/non-valley/near industry area was excluded due to lack of candidate trees in accessible locations. The distribution of candidate Norway maple trees across the study domain by class is quantified in Table 3 and visualized in Figure 4 from data obtained from TreePittsburgh.

Table 3. Distribution of candidate Norway maple trees by class.
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Figure 4. Candidate Norway maple trees by class in study domain of Pittsburgh, PA (n = 4,376).
2.1.2 Sample collection
Leaf samples

 
To avoid the possibility of species-dependent differences in accumulation, all samples were collected from a single tree species - the Norway maple - which is the most abundant (street) tree species in Pittsburgh at 15.7% 65[]
.  Six of the oldest leaves of the newest twig growth (i.e. larger leaves on the lower outer canopy) facing the roadside were collected to ensure leaves of similar age and exposure time.  This was done at all sites (n = 25) for a 5-day sampling period each month from August through October. We sampled at heights approximating the human breathing zone; sampling height across all sites averaged approximately 2m above the ground.  Because leaves lack shelter from the elements (e.g. precipitation, wind), we attempted to minimize any local meteorological effects by sampling after six consecutive, rain-free days when possible 41[, 47]
.  Leaf samples were stored in plastic bags at 4°C to avoid contamination until subsequent magnetic and chemical analyses. Prior to analyses, the surface area of each leaf was measured by pixel counting scanned images using ImageJ software and adapted from protocols by Luke Miller (Stanford University) and Kitren Glozer (University of California Davis).

Filter samples

Air pollution monitors equipped with Harvard Impactors (Air Diagnostics and Engineering Inc.), 37mm Teflon filters and a HOBO H21-002 data logger (Onset Computer Corporation), contained in waterproof Pelican cases and co-located within 3-4m of sampled trees were used to measure PM2.5 concentrations. Using a temperature (20°C) and relative humidity (35%) controlled glove box (PlasLabs Model 890 THC), 37mm Teflon filters (Pall Life Sciences) were equilibrated for 48 hours and then pre-and post-weighed using an ultramicrobalance (Mettler Toledo Model XP2U).  Sampling units were custom-designed to capture integrated street-level samples of PM2.5. Instruments were programmed to run for a 5-day, 24-hour sampling period using a chrontroller (ChronTrol Corporation).  A tetraCal® volumetric air flow calibrator (BGI Instruments) was used to calibrate the flow of air to 4.0 liters per minute (LPM), and HOBO data logger recorded temperature and relative humidity at fifteen-minute intervals for the duration of each sampling period.  All samplers were deployed on utility poles near selected trees at a height of approximately 3m.  For quality assurance and control purposes, filter field blanks were deployed for each sampling session, and all concentrations were blank-corrected 64[]
. Co-located PM2.5 samples (n = 4) were highly correlated at r = 0.95, suggesting reproducibility of the sampling method.

2.1.3 Sample analysis

The magnetic and chemical analysis of leaf and filter samples is shown below in Figure 5:
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Figure 5. Process of leaf and filter sample analysis.

2.1.3.1 Magnetic analyses
Leaf samples

 
Leaf and filter samples underwent magnetic analysis at the University of Minnesota Institute for Rock Magnetism. Each leaf sample consisted of 3 leaves which were packed into 5.3cm3 plastic boxes with lids then weighed using a microbalance. Next, in a zero field laboratory (i.e. protected from the Earth’s magnetic field) at room temperature, samples were given anhysteretic remanent magnetization (ARM) on a DTech D-2000 AF Demagnetizer (Precision Instruments). The ARMs were measured and subjected to stepwise alternating field (AF) cleaning in a 2G Long-core Magnetometer (2G Enterprises) with an in-line automated AF demagnetizer to characterize their magnetic stability, including median destructive field (MDFARM) values.  The samples were then magnetized at 1 Tesla (T) using an IRM Controller (2G Enterprises) to produce saturation isothermal magnetizations (SIRM), which were also measured and subjected to stepwise AF cleaning in the 2G Long-core instrument, and resulting data were used to compute MDFSIRM. Finally, hysteresis loops were measured on the Vibrating Sample Magnetometer (Princeton Measurements, sensitivity 5 x 10-9 A m2) in order to obtain saturation magnetization (Ms), saturation isothermal remanent magnetization (SIRM), and coercivity (Hc) values. Figure 6 shows a conceptual model depicting the process of sample collection to magnetic analysis. 
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Figure 6. Conceptual model of biomonitoring using tree leaves via magnetic analysis.

      Adapted from Hansard et al. (2012) 38[]
.

Filter samples

Magnetic values from filter samples could not be obtained due to resource constraints, which does not allow for appropriate comparison between leaf and filter magnetic values.

2.1.3.2 Chemical analysis

Leaf analysis

 
Each leaf sample consisted of a 0.5g mass, obtained by cutting leaf samples with sterile scissors, then weighed on a Mettler Toledo AE240 analytical balance. Each sample was digested using HNO3, and Xpress vessels in a CEM Corporation MARS Xpress microwave digester using a CEM Corporation protocol for plant sample digestion.

Post-digestion, a diluted 0.5mL digested leaf solution (with HNO3 and internal standard - Be, Ge, Tl) underwent ICP-MS analysis (Perkin Elmer ICP-Mass Spectrometer NexION 300X). For quality assurance and control purposes, blanks were run every 10th sample, and the first sample from each 10 runs was repeated. Elemental concentrations were obtained for Li, Mg, Al, K, Ca, Cr, Mn, Fe, Cu, Ba, Pb, Mo, Ni, Sb, V, Zn, Cs, and Sr in units of µg of element per g of leaf sample. The unit of µg/g was used to compare to filter values (ng/m3) based on the assumption that atmospheric deposition was the primary source of constituent accumulation.

Filter analysis

PM2.5 concentrations were calculated using pre- and post-sampling Teflon net filter weights and sampling volume 64[]
. All filter samples were sent to Wisconsin State Laboratory of Hygiene (Madison, WI) and analyzed for the same constituents as leaf samples (above).

2.2 results

2.2.1 Magnetic measurements

Leaf samples

Table 4 shows a summary of magnetic measures from the leaf samples used to characterize PM present, including: SIRM, Mr/Ms, MDFARM and MDFIRM, and Hc values. 

Saturation isothermal remanent magnetization (SIRM): SIRM values were obtained from hysteresis loops, which characterize the magnetic mineralogy, grain size, and concentration. SIRM was then converted to an average magnetization, or total magnetic moment (Am2) per leaf sample by surface area (m2), hence, Amperes (A). Hysteresis data showed that all samples reached magnetic saturation between 300 and 500mT, indicating predominately ferrimagnetic (magnetite-like) particles. Hysteresis data were corrected to remove any diamagnetic contribution from the sample box or from leaf water content (i.e. non-metal constituents). The highest SIRM values were from samples taken from a heavily polluted industrial area.

Remanence ratios: Ratios of saturation remanence to saturation magnetization (Mr/Ms), reflective of grain size, are shown in Table 4 and indicate a narrow range from 0.07 to 0.13. This value represents the proportion of magnetization remaining in the sample when the magnetic field is removed after saturation, and is a good indicator of magnetic domain state, which is strongly related to magnetic grain or particle size 35[]
. The measured values correspond to grain sizes in the pseudo-single domain (PSD) and multi-domain (MD) range. [A magnetic domain is a collection of magnetic fields in the same direction, and the number of domains is indicative of magnetic grain size. For instance, a SD is a uniform magnetization in the same direction, and exhibits high coercivity and remanence values due to difficulty in rotating the magnetization. A division into multiple domains (MD) occurs with increasing grain size and surface area to better distribute magnetostatic, or surface, energy of the grain. PSD grains exhibit a combination of SD and MD properties 35[]
.] The highest Mr/Ms value was from a site with high traffic density in a low-lying area along a river. Mr/Ms values for approximately 8% of total samples (n = 2) were missing due to error.

Median destructive field: MDF values were obtained by subjecting leaf samples to stepwise alternating magnetic field demagnetization. At each step, the AF is smoothly reduced to zero from some peak value, and the demagnetization curve is constructed by exposing the sample to a series of increasing AF peak values, measuring the remaining remanence after each step. The MDF is the peak AF value needed to reduce the initial remanence by one half of its initial value 35[]
. MDFARM values greater than MDFIRM values indicate samples consisting of single domain (SD) and/or PSD particles (the “Lowrie-Fuller test”) 66[]
. For alternating field demagnetization characteristics of MD thermoremanent magnetization in magnetite, refer to Dunlop and Özdemir (1997) 67[]
. Table 4 shows MDF values; value from one site was removed due to equipment error. 

Coercivity: Hc values - ranging from 9.76 to 14.53mT - indicate predominately PSD particles 35[]
, consistent with the MDFARM/MDFIRM data. In addition, these lower Hc values suggest magnetically “soft” ferrimagnetic materials (i.e. magnetite). However, the PSD state is not as clearly defined as SD and MD: samples may contain mixtures or broad distributions of grain size, or may be dominated by “true PSD” material (i.e. small MD grains exhibiting a mixture of SD-like (high remanence) and MD-like (low Hc) behavior, and ranging from 0.1-20µm in diameter) 35[]
. Table 4 shows Hc values; one value was removed due to equipment error.

Table 4. MDFARM, MDFIRM, Hc, SIRM, and Mr/Ms values for leaf samples.
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Filter samples

Magnetic values from filter samples could not be obtained due to resource constraints.

2.2.2 Chemical measurements

Leaf samples

 
Leaf samples were analyzed for the following constituents: Li, Mg, Al, K, Ca, Cr, Mn, Fe, Cu, Ba, Pb, Mo, Ni, Sb, V, Zn, Cs, and Sr. Summary statistics for leaf sample constituent analysis were performed in STATA version 13 (StataCorp, College Station, TX), and are shown in Table 5. Significant variation in concentration between constituents was observed, as indicated by certain large standard deviations (e.g. Mn and Fe).  However, relatively higher concentrations were expected for certain macro- and/or micronutrients essential to plant or tree processes such as Ca, K, Fe, and Mn, which are important in protein synthesis and operation of stomata (K), maintenance of membrane structure (Ca), chlorophyll synthesis (Fe), and enzyme activation (Mn) 68[]
. In addition, the pollutant-tolerant nature of the Norway maple, along with its ability to withstand other urban impacts (e.g., dusts, dry soils, and pavement) 69[]
 may also result in relatively higher concentrations of various constituents. Leaf samples were not blank-corrected due to difficulty in obtaining and interpreting a “control” leaf. Outliers were kept in the data due to small sample size, and hypothesized high concentrations for certain constituents at purposeful sites (i.e. those in close proximity to a heavy industry-polluted area).

Table 5. Mean and standard deviation of leaf constituents analyzed via ICP-MS.

 SHAPE  \* MERGEFORMAT 



Filter samples

Filter samples were analzyed for the same constituents as leaf samples, listed in the paragraph above. Summary statistics for filter constituent analysis were performed using STATA (College Station, TX) (Table 6). Blank corrections using field blanks were performed using SAS (Cary, NC). Consistent with leaf data, outliers were kept due to small sample size, and because purposeful sites were hypothesized to be much higher in concentration for certain constituents.

Table 6. Mean and standard deviation of filter constituents analyzed via ICP-MS.
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2.2.3 Correlations
Leaf chemical, filter chemical & leaf SIRM

Table 7 shows correlations between leaf and filter constituents, and leaf SIRM (n = 25). Highest correlations of statistical significance between leaf constituents and leaf SIRM were reported between leaf V, Cs, Al, Mo, and Fe and SIRM, respectively.  Because filter SIRM values were not able to be successfully measured, filter constituents were compared to leaf SIRM, also shown in Table 7. However, depending on the source of PM, it has been shown that certain constituents positively correlate with SIRM values (e.g. Fe and/or Pb and SIRM), so we hypothesized a positive correlation among co-located leaf SIRM values and certain filter constituents 28[, 37]
. Highest correlations of statistical significance (Spearman rho) between filter constituents and leaf SIRM were reported here between filter Mn, K, Cs, Li, and Fe and leaf SIRM, respectively. Correlation between PM2.5 mass concentrations and leaf SIRM was rho = 0.45 (p = 0.024).

Table 7. Correlations between filter constituents & leaf SIRM, and leaf constituents & leaf SIRM.
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2.2.4 Factor analysis

We explored the utility of exploratory factor analysis (EFA) to better summarize our data and determine source contributions, such as traffic or local industry, from leaf and filter constituents, as well as leaf SIRM. Accordingly, we performed a factor analysis with varimax rotation (resulting in orthogonal components) using the methods outlined in Clougherty et al. (2011), which ensures no correlation between factors. Criteria considered included the eigenvalue-one criterion and scree test, and components accounting for at least 5% of the total variance were retained 70[]
.  Factor loadings, which are the correlations between each variable and the factor (e.g. filter Al and leaf Al in Factor 1 of Table 8b), that were greater than or equal to 0.60 were chosen in order to make the factor patterns more interpretable. Constituents loading greater than or equal to 0.60 are shown in Table 8a and 8b; Table 8a shows leaf and filter constituents run separately, and 8b run together. When run separately and together, there are a number of leaf and filter constituents that retain a positive factor loading of 0.60 - Al, Fe, Pb, and Zn.  This demonstrates the consistency between media for various constituents across all sites.  Filter and leaf Li both have a positive factor loading of 0.60 or greater when run separately, but when run together leaf Li drops just below the 0.60 cutoff (0.53).

Table 8. Factor analysis of leaf and filter constituents.

[image: image12.png]Filter & Leaf Constituents Run Separately

Filters Leaf Filter Leaf Filter Leaf Filter Leaf
Factor 1|Factor 1|Factor 2|Factor 2|Factor 3 |Factor 3|Factor 4|Factor 4
Li L Cr Mg Mo Mn K
Mg Al Cu Ca v Cu
Al Cr Ni Ba Cs Ni

K Fe Sb Sb.
Ca Pb Sr
Mn Mo

Fe v

Pb Zn

Zn Cs

Sr

Filter & Leaf Constituents Run Together

Factor 1|Factor 2|Factor 3|Factor 4|Factor 5| Factor 6 | Factor 7

F_Li F_Cr F_Mo L_Mg L_Mn L_Li LK

F_Mg F_Cu F_V L Ca L_Cu

F_Al F_Ni F_Cs L_Ba L_Ni

LAl F_Sb L_sb

FK L_Sr

F_Ca

LCr

F_Mn

F_Fe

L_Fe

F_Pb

L_Mo

LV

F.Zn

LCs

F_Sr





Further, Table 9a and 9b show filter constituents and leaf SIRM and leaf constituents and leaf SIRM run together, respectively and 9c shows filter and leaf constituents and leaf SIRM run together. Measures from different methods (i.e. magnetic and chemical) were combined into the same FA due to the relationship between SIRM and various constituents found in the literature.

Table 9. Factor analysis of leaf and filter constituents and leaf SIRM.
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There are a number of leaf and filter constituents - along with leaf SIRM - that retain a positive factor loading of 0.60 - Al, Fe, Pb, and Zn. Filter and leaf Li both have a positive factor loading of 0.60 or greater when run separately with leaf SIRM, but run together leaf Li drops below the 0.60 cutoff, at 0.57. These metals that showed up for leaf and filter samples as the strongest factor (Al, Fe, Pb, Zn) can be interpreted as, across all sites sampled, Al, Fe, Pb, and Zn consistently showed up together in both leaf and filter samples.

2.3 Discussion
Characterization of particles

As stated previously, filter sampling methods using Harvard Impactors allowed for collection and definition of PM2.5 without further analysis, and magnetic properties were used to attempt to characterize PM on leaf samples. These magnetic properties, such as SIRM, a general Mr/Ms in the 0.1-0.5 range, and lower Hc values (approximately 10mT averaged across all sites), indicated iron-rich, magnetite-like particles which were relatively homogenous in composition, but varying by grain size distribution.  However, caution should be taken when interchangeably using particle and grain size, due to the inconsistency between particle size as defined by the EPA, and grain size defined in terms of magnetism. If a sample is mono-grain - as opposed to an agglomerate of different grains - grain size and particle size may be interchangeably used 71[]
. Determining this may require additional analysis via SEM-EDXA, which is tedious and a potential issue in terms of cost and resources. Since we did not have access to SEM-EDXA, we have to rely on the statistical analyses of magnetic and chemical parameters of samples.  
Source of particles

Factor analysis performed on filter and leaf chemical constituents and leaf SIRM indicated that leaf SIRM, Al, Fe, Pb, and Zn showed up as the strongest factor across all sites. A heavy traffic-related contribution to samples was evident from the constituents or magnetic measurements such as SIRM, Al, Fe, Pb, and Zn attributed to soil and road dust, motor vehicle emissions, diesel, and brake and tire wear. However, this was expected since leaves were sampled from street trees at an average height of approximately 7 feet above the ground, and is consistent with findings in previous studies that magnetic PM decreases significantly within a few tens of meters from the source (i.e. high-traffic roads) 37[, 63]
. A weaker industrial component was present in the strongest factor as steel-making (Pb and Zn) and coal or secondary transport (Pb). In addition, the anthropogenic mechanisms hypothesized here - combustion, brake pad wear, steel-making - produce magnetite-like materials with certain metals (Pb and Zn) incorporated into the crystal lattice structure of the magnetite, as opposed to adhering to the surface of the magnetite, as Al from soil and road dust may do. However, different geographic regions may have a different source mix or composition of pollutants (e.g. leaded gasoline in Europe but not United States) so contribution from sources in the local or regional area should be investigated via review of relevant literature, as was done for our pilot study with a literature review of source apportionment for outdoor air 72[]
.

Evaluation and limitations of biomonitoring method

Despite our study’s small sample size, the statistically significant positive correlation between PM2.5 concentration and leaf SIRM [rho = 0.45 (p = 0.024)] indicates the potential for SIRM to serve as a proxy for PM2.5 pollution in urban areas with additional research. For instance, a deposition velocity calculation for PM onto leaf surfaces in order to obtain a concentration for better comparison to filter-based PM concentrations could be explored. However, this was not completed for the pilot study due to lacking SIRM values from filters. To effectively do this, truly co-located leaf and filter samples (i.e. from beginning to end of sampling period) may be more interpretable due to a matching temporal component, despite the possibility of the pollution source mix not significantly changing from beginning to end of our sampling campaign (August through October). Our leaf samples were collected solely at the end of the 5-day sampling period, which may be more representative of PM accumulated over a period of time longer than our 5-day sampling period. In addition, a proper “control” tree leaf to blank-correct tree leaves from distributed sites would ensure more accurate concentrations for comparison to filter-based results. Regarding chemical and magnetic parameters, an understanding of the origin or source of particles or constituents with respect to urban PM pollution and definition of particle size as it relates to regulatory agencies like the EPA is important in interpretation of results and usefulness of data for further studies (e.g. epidemiological investigations). 
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Reprinted from: Maher BA, Moore C, and Matzka J: Spatial variation in vehicle-derived metal pollution identified by magnetic and elemental analysis of roadside tree leaves. Atmospheric environment 42.2 (2008): 364-373, with permission from Elsevier.
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Figures 2 and 3 reprinted from: Sawidis T, Breuste J, Mitrovic, Pavlovic P, Tsigaridas K: Trees as bioindicator of heavy metal pollution in three European cities. Environmental Pollution 159.12 (2011): 3560-3570, with permission from Elsevier.





Magnetic Analyses


a) ARM in DTech D-2000 A.F. Demagnetizer


b) IRM in DC SQUID Magnetometer


c) SIRM in Vibrating Sample Magnetometer





Reprinted (adapted) with permission from: Hansard R, Maher BA, Kinnersley RP: Rapid magnetic biomonitoring and differentiation of atmospheric particulate pollutants at the roadside and around two major industrial sites in the U.K. Environ Sci Technol 2012, 46(8):4403-4410. Copyright (2012) American Chemical Society.





*Indicates outlying values.








Note units in µg/g.





Note units in ng/m3.
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Shaded values indicate constituents appearing in separate and combined FA. Note: “F_” indicates filter; “L_” indicates leaf.
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Shaded values indicate constituents appearing in separate and combined FA. Note: “F_” indicates filter; “L_” indicates leaf.





c









iii

