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FOREWORD

The present work was developed during my collalbmmato the European “EU FP7 Mossclone”
and “LIFE-ECOREMED?” projects, both focused on thethodological aspects of the “moss bags”
technique. Although at the end of these work exgmees we could demonstrate the high
performance of th&phagnum palustre. clone, a large part of the field experimentgevearried
out by means of other moss species, due to prhctemds (at that time, the cloning of tBe
palustrewas not yet optimised). Only the characterizatieported in Chapter 1 was performed
using theS. palustreclone. For the standardization assays of the rhags technique (Chapter 2)
the mossPseudoscleropodium purutiiedw.) M.Fleisch was employed. The results descriim

Chapters 3 and 4 were obtained using the migpsnum cupressiformidedw.

ABSTRACT

Mosses, due to their ability to uptake polluta@i® considered excellent biomonitors. One of the
most diffuse method to use them for bio-monitonngposes is the so called moss bags technique.
This practise, consisting in the use of small eopelof plastic net filled with mosses, allows the
monitoring of areas lacking the target speciesh@lgh this methodology was largely used since
the 70’s, it yet suffers of some limitations: 1¢ertain environmental impact in the collection site
2) the sampling of native mosses is problematicufttrained people; 3) among moss materials of
different origins there is an intrinsic variability elemental and chemical composition; 4) the bag
are hand-made prepared; 5) the lack of standarolizaf the exposure protocol, making derived
data sets not directly comparable;tié¢ lack of knowledge about the relation existiegween the
concentrations of pollutants found in the “bioaccilsor’ and those estimated by models or using
emission inventories; 7) scarcity of informationoab the ability of the moss bag technique to
discriminate the pollution between areas relatiobbge to each other and characterized by different
land uses; 8) so far, it is impossible to estintheeatmospheric content of pollutants by knowing
the element concentrations in the exposed mosses.
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In lights of the previous issues, four studies hlbgen carried out to provide solutions at the first

seven points with the following aims:

a)

b)

to define the morphological, molecular and chemis@nature of theS. palustreclone
developed in the framework of the EU-FP7 Mossclprgect. To tag the clone, a molecular
characterization was performed by a set of DNA i markers (RAPD, 1SJ, PCR-RFLP,
sequencing and microsatellites). The relation betwie elemental composition of the clone
with the commonly applied pre-exposures treatmémisss oven devitalization and EDTA
washing), was estimated by ICP-MS analysis of 54omand trace elements, and was
compared with that of conspecific field samplesalfield test, the metal accumulation ability
of bags filled with the clone was compared withpext to that of those filled with

Pseudoscleropodium puruf@hapter 1);

to standardize the moss bags exposure protocarimst of bag characteristics (shape of the
bags, mesh size, weight of moss/surface of bag)raturation and height of exposure. The
field experiments took place in Austria, Italy afghain, selecting in each country seven
exposure sites affected by different degrees apelstpf contamination. The different solutions
tested (shape, mesh size...) were compared at pairigil the other characteristics and
exposure conditions. In this work, the versatility a new device, the Mossphere (see the
Chapter 2 for clarifications), was tested for thetftime. For the selection of the best shape,
two couplets of moss bags were compared: roundgdvisa Mossphere and flat bag vs.
Mossphere. Three mesh sizes were tested: 1 mm, ,2ami4 mm. Finally, to investigate the
third characteristic, three weight/surface ratib4%, 30 and 45 mg/chwere tested. Both the
mesh and weight effects were performed employirgNossphere. For the selection of the
appropriate exposure duration, Mosspheres withyandiss/surface ratio of 30 mg/éand 2
mm mesh were exposed in triplicate at 4 m aboveirgipofor 3, 6 and 12 weeks. For the

selection of the proper exposure height, Mosspheitiisa dry mass/surface ratio of 30 mgfcm
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and 2 mm mesh were exposed in triplicate, at 4d71® m above the grouri@hapter 2);

c) to compare data provided by the moss bags techmighehe inventory of the emissions, one
of the methodologies already consolidated and adofty the EU legislation. The two
approaches were simultaneously applied in five Mipalities of the Campania region
(Southern Italy), an area where the emission ssuape constantly monitored being a National

Interest Priority Sit¢Chapter 3);

d) to test the capability of the moss bags in thedfi@ discriminate between the degree of
pollution of areas relatively close to each other and charaeteiby different land uses.
Through a specific exposure design, we investigdtectapability of moss bags (following an
exposure protocol derived from to the results efdbove mentioned researches) to distinguish
pollution inputs in sites with different land usag(icultural vs. urban/residential) and
proximity to roads, in a fragmented landscape ah@ania, where areas with different land use

are strictly mixed togethéChapter 4).

The pre-treatment tests on tBe palustreclone show that the devitalization is useful tegarve
the biomaterial and ensures its easy handling. HBD&A washing, although essential for native
materials, is unnecessary for the clone sinceoivsha significantly lower content of elements, also
when compared to that of its native counterparttifeumore, in the field testhe S. palustreclone
showed a significantly higher metal uptake compaceB. purum(a species largely employed in

bio-monitoring assays) (Chapter. 1)

The results of the standardization (Chapter 2) enadd that the shape of the bags and the mesh
size did not affected the accumulation capacitthefcontained moss, whereas our tests confirmed
that the lowest the density of the moss insidebthgs, the highest the element uptake. Moreover,
three weeks of exposure were not enough to hawnsistent accumulation, while only a small
difference was observed between the 6- and theekEkwxposure. The height experiment did not

evidenced differences among the three proposedi@atu According to the reported outcomes, it
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is preferable the use of a Mossphere (being notehmmde, reusable and with a standard shape)
with a 2 mm mesh and a weight/surface ratio randigigveen 5 up to 15 mg c¢hexposed for a
period not lower than 6 weeks (i.e. increase temlpesolution) at 4 meters above the ground (this

for practical questions).

The last two works (exposed in Chapters 3,4) higitéd the advantages in the joint use of moss
bags and emission inventories approaches as ablaltesource to reveal contaminants that are
not routinely monitored and also the capabilitytted moss bags to discriminate pollution inputs at
low scale in sites characterized by a fragmentedideape in terms of land use. Particularly,
mosses exposed in agricultural sites showed higbkutant loads than those exposed in urban

sites, so as for the mosses hanged at front reeglmpared to the matching green ones.
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INTRODUCTION

In 2008, indoor air pollution and urban air qualitgre indicated as two of the major global threats
among pollution problems (World’s Worst PollutiomoBlems report, 2008). More recently, the
WHO reported that air pollution in 2012 caused deaths of about 7 million people worldwide
(WHO, 2014). This confirms air pollution as onetloé most important environmental health risk in
the world and indicates its reduction as an ur¢gsk to save millions of lives.

According to the European Council Directive 96/82/Bn ambient air quality assessment and
managemenand the more recent Directive 2008/50/EC, the mensketes are obliged ttset
objectives for ambient air quality in order to asipiprevent or reduce harmful effects on human
health and the environment . . . and improve aialdfy where it is unsatisfactoty It is very
complicated to reach these targets since, befdiagaactions to improve air quality, an effort
should be done to understand the mechanisms aitaotl dispersion and hence realize the best
solutions for their monitoring. It is arduous totain a completely detailed information on the
concentrations and emission forms of pollutantecesitheir release in the atmosphere is very
variable in space and time. It is well known, fastance, that two close sites could be characterize
by different air quality and that different monitag surveys made in the same site but in diverse
periods could provide divergent information. Moregvthe automatic devices used nowadays for
air monitoring are accurate but too limited in nemhkdue to their excessive costs, to describe the
spatial-temporal trends of pollutants. Also, wekladormation on the air quality from many places
like private homes and work places. To overcomedHienitations, it is common to do estimates or
use models, based on the few existing measurespaalculating, indirectly, air quality for areas
not monitored by any devices. Due to their nataueh procedures are characterized by an intrinsic
uncertainty. Besides, the monitoring stations aakbrated to detect just a limited number of
pollutants (mainly CO, SO NxOy, PAH and PMsi19, while, the measurement of other air

contaminants included in the European Directiveg. (@eavy metals and PAHS) is yet associated to
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important technical and economic difficulties. Téfere, there is an urgent need to develop and
employ new low-cost and robust tools for monitoraigquality.

Biomonitoring is an adequate alternative techniguacquire data about pollution. Biological
monitoring, or biomonitoring, is based on the asalyof particular organisms called ‘bio-
indicators’, or communities of these organismsageess changes in the environment compared to
natural conditions. Two different biomonitoring bedques are known: i) bioaccumulation
techniques, which measure elemental or chemicatesdrations in organisms able to adsorb and
accumulate such substances; ii) bioindication tegles, which estimate the effects of pollution on
sensitive organisms, which can provide importafdrmation about the ecosystem functionality.
This Ph.D. dissertation is focused on the bioacdatimn techniques. A “bioaccumulator” refers to
an organism absorbing a toxic substance at aaaterfthan that at which the substance is lost. The
bioaccumulation technique is either “passive”, hased on the collection of autochthonous species;
or “active”, i.e. based on transplants of organismareas where they do not spontaneously occur
or where they are too rare to be collected in sigffit quantity. Both these techniques offer the
following advantages: a) to obtain information de stmospheric deposition of pollutants, at low
costs, with high density of sampling points, andiéferent spatial scales; b) to identify geographi
patterns induced by pollutant transport and dejositand also evaluate the reliability of
dispersion/circulation models; c) to check the @ffef the actions applied to minimize pollutant
emissions; d) to evaluate temporal trends; e) amtifly hot-spots of pollution for planning the
location of more accurate instrumental recordings the development of epidemiological research.
The main limits of biomonitoring, especially whenonking with naturally occurring species
(“passive” biomonitoring), are associated with firesence/absence of the target organisms in the
investigated areas - mainly due to ecological dlupon factors - which shape the experimental
design. Another problem is the lack of knowledg®uwbthe correlation existing between the

concentrations of pollutants found in the “bioacclmtor’ and their concentrations in the
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atmosphere. This point is still an open issue amthér studies are needed in order to reach any
steady conclusion. By contrast, to overcome thélpro associated with the presence/absence of
the target organisms, and to obtain a more ratisaalple distribution not ruled by this variables th
use of transplants has had great success and smgeamployment in the last decades. This
approach offers several advantages: i) the expaxfuilee material according to a rational scheme,
i) the knowledge of pre-exposure values which é&mthe calculation of enrichment rates, iii) the
repetition of the monitoring campaigns, and iv) gassibility to monitor sites lacking naturally
occurring species, as are the majority of the moButed areas (i.e. urban and industrial sites).
Among the available bioaccumulators, bryophytes angarticular mosses are particularly
adequate for air quality assessment thanks to theate characteristic.he nutrient supply of
mosses is strictly linked to their poikilohydric thed of water regulation (state of hydration
controlled by the environment) (Bowen, 1933). Thiegeive water predominantly from rainfall,
dew and atmospheric humidity and they can get entisifrom both these channels or directly from
dust. Moreover, they are able to resist alive famgl periods of dryness, during which their
metabolism drastically decreases to restart as asomater is again available. Mosses can absorb
mineral nutrients over their entire surface (Brow®82) thanks to a large surface/mass ratio.
Besides, mosses have one-cell-layer leaflets,ititailg the exposition of every single cell dirgctl
to the nutrient supply. The mosses can grow imnasiins that could be limiting or prohibitive for
other plants, since they are able to take up mitrieven from weak solutions (Babb & Whitfield,
1977). The sequestration of nutrients in mossesirescthrough exchange sites (Clymo, 1964;
Craigie & Maass, 1966; Wells & Brown, 1990; Batd997), characteristic that varies among
species (Buscher et al., 1983). The cation exchaapacity (CEC) appears to be the first step in
uptake of nutrient cations (Koedam & Buscher, 1983] it is allowed by the high concentrations
of non-esterified pectates, mostly polyuronic acudghin the cell walls (Clymo, 1963; Craigie &

Maass, 1966). Indeed, the concentration of gludarawid in bryophytes primary cell walls is
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higher than those found in any other land plantdemonstrated by Popper and Fry (2003). The
carboxyl group (COOH) of these acids protrudestanduter surface of the wall, and can freely
exchanges its Hwith other cations in its surroundings. This istjgalarly evident forSphagnum
species for which the nutrient uptake in poor murihabitats is further supported by their great
ability to exchange Caand Md™ ions with H ions (Temple et al., 1981). More recently, Gonzale
and Pokrovsky (2014) found th&phagnum sphas the highest proton and metal adsorption
capacity in comparison Bseudoscleropodium purugiledw.), Brachytecium rutabuluniHedw.),

and Hypnum sp. Also, the binding of elements or chemical compourydthe mosses is not
sufficiently selective (Brown & Bates, 1990), hentiee cation exchange process can also result in
accumulation of high levels of ionic pollutantkeimetals (Brown, 1984).

These characteristics place the mosses among #teopgons for biomonitoring purposes
(Bargagli, 1998). One clear example of their usedas is offered by the Biomonitoring Network,
coordinated by the UNECE ICP Vegetation Programidrgtéd Nations Economic Commission for
Europe, International Cooperative Programme ondifen Air Pollution on Natural Vegetation
and Crops), focused on bio-monitoring of heavy msed@md POPs in mosses collected from more
than 30 European countries. This network has timetaiassess the sufficiency and effectiveness of
the air pollution abatement policies of the LRTABn@ention and its Protocols, and is concentrated
on long-range transboundary air pollution (for arerwiew, see Harmens et al., 2015). This is an
example of “passive” bio-monitoring based on thevlsting of naturally growing mosses.
However, as highlighted above, it suffers for thesence of target species in urban areas and
industrial areas, and even indoor reference enmgorts, making difficult the choosing of a rational
sampling scheme. This limit strongly encouragesufeeof moss transplants.

The most common transplant-based technique is thesd{bags approach described by
Goodman and Roberts (1971), the first proposingtridwesplant of mosses collected from pristine

areas by means of small envelops, whose elemeatapasition after the exposure period is
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compared to those of unexposed samples (a reviéweis et al., 2012). Goodman and Roberts did
not suggest a detailed protocol for the applicabbrthe technique, although a well-established
procedure is very important in order to compare déttained in different surveys.

Three main aspects should be taken into accoustattdardize the “moss-bags” technique.
Firstly the choice of the best moss species orb#ses of its accumulation capability; indeed, the
criterion adopted so far has been a preferentialelsiing of those species particularly abundant
from unpolluted areas in the surroundings of thevesy area; this involves the collection of
different moss species (eBseudoscleropodium purum northern SpaintHypnum cupressiforme
in southern Italy and so on). Moreover, it is nlotays possible to have enough material since its
availability depends on natural and anthropogeaigses; even when moss material is available, a
repeated harvesting of naturally growing mosses armasmportant ecological impact. Also, the
collection of some species is interdicted by EuavpBirectives (e.gSphagnum spp.The ability
of the operators to identify the target specieshm field is another important factor that can be
problematic for untrained people. The second prolikethe natural variability of moss elemental
composition (including pollutants). Often moss specollected in different sites or in the same
site but in different seasons have different molpin and elemental composition. Thus, a crucial
aspect is the definition of the pre-exposure camwlt (e.g. bio-material with a similar morphology,
well-characterized initial contents, comparable gplpgical status; see Godinho et al., 2008).
Luckily, in recent years, many advances have bemre do standardize these aspects and many
studies reported for instance the usefulness ddraful water-washing of moss selected for bag
preparation to reduce the variability of bio-monitg results (e.g. Tretiach et al., 2007, Adamo et
al., 2008). In addition, Giordano et al. (2009) fiduthat the oven drying devitalization of moss
material eliminates metabolic contribution to elameptake, allowing the elimination of the
variability occurring with the exposures in diffateenvironments (i.e. different vitality and growth

rate, as confirmed by Fernandez et al., 2010).€Sihe uptake appears to be mainly passive and
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based on surface interception of pollutants (Teétiat al., 2011), it is worth to highlight that the
oven treatment do not modify the moss tissues andénits accumulation capability. Once selected
a given species, the third step is the standardizaif the exposure protocol, in particular the
choice of the appropriate bag characteristics @ldpghe bag, mesh size, ratio between weight of
moss and bag external surface), height and durafi@xposure. Although recently Pittao (2007)
and Ares et al. (2014) provided important data omes methodological variables to establish a
standardized protocol, few works exist in the &tare focused on the standardization of the moss
bag technique. Nevertheless, the published reshtisld be seen as a good starting point to solve
the numerous, still open problems. Some issuesreleded to the correct choice of the bag
characteristics (e.g. the bag preparation is atllome-made affair, the correct mesh size must be
defined, etc.), and the exposure modality (heididva ground of exposed bags, duration of the
exposures, etc.). Firstly, to improve the strermftthe results related to the standardization ef th
technique, it is needed to perform a biomonitofiest in areas characterized by various climatic
conditions and also by different degree of poliatim order to ensure the flexibility of the
methodology.

The FP7 Mossclone (ENV.2011.3.1.9-1) is a projecu$sed on the standardization of the
moss bags technique, having among its aims thetgeleof a highly performant moss and the
establishing of a clone production of this speciader highly controlled conditions. Working at
this project Gonzalez and Pokrovsky (2014) quatifihe adsorption of heavy metals on 4 moss
species frequently employed in the moss bag teaknand found that th8hagnum spwas the
species with the highest uptake performance. SiaceestingShagnum spn the field is prohibited
(according to the European Directive 92/43/EEC)ik8eet al. (2015) proposed a protocol for
cloning Shagnum palustrel. in bioreactors under controlled growing cormh (e.g. pH,
irradiation, temperature, culture medium). The pobty to employ a clone in the moss bag

technique is deemed to supplies a material readygdowith a very constant and low pre-exposure
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concentrations since the elemental content in nsasseot affected by the environment. Indeed, the
chemical composition of the cloned material is siggal to reflect only the chemical nutrients
provided during its production. In the frameworktbé “Mossclone” project were performed the
experiments showed i€hapters 1, 2 of this thesis. The first workChapter 1) concerns the
chemical characterization and the molecular sigeato tag theS. palustreclone, developed by
Beike et al. (2015); in addition, a field test waerformed to compare the metal accumulation
ability of bags filled with the clone to those étl with Pseudoscleropodium puruiiiHedw.)
M.Fleisch. The relation between the elemental casitiom of the clone with the commonly applied
pre-exposures treatments (moss oven devitalizat@hEDTA washing) was estimated by ICP-MS
analysis of 54 major and trace elements, and waspared with that of field grow®sphagnum
palustre Moreover, the molecular characterization of thene was performed by a set of DNA
molecular markers (RAPD, ISJ, PCR-RFLP, sequenaimgmicrosatellites).

After testing the efficiency of the cloned materiat biomonitoring purposes, i@hapter 2 are
showed the results that could help to answer tatiestion: that is the best exposure protocol for
a standardized methodology”or the experiments, three country characterizeddiffgrent
climatic conditions (Austria, Italy and Spain) weselected. Moreover, in each country mosses
were exposed in seven exposure sites affected figradit degrees and types of environmental
contamination. The variables taken into accountewle bag characteristics (shape of the bags,
mesh size, weight/surface ratio), the height alibeeground of exposed bags, and the duration of
exposure. The diverse solutions tested were cordpatrearity of all the other characteristics and
exposure conditions. For the first time, a new (aot “hand-made”) typology of moss bags has
been tested: the “Mossphere”. For the selectioth@fbest shape, two couplets of moss bags were
compared: rounded bag vs. Mossphere and flat balessphere. Thanks to the versatility of the
Mossphere, three mesh sizes (1 mm, 2 mm and 4 meng wested, together with three

weight/surface ratios (15, 30 and 45 mgfenfor the selection of the appropriate exposure
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duration, Mosspheres with a dry mass/surface aitB0 mg/cm and 2 mm mesh were exposed in
triplicate at 4 m above the ground for 3, 6, andwigeks. To test the proper exposure height,
Mosspheres with a dry mass/surface ratio of 30 mgémd 2 mm mesh were exposed, in triplicate,
at 4, 7, and 10 m above the ground.

Once tested the parameters affecting the moss fefimance, a test was run to verify whether
our methodology actually reflect the levels of @atlution likewise other methods already accepted
and supported by the current legislation, in otdesupport the adoption of the standardized moss
bag technique by EU or national authorities. In lilgat of this, Chapter 3 of this dissertation
reports a comparison of the data provided by thesmuags technique exposed in Campania
(Southern Italy), with those obtained by an inveptof the emissions, that is one of the
methodologies already consolidated and adoptetéizU legislation.

Finally, in Chapter 4, the capability of the moss bags to discrimindte tlegree of pollution
between areas relatively close to each other aathcterized by different land uses, is considered
through a direct field test. Indeed, by adoptingp&cific exposure design, we investigated the
ability of moss bags to distinguish pollution inpuh sites with different land use (agricultural,
urban/residential) and proximity to roads, in agfrented landscape of Campania, where these
areas are strictly mixed together. It is worth taenthat it would be never possible to obtain such
detailed data, down to a very small scale (tenmefers), by the sole use of monitoring stations,
since their cost would discourage an exposure desigilar to that we adopted in this work. The
opportunity to perform the experiments describethanlast two chapters was possible through the

collaboration to the EU project “LIFE11/IT/275 — BREMED".
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Abstract

This work aimed to define the molecular and chehsigmature of &. palustreclone developed in
the framework of the EU-FP7 Mossclone project tprove the standardization and reliability of
the moss-bag technique. The molecular charactenzatas performed by a set of DNA molecular
markers (RAPD, ISJ, PCR-RFLP, sequencing and nmatetiges) to tag the clone produced within
the project. Molecular characterization also predichew DNA markers that can be applied in
systematic analyses 8phagnumand gave new insights to implement well establistechniques.
The elemental composition of the clone was estithaie ICP-MS analysis of 54 major and trace
elements, in relation to commonly applied pre-expedreatments (moss oven devitalization and
EDTA washing), and was compared with that of coodjeefield moss. The devitalization
pretreatment preserved the biomaterial and enstgezhsy handling. Concentrations of almost all
analyzed elements were significantly lower (fromt@@00 times) in the clone than in field moss,
apart from some elements (K, Mo, P and Na) derifiagn the culture medium or EDTA treatment.
A field test was performed for the first time, tongpare the metal accumulation between bags filled
with the clone and witPseudoscleropodium puruniihe S. palustreclone showed a significantly
higher metal uptake performance, consistent with physical-chemical and morphological
properties. Therefore, the use of this biomatenath very homogenous morphological and
chemical characteristics and a remarkable metakeptapability, is strongly recommended in view
of a rigorously standardized moss-bag protocottieractive monitoring of persistent atmospheric

pollutants.
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1. INTRODUCTION

Air pollution monitoring and management has beee of the main European scientific and
political concerns since the 1970s. Three direstiwere adopted by EU for air quality assesment
and management (1999/30/EC, 2002/3/EC, 2004/10HEB& 2008/50/EC) relating to metals,
polycyclic aromatic hydrocarbons, ozone, sulphwixiie, nitrogen oxides and dioxide, particulate
matter in ambient air. Recently, a Clean Air PoRackage (CCEP -COM/2013/0918) was adopted
on December 2013, with new air quality objectivpga2030.

Mosses, either used as native species or as temisp{moss bags), can accumulate airborne
inorganic and organic pollutants representing & efisctive and reliable tool, also combined with
automatic monitoring devices and emission inveetijAdamo, 2008a; Spagnuolo et al., 2013;
Harmens et al., 2015; lodice et al., 2016). Thevadbiomonitoring with moss bags allows to
evaluate the atmospheric deposition of persistemodiutants in a well constrained time period, in
areas lacking native species such as urban angtmeduenvironments. It has the great advantage
that could be standardized at each step, from epesglection to post-exposure treatments. As a
rule, the moss exposed in bags is harvested itin@isreas; however, significant differences in
baseline element contents and in accumulation pedoce exist among different species and even
in the same species grown in different habitat$n tihe same area but collected in different period
(e.g. Zechmeister et al., 2003; Couto et al., 200dtiach et al., 2011). The standardization of the
moss bag technique is one of the most pressingcaraal concern (Ares et al.,, 2012) and an
essential prerequisite is the morphological andreb& homogeneity of the exposed material.

In the framework of the FP7 European project Masse| we firstly investigated the surface
properties related to metal accumulation by fouritdézed moss species widely used for
biomonitoring purposes (Gonzélez and Pokrovsky42®phagnunsp. showed the highest uptake
capability and afterwards, Beike et al. (2015) cteleé and axenically clonégphagnum palustre.,

a species allowing in photobioreactors the produnctf a suitable biomass for bag preparation.
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Recently, theSphagnuntlone was studied in terms of adsorption capadfit§u and Zn (Gonzalez
et al., 2016), revealing its promising use as biema in moss-bag technique.

This work aimed to define the molecular and cheimsignature of theS. palustreclone. The
molecular characterization was performed by a 8BINA molecular markers to tag the clone. The
elemental composition of the clone was estimateceiation to commonly applied pre-exposure
treatments (oven devitalization and EDTA washirdgjield test was also performed to compare the
metal accumulation between bags filled with theneland withPseudoscleropodium purymne of
the most used species in passive and active biaanmg surveys (e. g. Harmens et al., 2010; Ares
et al., 2012). We tested for the first time thealfpt ability of these two moss species after EDTA
washing and oven devitalization. It is worth to entthat only few works are focused on the
comparison between different moss species usedrsptants in bags (e.g. Culicov and Yurukova,
2006; Castello, 2007; Ares et al., 2014) and, ini@#ar, none on the comparison between moss

species devitalized after EDTA washing.

2. MATERIALS AND METHODS

2.1 Molecular characterization

Two different lines of the cloned moSs palustrenamed 2a and 12a (Beike et al., 2015), and a
reference field sample (FS) collected in Postadfibr(central Italy, 41°442.69'N, 13°4129.98'E,

290 m a.s.l.; Terracciano et al.,, 2012) were amalyzZn order to compose a clone-specific
molecular tag we selected and applied several iggbs among those suggested for molecular
markers in mosses (e.g. Crespo Pardo et al., 208#)ough the highly preserved DNA of
Sphagnuninvolves some difficulties in the detection of yolbrphisms at sub-specific levels, three
DNA regions were selected among barcoding candskeences suggested for mosses (Liu et al.,
2010); in addition, both unilocus and multilocusheiques were applied.

Total genomic DNA was extracted using Dneasy Plsimi Kit (Quiagen) following the

manufacturer instructions. The different proceddoe®ach technique are described below.
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2.1.1. RAPD (Random Amplified Polymorphic DNA) al®Us (Intron-exon splice junctions)

RAPD amplifications were performed according to giietocol reported in Skotniki et al. 1999,
modified for the annealing temperature (40 °C iadtef 35 °C). Two 5-FAM (blue fluorophore)
labeled primers (ISJ 04 and ISJ 10, see SawickiSaureaiska, 2007 for further details) were
selected to obtain two characteristic multibandguas. The reactions were performed in a final
volume of 20ul, containing 40 ng of genomic DNA, 1 U Taq polymsz, 10xPCR buffer
(Fermentas, USA), 20QM of each dNTP and 20 pmol of primer. The ampliiima protocol
provided for a hot start (1 min at 94 °C), followlegl 44 cycles including the steps: denaturation at
94 °C for 1 min, annealing at 52 °C and 56 °C famih for the primers ISJ 04 and ISJ 10,
respectively, and elongation at 72 °C for 80 sedu#her final extension at 72 °C for 5 min
completed the PCR program. Amplification producesavseparated by capillary electrophoresis in
an ABI Prism 3730 Genetic Analyzer (Applied Biogys); fragments were visualized as an
electropherogram profile and size determinationsewaade by GeneMapper ver. 3.1 Software

(Applied Biosystem).

2.1.2 Sequences

The chloroplast regionmatK, rbcL and trnH-psbAwere amplified. The amplification products
were purified (GFX PCR DNA and Gel Band Purificati&it - Amersham Biosciences - and
sequenced by BigDye Terminator ver. 3.1 Cycle Seqgug Kit (Applied Biosystems), according
to the manufacturer’s instructions. Sequence reastwere run in an ABI Prism 3730 Genetic
Analyzer (Applied Biosystem); electropherograms evedited and aligned in Bioedit ver. 7.1 to
obtain consensus sequences. The GenBank accessitrers of the sequences are respectively
KJ865421, KJ865420 and KJ865419.

Five anonymous sequences were also developed byDRAP reliable amplification products.
Amplified bands were excised from the agarose gdlurified with the GFX PCR DNA and Gel

Band Purification Kit (Amersham Biosciences); fragnts were ligated into a bacterial vector using
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TA Cloning Kit Dual Promoter — pCR Il (Life Techragjies) and used to transforascherichia
coli DH5a. After transformation, white colonies were pickesd transferred to the PCR

amplification mixtures (20 pl) and to a fresh LB for a replica.

2.1.3 Microsatellites

Fifteen primer pairs (Shaw et al., 2008), indicadedL, 3, 4, 5, 9, 10, 14, 17, 18, 19, 20, 222928,
and 30, were used for microsatellite amplificatioAscording to the different size range of the
products, one of the primer for each pair was 5M~8r 5’-HEX labeled and five different triple
reactions were prepared and amplified following élperimental procedures described in Shaw et
al., (2008). Amplification products were separabsdcapillary electrophoresis in an ABI Prism
3730 Genetic Analyzer (Applied Biosystem); fragmeptofile was visualized as an

electropherogram by GeneMapper ver. 3.1 Softwappl{ad Biosystem).

2.1.4 PCR-RFLP

The anonymous DNA region RAPDf was amplified usihg F-F and F-R primers and following
the protocol reported in Shaw et al., 2003. The P@Rlucts were purified by GFX PCR DNA and
Gel Band Purification Kit (Amersham Biosciencesyl aligested by a set of 17 restriction enzymes
(Fermentas, Thermo Fisher Scientific) accordinghamufacturer’s instructions. Amplified/digested

products were visualized by an electrophoresis.bragarose gel.

2.2 Chemical characterization

2.2.1 Moss materials and pre-treatments

The elemental composition &. palustreclone (line 12a) produced in photobioreactors (Beikelgt a
2015) was determined in triplicate after oven dgyat 40 °C for 8 hours (untreated clone, C-U) and
after the following treatments: 1) EDTA washing anen drying at 40 °C for 8 hours (C-EDTA);
2) oven devitalization by consecutive 8 hour-dryiag50, 80 and 100 °C (C-100); 3) EDTA

washing and devitalization (C-EDTA100). The EDTAshing was performed as follows: 1 wash
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for 20 min with 10 mM EDTA (disodium salt di-hydeatPanreac; 11 EDTA/12.5 g d.af moss)
and 3 washes of 20 min each with distilled watéd{dtilled water/10 g d.w. of moss).

Field samples ofs. palustrefrom Posta Fibreno (see paragraph 2.1) were aistyzed. Moss
shoots were mixed and washed with Milli-Q water (118, Millipore, Bedford, MA, USA) to
remove debris and soil particles. Only the greesoth(about 3-4 cm from the apical parts) were
selected for the analysis, discarding brown or ses® tissues. Three subsamples of the water-
washed field moss were dried at 40 °C for 8 hourdréated field samples, FS-U) and other three

were devitalized in oven as described above (FS-100

2.2.2 Analytical determinations

Sphagnum palustréeld and clone samples were acid digested in @oniave (MARS 5 system
CEM) in ISO 2 workstations in the Géosciences Emnement Toulouse (G.E.T., Toulouse,
France) laboratory cleaning room (class A 10,00M¥)ss sample (0.1 g d.w. each) were mixed with
9 ml bi-distilled HNQ, 0.2 ml suprapure HF (Merck KGaA, Darmstadt, Getyd)aand 1 ml
suprapure KD, (Merck KGaA, Darmstadt, Germany) in 20 ml Teflantainers (Savile€®. A one-
stage digestion procedure consisting of a 20 mihatding stage at 150 °C, 1600 W and 100 psi
was applied. After cooling, the mineralized solofiovere evaporated at 70 °C for 24 hours on a
hot plate and the residue dissolved by sonicatid20iml of 2 % HNQ@. The elemental analysis was
carried out by ICP-MS using an Agilent 7500 ce (&gi Technologies, Santa Clara, California,
USA). The concentrations of 54 elements, includerg earths, were evaluated as the mean of 100-
times scanned measurements. Details about the emalytical procedure are available in Viers et

al. (2007, 2013) and Stepanova et al. (2015).

2.2.3 Procedure control

Mineralization solutions without moss samples (dknks) were used as negative control (1 blank
every 8 samples) to ensure no contamination froenattid digestion. The concentrations of 16
elements (Cd, Co, Dy, Eu, Ga, Gd, Hf, Ho, Lu, M@, NIb, Ni, P, Sn, Ta, Th, Tl, Tm and W) in the
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blanks were always below the detection limits. &npi Tb, U, Yb ranged between 0,1-1,0 ng/l.
Beryllium, Ce, Cs, Ge, La, Nd, Pr, Sb, Sm, Y, Ztween 1,0-10 ng/l. Aluminium, As, B, Ba, Ca,
Cr, Cu, Fe, Li, Mn, Mo, Pb, Pr, Rb, Sr, Te, Ti, ¥n >10 ng/l. Element concentration data
measured in moss samples were always calculatedhiyacting blank values.

Reference standard material BCR-482 was employexbriirol each digestion batch) to check the
accuracy and precision of the analytical procedDega quality control was assessed by comparing
the certified and measured values for BCR 482 eefs material in terms of recovery (%), and by
checking the precision of ICP analysis by the retapercentage differences (RPD) and the relative
standard deviation (RSD) among the reference nahteplicates. For all the elements measured in
the reference material, the recovery ranged betwéeh (Cr) and 92 % (Al) with only one lower
value for Cu (64 %). The RPD was about 20 % fortnetements, with the exception of Sn (61 %),
Ta (53 %) and W (49 %). The precision of ICP analygas considered acceptable, with the RSD

values lower than 10 %, apart for Te (about 30 %).

2.3 Field test

Bags with theS. palustreclone (C-EDTA100) andP. purum(Hedw.) M. Fleisch were exposed in
the field to compare their metal uptake ability ddo European restrictions for species protection
92/43/EEC, it was avoided the massive collectiomaturally growingS. palustrgé Green apical
parts (5 cm) oP. purumgametophytes, collected in a pristine area ofc&aa(NW Spain), were cut
from shoots, washed with Milli-Q water to removeoggnous particles and devitalized through
EDTA treatments (section 2.2.1.).

Three grams of moss were exposed in nylon bage(sahshape, 2 mm net mesh size, g ~11 cm ),
in triplicate for six weeks at 4 m above the groumsing nylon strings linked to polyethylene rods.
Ten exposure sites with different atmospheric aomation levels were selected in urban,
industrial agricultural and background areas ofylend Spain. After the exposure, mosses were

removed from nylon bags, oven-dried at 40 °C wuinstant weight and homogenized into a fine
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powder (< 150 um) at 600 rpm and 15 min by a pkyemill (RETSCH PM 200) equipped with
agate bowls. Aluminum, Ba, Cr, Cu, Fe, Pb, Sr andcdncentrations were determined in acid-
digested samples by ICP-MS, following the protade$cribed in the section 2.2.1. Ten unexposed
samples of the clone ari®l purumwere also analyzed to assess metal concentratefosebthe

exposure.

2.4 Data processing

The element concentrations of all moss samples eeakiated as the average of three replicates
for each sample and reported on a dry weight bAflislata were processed using Microsoft Excel,
STATISTICA ver. 7 and the free R software ver. 3.2.

The non-parametric Kruskal Wallis test was perfatrteecheck significant differences in chemical
composition between materials and treatments. Téraevyi test was used psest hog¢ according

to Zar (2010), who suggests this test for compardagroups with an equal number of data.
Multivariate exploratory analysis was applied te #dement concentrations in moss samples. All
the data were clustered after standardization efwriables. The principal component analysis
(PCA) was also performed (Podani, 2000).

The Wilcoxon matched pairs test (Lehmann, 19%&)s used to evaluate the significance of

differences between element uptak&irpalustreclone and irP. purum

3. RESULTS AND DISCUSSION

3.1 Moss clone molecular characterization
Comparisons among different DNA extractions of Bghagnumclone 12a showed that some

RAPD primers (OPB 15 and OPJ 19) provided reprddecnultiband patterns (Figure 1).
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Figure 1. RAPD amplification of the clone 12a; L = laddei01p;
lanes 2 to 5: DNA amplifications of 4 different sit® by OPB15
primer; lanes 6 to 9: DNA amplifications of 4 diféet shoots by
OPJ19 primer.

The RAPD technique is generally considered poaliable because the shortness of the primers
allows for the annealing to any DNA template evahyucontaminating the sample. However, this
problem is strongly reduced in axenic plant makemereover, the used annealing temperature of
40 °C (i.e. 5 °C higher than that in the originaiification protocol proposed by Skotniki et al.,
1999), greatly enhanced the stringency of the i@aeind produced very constant banding patterns.
The amplification ofS. palustreDNA from cloned and field moss samples by I1SJ prerprovided

the fragments reported in Table 1.
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Table 1.1SJ analysis of th&. palustreclone (lines 2a and 12a)
compared to the field sample. Fragment lengthvsrgin bp.

Primer 2a 12a FS

44 44 -
I1ISJ 4 76 76 -

132 132 132
70 70 -
110 110 -
132 132 132

I1SJ 10
166 166 -
175 175 -
187 187 -

These primers, already tested in mosses, inclutlinoge of the genuSphagnum(Sawicki et al.
2009, Sawicki and Szczéska, 2011), clearly distinguished different taxa at within-species
level. The primers are designed partly complemgritaDNA region at the junction between intron
and exon; as a consequence, choosing specific ppaies, introns or exons should be amplified, at
least in theory. But such characteristics do nabichyprimer annealing in different regions,
according to base pair complementarities. To cabatance this drawback fragment separation
was carried out by capillary electrophoresis ineor enhance the reliability of the procedure and
to assign a precise length to each fragment.

In addition to matK rbcL and trnH-psbA regions (GeneBank accession codes KJ865419,
KJ865420, KJ865421 fos. palustreclone 12a), five anonymous regions were developed
appropriate primer pairs were designed and testedhé clone (GeneBank accession codes
KP889208, KP889209, KP889210, KP965888, KP96583@mer sequences, with their annealing
temperature and the expected size of each regiergieen in Table 2. BLAST analysis against the
GenBank database did not provide positive hitsficamg the anonymous nature of the five

regions. Considering the highly conserved genom&pfagnumthese novel sequences should
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provide high resolution as SCAR (Sequence ChaiaeterAmplified Region) markers, for
detecting polymorphisms in systematic studies.
Table 2. Primer sequences of the SCAR markers; for eacheprpair

the annealing temperature (Tm) and the expectesl (&8) of the
amplification product are indicated.

Primer Sequence (5'-3) Tm Es (bp)
S40_fw TTTTCCACATACACCACCGC 58.8
S40_rv AGTTAACGTTACCCAGGCGA 59.0 350
S42_fw ACGTCGGCTCTCAGGTATTC 59.3

S42 rv CTTCGTTGTGGGGTCTGTTG 59.1 400
S44 fw GCAGTAATTGATCTTGGCAACC 58.2

S44 v TGCACTGCCAAAAGTTTCAG 57.4 250
T31_fw ACCACCACCACGCATAGAG 59.4

T31_ rv AAATGTGTTGAAGACCCCATGA 58.2 90
T37_fw CGCATTCACAGGGCTCTAAC 59.0 580

T37_rv AGCTTGTAACGAAGGGACCT 58.7

As for PCR-RFLP, a technique already applied in sees(Vanderpoorten et al., 2003), several
nuclear and plastid DNA regions (ITS, PsbC-TrnS dmdF-V1) were tested by a set of 17
restriction enzymes before the anonymous region®B&# RAPDb and RAPDf (Shaw et al.,
2003), but no polymorphism was found. The doublgesiion of RAPDf withHinfl - Hindlll

derived in a characteristic, reproducible bandgpattfor the clone (Figure 2, see arrows). No
polymorphism and/or not reproducible multiband @ais were provided by the other restriction

endonucleases.
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Figure 2. Double digestion by Hind llI/Hinfl of
RAPDf DNA region. L = ladder 100 bp; 2a and
12a are two different lines &. palustreclone;
FS = field shoots. Each digestion was
performed on a different DNA extractions.

Microsatellite analysis produced four polymorphisoetween the clone and field shoots (Table 3)
at the loci 5, 9, 14 and 17; a polymorphism wase alsserved between the two clone lines analyzed,
at the locus 28.

Table 3. Microsatellite analysis of theS. palustreclone
(lines 2a and 12a) compared to the field samplagient
length is given in bp and length polymorphism aréold.

Locus Sample
(repeat motif) 2a 12a FS
1 (CA) 244-254 244-254 244-254
3 (CA) 169 169 169
5(GT) 192-198 192-198 188-192
9(CT) 159-174 159-174 169-184
10 (GA) 233 233 233
14 (AG) 228 228 214
17 (AAG) 159 159 162
19 (AAG) 246-267 246-267 246-267
20 (TTC) 264-289 264-289 264-289
22 (GAT) 99-102 99-102 99-102
28 (AC) 225-237 225-235 225-235

29 (AAG) 194-197 194-197 194-197
30 (GAT) 139-142 139-142 139-142
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3.2 Elemental signature of the clone and field sangs

The elemental composition of fiefl palustrgFS) and the clone (C) are reported in Table 4.

Table 4.Mean elemental concentrations (mgtkgSD, n = 3) ofS. palustresamples. FS = field moss; C =

clone; U = untreated samples; 100 = devitalizedpsasn EDTA = EDTA-treated moss; n. d. = not
determinedx< d. |. = concentrations under detection limit.

FS-U FS-100 C-U C-100 C-EDTA C-EDTA100
Al 1017 +10 953 + 57 49+0.3 55.9+0.7 6.4+1.6 1.8+£0.3
As 0.29 £0.02 0.25+0.03 0.021 +0.003 0.018 + 0.002 0.016 + 0.002 0.015 + 0.002
B 28zx05 124 +0.3 6.9+0.7 13.3+0.3 1.8+0.2 2.0+£0.2
Ba 17.8x1.0 178+1.4 0.06 £0.01 0.199 £ 0.006 0.30 £0.08 0.28 £0.04
Be 0.04£0.003 0.035+0.00®.00169 + 0.000010.0022 £ 0.0001 n. d. n. d.
Cd 0.11+0.01 0.07 £0.01 0.007 £ 0.001 0.006 + 0.001 0.004 +0.001 0.003 + 0.0002
Co 0.32+0.03 0.30+0.04 0.31%£0.02 0.30 £ 0.02 0.010 £ 0.001 0.0096 + 0.0004
Cr 1301 1.3+£0.3 0.04 +£0.01 0.22 +0.01 0.0383 + 0.0004 0.07 £0.07
Cs 0.23x0.02 0.20£0.04 0.00039 + 0.000@40026 £+ 0.0001 0.003 £ 0.001 0.0016 = 0.0001
Cu 3.1zx0.2 3.0£05 0.79£0.08 0.79£0.03 0.83 £0.08 0.82 £0.05
Fe 442 +1 391 £ 27 109 + 18 111 +7 79.8+2.6 93.4+£0.7
Ga 0.21+0.01 0.19+0.03 0.010%0.001 0.01 +0.00 0.007 £ 0.004 0.0032 + 0.0001
Ge 0.024 +0.0020.035 + 0.0050.0007 + 0.0002 0.00056 + 0.00004 0.0007 +0.0003 0.0009 + 0.0002
Hf 0.046 £0.0030.04 £0.01 0.0010 + 0.0002 0.0008 + 0.0001 0.0005 + 0.0002 0.00029 + 0.00003
Li 0.51%0.04 0.43£0.08 0.010 £ 0.001 0.032 £ 0.001 0.03£0.02 0.0232 + 0.0002
Mn 60.3x3.6 48.4 5.9 109 £ 6 1035 6.5+04 6.2+0.2
Mo 0.11+£0.01 0.09 £0.02 3.1+£0.6 2.95+£0.12 3.0£04 2.8+0.2
Na 693%1 656 + 37 13.6+1.0 20.2+0.6 1867 £ 11 1845 + 46
Nb 0.23+£0.03 0.19+0.05 0.0008 +0.0001 0.00060001 0.0005 + 0.0003 0.0003 + 0.0001
Ni 1.1+£0.1 1.0+£0.2 0.11 +0.03 0.16 + 0.06 0.06 £ 0.03 0.55+0.33
Pb 2.0x£0.2 19+04 0.016 £ 0.002 0.05+£0.02 0.02 £0.01 0.006 = 0.001
Rb 6.9x05 52+09 0.39£0.03 0.38 £0.01 0.37 £0.02 0.36 £0.02
Sb 0.16 £ 0.02 0.18 £0.02 0.006 = 0.002 0.017 £ 0.003 0.004 £ 0.001 0.06 £0.03
Sn 1.1+0.2 0.58+0.12 0.020 + 0.003 0.013 £ 0.001 0.16 £ 0.01 0.17 £0.02
Sr 245%11 21.9+35 1.7+£0.1 26+0.1 1.55+£0.05 16+0.1
Ta 0.014 +£0.0020.011 + 0.0030.00013 + 0.000020.00009 = 0.00003 0.00009 + 0.000040.00008 = 0.00002
Te <d.l <d. L n. d. <d. L n. d. n. d.
Ti 22718 18.6 + 3.6 0.89+£0.11 0.81+£0.01 0.76 £0.06 0.68 £0.05
Tl 0.025 £0.0030.019 £ 0.0040.013 £ 0.001 0.013 £ 0.004 0.010 £ 0.001 0.0113 £ 0.0003
V 18%0.1 1.5+£0.3 0.046 + 0.004 0.061 + 0.002 0.05 +0.02 0.040 + 0.002
W 0.030£0.0030.02 £0.01 0.006 + 0.002 0.0047 £ 0.0005 0.004 +0.001 0.0037 + 0.0004
Zn 242+1.2 20.6 +35 51.7+3.1 51.0+15 85+0.3 9.2+04
Zr 16x0.1 1.3+0.2 0.05+£0.01 0.043 £ 0.003 0.03+£0.01 0.019 £ 0.003

Table 4.Continued.
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FS-U FS-100 c-U C100 C-EDTA C-EDTA100
macronutrients
Ca 9121+84 7140 + 403 6950 + 130 6719 + 86 2446 + 46 2245 + 32
K 2692 +42 2262 +160 12647 + 159 12228 + 267 0468 + 9135 + 289
Mg 2069 + 26 1443 +68 1095 +0.5 1.018 + 40 88758 1 879 +12
P 2584+105 2923+94 2175+63 1931 + 26 1796 + 1543 + 11
Actinoids and Rare Earths
Ce 1.2+01 1.0+0.2 0.002 + 0.001 0.0075 + 0.0003.0002 + 0.0001  0.0026 + 0.0004
0.00015 + 0.00055 +
Dy 0.07+0.01 0.06£001 oo0=> 000007 0.00015 + 0.00002  n. d.
0.030 + 0.00010 +
Er 0.034%0004 o 0:00003 0.0002 +0.0001  0.00009 + 0.00001  0.0001 + 0.0001
0.018 + 0.00005 + 0.00019 + 0.000059 +
Eu 0.022£0.002 553 0.00003 0.00002 0.000004 0.0001 +0.0001
Gd 0.09 +0.01 0.08+0.02 n.d. 0.0008 +0.0002  02I0H0.00002  n. d.
0.011 + 0.00008 +
Ho 0.012£0.001 (> <d. 1. 0:00003 <d. I <d.l.
La 0.64+0.06 0.55+0.10 0.002+0.001  0.005+0.001 0.0010 +0.0002  0.001 + 0.001
0.0044 + 0.004 + 0.00006 +
LU 5 0004 0.001 =d.l 0.00002 =d.l n.d.
Nd 0.52 +0.05 0.67+0.15 0.0016 +0.0002 0.00330902 0.0006 + 0.0001  0.001 + 0.001
Pr 0.15+0.01 0.12+0.02 0.0004 +0.0001 0.00090801 0.00018 + 0.00004  0.0002 + 0.0001
Sm 0.10 + 0.01 0.09+001 0.0004+0.0001 0.00080001 0.001 + 0.001 0.0002 + 0.0002
0.011 + 0.00004 + 0.00010 +
To 00120001 (o 0:00001 0,00002 <d. I <d.l.
Th 0.12 +0.03 8'323 * 0.009+0.004  0.013 +0.005 0.006 + 0.002 0.009006
T  0.0047 + 0.004 + 0.00005 +
00004 0001 n. d. 0100003 0.00005 + 0.00001  n. d.
U 0.05+0.01 0.04+0.01 0.003+0.001  0.0030+0I100 0.003 +0.001 0.0032 + 0.0004
Y 0.33+0.02 0.29+0.05 0.0009+0.0002 0.00250001 0.0006 +0.0001  0.0006 + 0.0002
0.027 + 0.00016 +
Yb 00300002 (ool 0.0002 + 0.0001  0.0003 +0.0001  n. d. 00000

In general, regardless of treatment, most elem@amtantrations were significantly lower €0.05)

in the clone compared to the field moss. In theetahe concentrations of Al, Ba, Cs, Hf, Nb, Pb,
Ta, Y and rare earth elements were two order ofmitade higher and more than 10 times higher
for almost all the other elements. The clone haghiScantly higher (p< 0.05) K, Mo, P

concentrations, likely due to their occurrencehe tulture medium, and higher Na concentrations

in EDTA treated samples (C-EDTA and C-EDTA100; Ba#). The high concentrations of some
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typical soil elements (i.e., Al, Fe, Ti, Ca and Mig) the field samples might indicate the
contribution of soil dust to the moss chemical cosifion (Bargagli, 1998; Adamo et al., 2008b).
Deuvitalization is a very useful option for activéommonitoring with mosses because bryophytes
maintain a remarkable metal uptake capability amel fack of metabolic activity during the
exposure reduces the variability of the resultsaf@d et al., 2007; Giordano et al., 2009; Fernandez
et al.,, 2010). The oven devitalization, as welltae EDTA treatment, did not produce any
substantial changes in the elemental compositioallooss samples; no statistically significant
differences were observed between FS-U and FSdti®,between C-U and C-100 or in t8e
palustre clone with and without EDTA treatment. The treatinenth EDTA, a well-known
chelating agent, useful to decrease metal condentsain field mosses and to increase their cation
exchange capability before the exposure (e.g. Liodeand Tulisalo, 1984; Ferreira et al., 2009;
Chen et al., 2015; lodice et al., 2016), had naav effect on the clone elemental composition.
This was likely due to very low element concentnasi in the biomaterial. As the EDTA washing
added Na and induced morphological damages to ties mone, making shoots and leaves very
fragile (see SEM micrographs in Figure 3) thistitent can be avoided making the set-up of clone

bags more convenient and trouble-free.

7
100 pm

Figure 3. Scanning electron micrographs&fpalustreclone before (a) and after EDTA treatment (b).
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The Cluster Analysis of the element concentratiatadelated to FS and C samples (Figure 4)
revealed two main clusters (a and b) which cleadparated fiellSphagnumsamples from the
clone ones. Both clusters were divided in sub-ehsstgenerally according to the different

treatments, even if the between-group variancensasignificant.
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Figure 4. Cluster Analysis of the element concentration dekated to FS and C
Sphagnunsamples. For the labels see paragraph 2.2.1.

The ordination of moss samples by PCA (Figure S)ifjuished clone from field samples along
the factor 1, which explains a good 86 % of thalteariance. Along the factor 2, EDTA-treated
samples were separated from the other clones, resviles low total variance (9 %) accounted for a
chemical homogeneity of all clone samples. Mosthef element vectors are oriented towards the
field-moss group, leaving in the clone area onlysthelements derived from the culture medium
(i.,e. B, K, Mo, P and Zn) or from the EDTA treatnhéha). Probably, an additional rinsing by

distilled water might help to wash out the elemel@gving from culture medium.
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Figure 5. Biplot of Principal Component Analysis for FS a@d. palustredata. For the label-
codes see paragraph 2.2.1.

Although comparisons with literature data on theredntal composition of oth&phagnunspecies
are made difficult by differences in sample preparaand chemical digestion procedures, the
treated and untreated samplesSopalustreclone showed the lowest element concentrat@mnsng
other Sphagnumspecies collected from reference areas of the dw@flable S1). The only
exceptions weré. cristatumfrom New Zealand (washed with conc. HNBefore the exposure;
Archibold and Crisp, 1983) arfl. girgensonifrom Russia (Anii¢ et al., 2009b). The acid washing
was used as devitalizing treatment for mosses &gdlyein the past; recent studies (e.g. Adamo et
al., 2007; Tretiach et al., 2007) suggest the dsster methods making treated moss shoots less
fragile and reducing the loss of material during éxposure.

The moss clone grown in bioreactors with constantperature, pH, light and composition of the
culture medium (Beike et al., 2015) had a much nmam@ogenous chemical composition than that
of field moss, which is affected by changes in dlilm conditions, element bioavailability,

metabolic activity and growth rate (Bates, 200@panova et al., 2015).
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3.3 Field test
The Figure 6 shows the Al, Ba, Cr, Cu, Fe, Pb,if8rZn accumulation (defined as the difference in
element concentration before and after exposure§.lpyalustreclone andP. purumin ten Italian

and Spanish exposure sites.

(=)

In(mg/kg)
—

! } |
|

! !

Al Ba Cr Cu Fe Pb Sr  Zn

——S. palustre clone P. purum

Figure 6. Accumulation values of Al, Ba, Cr, Cu, Fe, Pba8d Zn related t&.
palustre clone andP. purumexposed in bags for 6 weeks at ten Italian and
Spanish sites. The values, expressed in In(miy ¥dn(SD) as error bars, are the
averages, for each element, of the post- minusexpesure concentrations
measured at all the exposure sites.

The values were expressed by averaging, for eaghegit, all the concentrations measured in all
the exposure sites. We only considered the elenshioiwing a post-exposure concentration higher
than Go + 2*SDro, (where C and SD are the concentration and threlatd deviation for a given
element in pre-exposure (TO) moss; Couto et aD4Rn at least 60 % of the samples. The
palustreclone, exposed in bags for the first time, showesigaificantly higher (p< 0.05) metal
uptake performance compared to the naturally grgwih purum In the two species the
accumulation of Al, Fe and Zn differed for aboutarder of magnitude, and 2-3 times for Ba, Cr,
Cu, Pb, Sr. Differences in metal accumulation capacere also found by Ares et al. (2014) who,

comparing naturally growingsphagnum denticulaturh. and P. purum (transplanted in bags
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without any EDTA pretreatment), found a higher Wkptaability in S. denticulatum These
remarkable diversities between the two tested spewiere likely due to differences in specific
surface area (SSA), cationic exchange capacityimgnsites and metal uptake capacity, especially
considering that the devitalization eliminates angtabolic contribution to the uptake. Tise
palustreclone has a SSA = 28 + 12 d.w., with 0.65 mmol § proton binding sites mainly as
carboxylic and phenolic groups (Gonzalez et all&Qin addition, Gonzalez and Pokrovsky
(2014) found thaBphagnunsp. has the highest proton and metal adsorptipaaty in comparison

to P. purum Brachyteciumrutabulum and Hypnum sp. Moreover,Sphagnumgenus displays
morphological features (i.e. hyalocysts, empty dedd cells with a variable number of pores)
making it particularly suitable for the outside ioside cell wall uptake of airborne particulate

matter (Giordano et al., 2005; Vingiani et al., 20R015).

4. CONCLUSIONS

Molecular analyses based on unilocus and multil@Ng markers characterizesl. palustreclone
developed within the Mossclone Consortium, with theent to tag the clone. This step also
provided new DNA markers that can be applied inesyatic analyses @phagnumand gave new
insights to implement well known techniques for emilar analyses of mosses. Comparisons
among the elemental concentratiorSofpalustrenaturally growing in background areas and that of
differently treated clones showed that the latteweh much lower and homogenous element
concentrations, providing an excellent biomatef@l the active monitoring of persistent air
pollutants. The concentrations of 54 elements wletermined and only those of K, Mo and P were
higher in the clone; these elements derive fromctiieure medium and their content can probably
be reduced through pre-exposure additional watsing. Due to very low element concentrations,
near or under detection limits for rare earthss thomaterial seems particularly suitable to manito

atmospheric depositions also in low polluted enwments and for short exposure periods.
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Although these properties are independent of tleneclpre-treatments, we recommend the
devitalization as a key pre-treatment step becéusesures a standardized biomaterial “ready to
use”. The trial in the field revealed the capadafyS. palustreclone to uptake airborne elements,
even better than the widely used naturally growagourum Therefore, we encourage the use of
this biomaterial, with low and stable elementahsiire, in air pollution biomonitoring, in the view

of a completely standardized moss-bag protocol.
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Table S1.Elemental concentrations (mean values; ng) ki S. palustreclone (C) inSphagnunspp. from background world areas. n.d. = not

detectable; < d.I. = under the detection limit. @et cells indicate the lowest (blue) and the sédowest (light blue) concentration values.
the label codes see the text.

j;::iggum Geog:{:ghlcal Al As B Ba Be Cd Ce Co Cr Cs Cu Dy Er Eu Fe Ga Gd Hf La Lu Mn Mo

cu 49 0021 69 006 00017 0007 0002 031 004 0.0039 0.790005 0.00010 0.00005 109 0.010 nd. 0001 000&dl 109 3.1

C-100 56 0018 133 0.02 00022 0.006 0.07 03 022 00026 0.79 006® 0.0002 0.00019 111 001 0.0008 0.0008 0.005 0.00006 102.95

C-EDTA 64 0016/ 18 030 nd  0.004 0001 0010 0.0383 0.03 08300005 0.00009 0.000059 80 0.007 0.0002 0.0005 0.004d.. 65 3.0

C-EDTA100 1.8 0015 20 028 nd 0003 0003 0.009 007 00016 082 d. n 00001 0.001 93 00032 nd. 000029 0.001 nd. 6.2 1
S. palustre" Poland 0.19 6.4 0.08% 0.28 150 0.15 0.16
S. cristatunt New Zeland 0.0007 0.0039 2 0.0025

S. girgensohni® Russia 254 0.11 17 038 037 025 031 297 0.19 114

S. girgensohnii* Russia 167 0.1 19 0011 0179 0177 017 0.26 0.205 0.057 50.000.005 150 0.041 0.002 0.099 0.006 341 0.
S. girgensohni® Russia 254 0.11 0.18 0.25 2.1 297 113

S. glrgensohnu Finland 132

S. girgensohnii’ Bulgaria 1043 0.67 56 0.3 033 1.7 028 7.6 864 023 0078 06 731

S. girgensohni® Russia 347 013 20 043 062 023 14 043 219 37 026 372 0.08
S. girgensohni® Bulgaria 1187 052 44 1.1 1 03 16 027 665 63  0.65 302 0.11]
S. girgensohnif® Russia 300 27 003 018 0311 032 028 38 0019 0009 0.005830 0.07 0.07 0.16 00011 230 0.2
S. capillifolium X Bulgaria 600 0.54 0.4 6.3 1200 198

S. capillifolium Italy 1108 0.11 0.38 043 16 5.54 675 552 0.41
S. capillifolium 2 Italy 1108 0.11 0.38 043 16 5.54 675 552 0.41
S. capillifolium** Italy 0.9 1.37 43 506

s. angusnfohum Canada 537 48 233 02 11 8.2 383 105 05

S. auriculatum®® Portugal 0.2 7.5 156 0.22

s. tered? Bulgaria 500 0.48 0.2 5.1 600 246

S. fuscunt® Canada

s. fuscunt’ Sweden 318 025 298 1369 0008 022 093 029 070 014 410037 0035 0015 349,00 0.65 0.14 0.60 0004 102.8
S. papillosunt® Scotland

S. subsecundurh® Scotland

S. fallax*® Poland 0.25

s. fallax?® Poland 0.16

Sphagnumsp?! Wales 2.9 3.8

Sphagnumsp.22 England
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Table S1.Continued.

Sphagnum

Geographical

species area Nb Ni Pb Pr Rb Sb Sm Sn Sr Ta Tb Te Th Ti TI Tm U \% W Y Yb zn
c-u 0.0008 0.1 0.016 0.0004 039 0.006 0.0004 0.02 -7 0.0001@004 nd 0009 089 0013 nd. 0003 0.046 0.006 0.0009002 52
C-100 0.0006 0.16 0.05 0.0009 0.33 0.017 0.0008 0.013 2.6 0.000080000 0.003 0.013 0.81 0.013 0.00005 0.0030 0.061 0.008025. 0.0003 51
C-EDTA 0.0005 0.06 0.02 0.00018 037 0004 0001 016 155 0.00089d) nd 0006 0.76 0.010 0.00005 0.003 0.05 0.004 0.0006d. n 8
C-EDTA100 0.0003 055 0.006 00002 0.36 006 00002 017 16 0.00088d)l nd 0009 0.68 0011 nd. 00032 0.040 0.0037 0.00060016 9
S. palustre' Poland 17 0.087 0.023 0.043 28
S. cristatunt New Zeland 0.0001 0.023
S. girgensohnii® Russia 25 71 004 0.021 7.6 nd. 0.027 nd. 0.015 05 nd.

S. girgensohnif' Russia 0.017 169 0019 505 0.013 6.9 0.0009 0.0018 000D160. 4.25 0.014 0.0007 0.007 052 0.027 0.053 0.045
S. girgensohnit’ Russia 24 22 0.54 20
S. girgensohnif’ Finland

S. girgensohnii’ Bulgaria 1.4 15  0.095 0.14 26 0025 0014 019 66 0.097 21

S. girgensohnif Russia 25 29 0056 34 16 7 45 0022 1 1

S. girgensohnif Bulgaria 2.1 12 0085 88 a1 21 140 0057 3  0E2

S. girgensohnii’ Russia 1.6 35 0035 65 004 003 10 0.024 0.019 0.022 0.0019 45 D 007 25
S. capillifolium © Bulgaria 25 24 35
S. capillifolium** Italy 24 189 11.46 155 83
S. capillifolium*2 Italy 24 189 11.46 1.55 83
S. capillifolium 3 Italy 123 299 2.15 08
S. angustifolium™ Canada 08 01 22.3 1.3 1 46
S. auriculatum®® Portugal 3.1 30 n
S. tered? Bulgaria 2.3 19 62
S. fuscumt® Canada 5.7 2
S. fuscurt’ Sweden 123 341 012 958 019 0.8 29.43 0.012 0.09 0.019040. 0.049 1.11 0.36 0029 42.]
S. papillosunt® Scotland 196

S. subsecundurh® Scotland 20.1

s. fallax*® Poland 4 »7
s. fallax?® Poland 25

Sphagnumsp.21 Wales 4.9

Sphagnumsp.22 England 6.2

1Szczepzniak et al.,
2007; 2Archibold and
Crisp, 1983; *Anici¢ et
al., 2008;“Anici¢ et al.,
2009a; SAnici¢ et al.,
2009b; ®Kupiainen and
2004;
*""Culicov and Yurukova,
2006; ®Culicov et al.,
6 2005; *Vukovi et al.,
2015;
Ganeva, 1997Adamo
et al., 2003;?Giordano
et al.,, 2005;%Vingiani
et al., 2015;**Archibold,
1985; Vasconcelos and
Tavares, 1998;
%Goodarzi et al., 2002;
YCalabrese et al., 2015;

18Ratcliffe, 1975;

1 Tervahattu,

Oyyrukova and

.16

Underlined: mean concentrations of a sample canstitby botlt. fuscunandS. tenellum
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Abstract

In order to develop an internationally standardipeatocol for the moss bag technique, the resetam
participating in the FP7 European project “MOSSelofocused on the optimization of the moss bags
exposure in terms of bag characteristics (shapheobags, mesh size, weight/surface ratio), duradiod
height of exposure by comparing traditional mosgshi@ a new concept bag, “Mossphere”. In partigula
the effects of each variable on the metal upta@mfthe air were evaluated by a systematic expetathen
design applied in urban, industrial, agriculturaldabackground areas of three European countrids wit

oceanic, Mediterranean and continental climate. rBselts evidenced that the shape, the mesh siteeof
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bags and the exposure height (in the tested randjesjot significantly influence the accumulaticapacity

of the transplanted moss. The aspects more affetiim element uptake were represented by the gleafsit
the moss inside the bags and the relative ratiwdmat its weight and the surface area of the bagfdived
that, the lower the density, the higher the upted@rded. Moreover, three weeks of exposure wete no
enough to have a consistent accumulation signall ithe environments tested, thus we suggest aosexe
period not shorter than 6 weeks, which is apprégirmost situations. The above results were omefi in

all the countries and scenarios tested. The adopfia shared exposure protocol by the researcimerity

is strongly recommended since it is a key aspentake biomonitoring surveys directly comparablepah

view of its recognition as a monitoring method bg EU legislation.

1. INTRODUCTION

Outdoor air pollutants are a complex mixture ofm@ary and secondary compounds originating
from a myriad of natural and anthropogenic sourééthough evidence of specific components of
this mixture to drive major risk for human healdmained for long inconclusive, the particulate
matter (PM) has recently been designed as a Gratgrcinogen by the International Agency for
Research on Cancer (IARC). Fine airborne particbesitain metals, polycyclic aromatic
hydrocarbons (PAHs) and other toxic chemicals artincrease the natural-cause mortality even
at concentrations well below the European annuamtienit value (Beelen et al., 2014). Although
some metals in (wet, dry and occult) atmospherpopdition are among potentially toxic pollutants,
in Europe air quality target values have been é&stedal only for As, Cd, Ni and Pb and most
automatic monitoring stations measure the conceois of particles based on size (aerodynamic
diameter of PMo: < 10 um or PMs < 2.5 pum) and not their chemical composition. Moexov
when some data on metal deposition are availablehhve poor spatial coverage and local sources
or variations in their fluxes remain hidden. Thtgsobtain quantitative information on the spatial
deposition of metals (especially those not measbredhonitoring devices) the monitoring with

suitable organisms has become a very common agpfeay., Harmens et al., 2015 and references

51



Chapter 2 Fiore Capozzi

therein). The moss bag technique is probably thst mpplied method for the active monitoring of
airborne trace elements in urban and industriairenments. This technique was introduced by
Goodman and Roberts (1971), later modified by é.itihd Martin (1974) and during the last
decades there were several investigations pointinte optimization and standardization of the
method (e.g. Gailey and Lloyd, 1986a, b, c, d; Aeesl., 2012; 2014; Giordano et al., 2013).
However, most studies considered only one of fewhouological steps of the moss bag technique
such as the duration or the height of bag expoaurk were developed in areas with specific
climatic and environmental conditions (e.g. Aresalet2012).

Taking advantage of the FP7 European project “MQ@®¢ focused on the culture of a
particularly performing moss clone, the productmina new concept bag (“Mossphere”) for the
moss exposure and the development of a standargizgdcol for the moss bag technique, the
research team involved in the project undertookmpiex and systematic evaluation of the most
important variables affecting the results of métamonitoring with moss bags. In particular, the
effects of each variable (1. shape of bags; 2nmexth size, 3. ratio between moss weight and bag
surface area; 4. duration of the exposure, 5. hedflthe exposure) on the metal uptake were
evaluated separately. In order to develop an iateynally standardized protocol for the moss bag
technique it seemed necessary to test the vatiabilieach of the methodological steps in a range
of climatic conditions and land use classes. Te #nd an experimental design was, for the first
time, applied in urban, industrial, agriculturaldabackground areas of three European countries

with oceanic, Mediterranean and continental climate

2. MATERIALS AND METHODS

2.1. Preparation of moss transplants
Moss transplants were prepared witbeudoscleropodium puru(iledw.) M. Fleisch., one of the

most commonly used species in the moss bag teahifires et al., 2012). Samples were collected
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in a background area of SE Galicia (NW Spain; X630, Y: 4709910 UTM 29N ETRS89)
selected on the basis of previous results (Boogtetie, 2013).

In the laboratory 5 cm long green apices were sadled his material was firstly cleaned by placing
in a plastic sieve (0.7 cm mesh size) and therestdy to one wash of 20 min with 10 mM EDTA
(12.5 g d.w. moss/1 L EDTA with shaking) and thveseshes of 20 min each with distilled water
(10 g d.w./1 L distilled water with shaking) andskad 3 times for 10 min in bidistilled water (10 g
d.w./ 1 L bidistilled water with shaking) to remoadhering soil particles. The samples were then
blotted on filter paper to remove excess moistukiterwards, moss apices were devitalized
following three consecutive drying cycles of 8 rmeach at 50 °C, 80 °C and 100 °C. Finally, the

bags were prepared (see below), vacuum packedawedi sintil use.

2.2. Experimental set-up

All the field experiments were carried out in NWap SW ltaly and E Austria (Fig.1). The
climate in Galicia (NW Spain) is influenced by tbeean and is temperate maritime; high rainfall
(1000-2000 mm per year) and mild temperatures (@renerage, 13 C° and spring average, 15 C°)
characterize the investigated area (www.meteogadis). The climate in Campania (SW ltaly) is
mild and influenced by the sea, (annual averag@éeature, 10.5 C° and spring average, 13.5 C°).
The annual rainfall ranges between 900 e 1200 nitp:{fvww.sito.regione.campania.it/). Austria
is not bordering the sea and presenting a tempeoat;ental climate in the investigated area
(annual rainfall 550 - 900 mm; annual average &atpre, 11.3 C° and spring average, 6.5 C°)

(http://www.zamg.ac.at/).
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Figure 1. Maps showing the seven stations distributed dugtrial, urban, agricultural and
background scenarios in Spain (A), Italy (B) andsta (C).

In each country seven exposure sites (ESs) affdstetifferent degrees and types of contamination
were selected and classified accordingly as aguill background, industrial, and urban sites.
The bags were hung vertically from sticks of arrtimeaterial fixed perpendicularly to a pole, or
similar structures, at a height of 4 m above tlwigd, except in experiment 2.2.5. (see below). The
moss bags were exposed for 3 weeks, except iniexgrer2.2.4. (see below). Three replicates per
ES for every single treatment were exposed. Tersrbags, vacuum-packed in polyethylene bags
and stored at 4 °C, were used to check contammatiter exposure during transportation and
laboratory handling.

2.2.1. Shape of the bags

Two couplets of moss-bags of different shape wemapared at parity of mesh size (2 mm),

guantity of devitalized moss filled in, and extdrrsurface of the device: rounded bag vs.
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Mossphere (%) — both made with a dry mass/surface ratio of 3fcm? - and flat bag vs.

Mossphere (§) — both made with a dry mass/surface ratio of tfcn? -, figure 2.

Figure 2. Different shapes of moss bags testedoaphded; b) Flat; c) Mossphere.

The Mossphere is a device designed by our teamistmgs of two coaxial empty spheres, each
formed by two hemispheres, made of pierced higtsitiepolyethylene (the internal sphere), and of
a 2 mm mesh nylon net ) (the external sphere).ifiieenal sphere is 10 cm in diameter and has 3
mm long spikes homogeneously distributed on thevexrside. The external sphere is 11 cm in
diameter. The two spheres are closed with fourtiplagires passing through four holes in the
equatorial plastic border that delimits each hehesp. The space between the two spheres (10 mm
thick) is filled with moss, which is maintainedpalce by the spikes of the inner sphere.

The rounded bags were made as described by Aads(@014). A square of plastic net of 822

cm was filled with the moss material, and securéd wnylon thread.

Rectangular flat bags (approximately 700°cmere made with plastic net (2 mm mesh size). The
moss was distributed homogeneously inside the dadjfo minimize overlapping and compression
of the moss during the exposure (hanging vertitdligmple et al., 1981), the bag was sewn in a
zig-zag pattern with nylon thread to make 3 commpartts.

Prior to use, the plastic net was washed in Bl then in distilled water to eliminate any trace
contaminants. Transplants were exposed in trigifat three weeks in all the ESs in March 2013;

total number of samples=189 (3 shapes x 3 countrieESs x 3 replicates).
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2.2.2. Mesh size

Mosspheres with different mesh size (1 mm, 2 mmd,4amm) were filled with 11.40 g of dry moss
material (dry mass/surface ratio: 30 mgfrmnd exposed in triplicate in all the ESs at 4bova

the ground for three weeks in March 2013; total henof samples=189 (3 mesh size x 3 countries

X 7 ESs x 3 replicates).

2.2.3. Ratio between moss weight and bag surfaze ar

In order to investigate weight effect, Mosspherés & nylon mesh of 2 mm were filled with 5.70,
11.40 or 17.10 g d. w. of moss material, in ordehave weight/surface ratios of 15 mgfow15),

30 mg/cn? (W30) and 45 mg/ci(W45), respectively. The Mosspheres were exposedglicate

in all the ESs at 4 m above the ground for threeksen March 2013; total number of samples=189

(3 weight/surface ratios x 3 countries x 7 ESsrg8icates).

2.2.4. Duration of exposure

For this assay, Mosspheres with a dry mass/sunfaiie of 30 mg/crhand 2 mm mesh were
exposed in triplicate at 4 m above the ground. &@didferent durations of exposure (3, 6 and 12
weeks) were tested in parallel in all the ESs betwdarch and June 2013, so there were in total 4
subsequent exposure periods of 3 weeks (n=252uBtites x 7 EEs x 4 periods x 3 replicates), 2
subsequent exposure periods of 6 weeks (n=126uBtwes x 7 EEs x 2 periods x 3 replicates) and

1 exposure period of 12 weeks (n=63; 3 countridE£Es x 3 replicates).

2.2.5. Height of exposure

For this assay, Mosspheres with a dry mass/sunfaiie of 30 mg/crhand 2 mm mesh were
exposed in triplicate at 4, 7 and 10 m above tloagsl in 5 ESs of each country, excluding the
agricultural and background ones (n=135; 3 cousitkieb ESs x 3 heights x 3 replicates). The

experiment was carried out in a single period ofehweeks between March and April 2013.
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2.3.Sample preparation and chemical analysis

At the end of the exposure period, the moss bage dreed at 40 °C until constant weight. The
moss tissue was then homogenized in heavy mewlrfibs (Retsch ZM 200 and Retsch PM100).
Moss samples were digested in 1 mkOhbl (30%) and 5 mL aqua regia (1 HNO3 HCI) in a
microwave (CEM Mars 5) and then filtered. Concetitires of metals and metalloids included in
the EU directives (As, Cd, Hg, Ni and Pb), as vesllindicators of industrial (Al, Ba, Be, Cr, Co,
Cu, Se, Sn, Sr, V and Zn) and traffic (Pd, Pt amd &nissions were determined by inductively
coupled plasma mass spectrometry (ICP-MS - Variad-NdS) at TE Labs (Tullow, Ireland).
Mercury was determined in an elemental analyzetgdtbne DMA 80). To control the analytical
quality, analytical replicates were processed, érg\l0 samples and the standard deviation of
analytical replicates was calculated. Certifiederehce material (M2Pleurozium schreberi
Steinnes et al., 1997) was analysed in parallegevéry 10 samples. Contamination during
processing was controlled for by the use of anedythlanks (1 every 10 samples analysed).
Recovery of elements from the reference materaalged between 88% for Ba to 119% for Ni. The
relative standard deviation (RSD) was not highantth7% (Cr), except for As (50%). The overall
error associated with the analytical process wasllyslower than 8% and never higher than 19%,
with the only exception for As (90%). The concetitnas of Be, Co, Pd, Pt, Rh and Sn were under

detection limits in the reference material.

2.4. Data analysis

The limit of quantification of the technique (L@Qwas calculated from the initial concentrations
as follows: xG + 1.96sG where xGis the mean value of the initial concentrationumexposed
moss samples (n=10) for each element determinelds@ns the corresponding standard deviation
(Couto et al., 2004 as modified in Ares et al., 201Calculation of the LOQ enables clear
distinction of the concentrations in exposed anelxposed moss, which is also subject to different

sources of variability. This should not be confusd@th the LOQ of the analytical process with
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analytical standards. Comparisons between therdiffeexposure options were made separately for
each country and were based on those elements rslp@oncentrations higher than the LO&
least in the arbitrarily fixed limit of 60% of thehole dataset. All comparisons were carried out by
using a non parametric Wilcoxon matched pairs(fest2 groups, also used as a post-hoc test when
HO was refused with Friedman ANOVA test) or Friedmdor 3 or more groups) tests by
STATISTICA and R software. The ratios between medibsolute deviation (MAD) and median
were calculated to evaluate the data spread of ®#alkion tested. The selection of the best sahutio
was done on the basis of the effects the varicgtedeoptions had on the moss uptake and on the

replicability of the results.

3. RESULTS AND DISCUSSION

3.1 Chemical analysis

As there were no significant differences betweenfihal concentration of elements in the control
moss bags and the initial concentration in unexgpasess, we concluded that no contamination
occurred during moss transportation and handlirthenaboratory.

The elements useful for our comparison were Al, 8g,Cu, Fe, Hg, Ni, Pb, Sr and Zn; all the
others were under the detection limit. This outcomas not due to the analytical method applied
since we obtained good percentages of recoverygseion 2.3). Probably, in the chosen sites,
some elements were present at low concentratichsha@nexposure period (see section 3.5) was too
short. Moreover, the three countries were charaetrby different pollution levels, consequently

only those elements complying with the criterialexped above were considered (see section 2.4).
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3.2 Shape of the bags

According to the arbitrarily fixed limit of 60%, fothe comparison between F (flat) angs S
(Mossphere) it was possible to use all the elemertept Cr and Hg, while for the comparison
between R (rounded bag) angb Blossphere, only Al, Ba, Cu, Ni, Sr (only in Italghd Zn were

useful for our purposes.

3.2.1 Flat vs. S15 Mossphere

Figure 3 shows the results of this assay separ&telgach country. In Austria, Al and Zn were
found mostly accumulated in the moss exposed ifldhéags, while that placed inshad a higher
amount of Ni and Pb. In Italy, a higher signal Adrand Zn was recorded in flat bags, whiles S
allowed a better accumulation for Ba, Cu, Fe, Ni,aRAd Sr. In Spain, the concentrations of Al, Ba,
Cu, Ni, Pb and Zn were higher in the flat bagsdifferences in terms of accumulations occurred
comparing the remaining elements. A general trendeaar for the accumulation of Al and Zn, for
which the flat bags allowed a higher uptake pertoroe. For the remaining elements, we found
uneven outcomes, suggesting that local situatierts (veather conditions, orientation of the flat
bags) affected the accumulation performance mae the shapeer se In terms of data spread,

no clear differences were evidenced by the MAD/medatio (Tab 1).
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Table 1 —Mean values of the ratio between median absolutatien (MAD) and median obtained by using
“moss-bags” of different shape (flat=vis S;s mossphere; rounded=R Sy mossphere) exposed in Austria,
Italy and Spain. Values are expressed as percentage

Country Shape Al Ba Cr Cu Fe Hg Ni Pb Sr Zn
F 13 7 5 7 8 3 17 5 2 13
] Si5 11 4 23 12 9 2 20 16 2 28
Austria
6 1 16 12 8 2 23 8 3 13
Ss0 6 4 4 5 4 3 19 1 1 12
F 8 4 16 3 6 3 19 7 3 9
Si5 3 1 12 7 5 2 9 8 1 17
Italy
R 5 3 29 5 4 2 15 8 3 8
30 11 2 13 3 2 4 16 2 2 12
F 14 4 27 8 7 3 14 14 2 12
_ Si5 5 6 17 3 5 3 15 3 2 20
Spain
R 11 5 7 6 4 3 21 11 2 8
Ss0 1 4 8 4 4 3 10 5 3 22

Gailey and Lloyd (1986d) reported a better accutmaaby the moss Hypnum sp. exposed in
rounded bags with respect to the flat bags; althdbgp is not evident in our results, we suppoet th
use of (sub-)spherical bags since they allow aoumif collection efficiency from all space
directions. The flat bags in which two dimensions prevalent on the third one, besides being a
handmade product, have the problem that the mds&eigan depend on the exposure orientation.
If the pollutants come from a specific directione torientation of a flat bag may largely affect the
concentrations found in the moss. Anyway, no ontheftwo tested options seems to be the best in

all situations, but both are able to discriminateoag the different scenarios (see paragraph 3.7).

3.2.2 Rounded vs. S30 Mossphere

In Austria, the moss exposed in the rounded badshe highest concentration of Ba, Cu and Zn.
In Italy, the rounded bags ensured a better acatmoal for Ni and Zn, while Al and Sr where
higher in the moss contained igoSn Spain, the accumulation of Al, Cu, Ni and Zasahigher in

the rounded bags, while no differences were foumdHe remaining elements (Fig. 2). There is a
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clear general trend only for Zn, for which the rdad bag always allowed the highest
accumulation. No clear differences in terms of daieead were evidenced by the MAD/median
ratio (Tab 1). This comparison did not yield a clessult; the two options behaved quite similarly,
likely for the same density of the moss materiaide the bag (see paragraph 3.4). Probably the
higher moss density, joint to the exposure time/égks), resulted in a reduced number of elements

useful for comparison.

3.3 Mesh size

Post-exposure values of Ni and Pb never exceedeckspective LOQand therefore were not used
in our evaluations; this was true for all the coiest (see Fig. 3). In Austria, the elements
complying with our criterion were Ba, Cu, Fe, Hgdadn. Only for Ba and Zn the 4 mm mesh
seemed to ensure a better accumulation performamoereas no significant differences were
observed between the tested mesh sizes for CiydFEl@ In Italy, only Al, Ba, Cr, Fe and Sr were
above the LOQ The 1 mm mesh appeared to enhance the accunmutztiGr, while the 4 mm
mesh was the best option for Ba and Sr. In Sghm,1 mm mesh was the best option for the
detection of Cu and Fe.

Overall, the three mesh sizes differed statistycalily for a few elements. In some cases the 4 mm
mesh seemed to allow a better performance of thes mmaterial with respect to the other two mesh
sizes, but this result was not always confirmeck Téw cases in which the 4 mm size appeared to
be the best option could be explained by the Idsnaierial (approximately 20 %) from the bags
that, as a consequence, caused a reduction ofdightag surface ratio and, hence, increased the
accumulation (see section 3.4). No clear differenoedata spread were found for different mesh
sizes (see Table 2); this finding is in agreemaeitit @iordano et al. (2013) who evidenced, for the
lichen Pseudevernia furfuraceopf., the mesh capability to homogenise and redbe variation

in element accumulation and this seemed true indbpely of the mesh size interval employed.

According to different studies, the choice of aadequate mesh size may lead to the loss of large
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amounts of material, principally due to weather dibons (e.g. Archibold, 1985; Strachan and
Glooschenko, 1988; Ares et al.,, 2012). We can cwmieclthat mesh size does not affect the
accumulation of elements in moss in a significaaywthe selection of the proper mesh size must

thus take into account only the loss of materialrduthe exposure.
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Figure 4 - Box-plots of element concentrations (mg/kg) in thess exposed in Mosspheres with different
mesh sizes (1, 2, 4 mm) in Austria, Italy and Spahe grey dashed line representslti¥Qr. BOX: inside
band= median; extremities®and & quartiles; whiskers= MIN and MAXW, Q are the values of Wilcoxon

and Friedman ANOVA tests. “+” indicates the onlytiop(s) fulfilling our criterion.
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Table 2 —Mean values of the ratio between median absolutatien (MAD) and median obtained by using
Mosspheres with different mesh sizes (1, 2, 4 nxppsed in Austria, Italy and Spain. Values are esped
as percentage.

Mesh Size

Country (mm) Al Ba Cr Cu Fe Hg Ni Pb Sr Zn
1 3 4 9 8 6 6 11 5 3 13

Austria 2 6 4 4 5 4 3 19 1 1 12
4 5 3 17 7 6 4 18 3 3 17

1 6 2 21 4 5 5 11 6 3 6
Italy 2 7 2 24 5 2 2 15 5 2 16
4 7 2 24 5 2 2 15 5 2 16
1 8 8 13 10 12 2 24 2 4 13

Spain 2 1 4 8 4 4 3 10 5 3 22
4 6 2 5 6 5 3 13 1 3 15

3.4 Ratio between moss weight and bag surface area

It was not possible to carry out the statisticalgsis for Cr, as most of the data did not satibfy

60 % criterion. For all the remaining elements, fihal concentrations increased in the Mossphere
filled with the smallest amount of moss. The W1Swae only option fulfilling the LOQfor most

of the elements as the case of: Ba, Fe, Ni anchPAustria; Pb and Ni in Italy; Cu, Ni and Sr in
Spain. In all the other circumstances, when W30 ®wub also fulfilled the criterion, W15
significantly differed from the other two setupsvigg always the “largest signal” (Fig. 5). In
replicability terms W15 showed only in few casesigher data spread if compared with W30 and
W45 (Table 3). Our results reflect in part those&Zethmeister et al. (2006) and Ares et al. (2014):
the maximum element interception is gained whemtbes material is exposed to the air in a thin
layer with all the shoots equally exposed, with aroscarce overlap among gametophores and
without leaflets flattening. In particular, Aresat (2014), by usingphagnum denticulatuBrid.,
observed a general increase in the moss post4gosncentrations of Cd, Pb and Zn when they

decreased the moss amount inside the bags.
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Table 3 —Mean values of the ratio between median absolutatien (MAD) and median obtained by using
Mosspheres with different moss weight/sphere sarfatio (15, 30 and 45 mg/éexposed in Austria, Italy
and Spain. Values are expressed as percentage.

Country Weight Al Ba Cr Cu Fe Hg Ni Pb Sr Zn
W15 11 4 23 12 9 2 20 12 2 28
Austria W30 6 4 4 5 4 3 19 2 1 12
W45 2 2 13 9 12 1 16 6 3 14
W15 3 1 12 7 5 2 9 8 1 17
Italy W30 11 2 13 3 2 4 16 2 2 12
W45 3 0 11 6 4 1 18 14 2 14
W15 5 6 17 3 5 3 15 3 2 20
Spain W30 1 4 8 4 4 3 10 5 3 22
W45 5 1 12 5 5 2 12 4 2 12

Moreover the smallest ratio we applied (15 mderdid not affect the data spread in a significant
way, since it was already adequate to minimizeicapllity problems. Indeed, this ratio is 3 times
higher than that suggested by Ares et al. (2014) aampromise between pollution signal and data
replicability. Therefore, we conclude that the ditgnof moss contained within the Mossphere
significantly affects the accumulation performarafethe device; in particular, the smaller the
amount of moss, the better accumulation performantl a negligible effect on the data spread,
particularly when the ratio falls in the intervall5 mg/cni. This is probably a result of a more
homogenized distribution of elements on the surfaicéhe receptor (moss), thereby minimizing

analytical variation or loss of elements in exposederial.

3.5. Exposure time

In this experiment all the studied elements showallles above the LOQat least for some
countries and exposure times (Fig. 6). Aluminiura,d&d Pb were the only elements for which no
differences were observed in any country or treatm@ Austria the highest accumulation rates
(ug gt per week) corresponded to 3 weeks for Cu and Eksvéor Hg. In Italy Cu, Fe, Ni and Sr

showed the highest rates after 6 weeks, and CrHanafter 12 weeks. In Spain the 3-week
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exposure period caused the highest accumulaties fat Ni and Sr but in the case of Fe and Zn it
was obtained after 12 weeks. Overall, exposureogerof 6 or 12 weeks seem, without great
differences between them, to enhance accumulaties rfor a higher number of elements.
Nevertheless, the 12 week period was the only bogisg the highest accumulation rates for at
least one element in all the countries. As in trevipus experiments, no clear differences in terms

of data spread were evidenced by the MAD/medida (aable 4).
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Table 4— Mean values of the ratio between median absdexetion (MAD) and median obtained by using
Mosspheres exposed for 3, 6 and 12 weeks in Auftilgt and Spain. Values are expressed as pegenta

(;Lrgﬁs) Al Ba Cr Cu Fe Pb Hg Ni Sr 2zn

3 6 4 8 8 6 7 3 20 4 17

Austria 6 8 3 17 4 9 5 > 17 5 13
12 9 8 13 7 9 9 2 15 3 12

3 6 3 20 3 6 4 > 17 2 10

Italy 6 5 2 24 8 5 3 1 30 2 9
12 6 3 28 3 4 7 > 11 4 12

3 5 3 17 6 6 9 > 11 2 15

Spain 6 8 5 16 4 6 15 2 21 2 12
12 7 11 2 6 6 4 4 14 2 18

In the moss bag technique the duration of the axgoperiod has been one of the most studied
aspects (e.g. Galey and Lloyd, 1986c¢; Tavares astancelos, 1996; Adamo et al., 2003; Basile
et al., 2008, Anii¢ et al., 2008; Giordano et al., 2009; Ares et2014). In general, the evaluation
of the time effect was based on the accumulated¢erdration of pollutants in the moss and its
associated variability; but in a thoroughly revieWwthe literature, in which at least three differen
exposure times were tested (Ratcliffe, 1975; Galeg Lloyd, 1986¢; Tavares and Vasconcelos,
1996; Vasconcelos and Tavares, 1998; Basile e2@08, 2009; Arii¢ et al., 2009), Ares et al.
(2012) suggest to assess the effect of this varimbterms of uptake rates. These authors stated
that the accumulation rate rarely depend on timmil& results have been recently reported by
Ares et al. (2014) after testing the effect of@-and 12 week exposure periods in the accumulation
rates of Cd, Cu, Hg, Pb and Zn 8phagnum denticulatuipags exposed to different levels of
pollution in Galicia (NW Spain). These authors peth out that the uptake rate tended to be
temporally stable, independently of the duratiothef exposure period.

Our results agree with this trend: Al, Ba and Pt wot show differences in uptake rates in any

country, whereas in the case of Cr, Hg and Zn oamlg or two exceptions (out of a total of 10
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cases) were identified for the 12-weeks period @ein Italy, Hg in Austria and Italy, and Zn in
Spain). All the other elements showed variable Itese.g. higher uptake rates of Cu for the 3
weeks period in Austria compared to 12 weeks ily l&md the same goes for Sr after 6 weeks in
Italy and SpainHowever, in general terms our results do not shoelaionship between exposure
periods and uptake rates. Hence, it can be contliinde the best option is to expose the moss bags
during 12 weeks because it ensures higher accuowlat pollutants. Variations in metal uptake
are likely a result of the deposition mode (dryt weoccult) and therefore, the longer the expasure
the more homogenized these variations are. Nevesthiewhen mosses are exposed in the

surroundings of pollution sources, periods of 6 kgemould be enough.

3.6. Exposure height

It was not possible to carry out the statisticadlgsis for Cr and Hg, as most of the data did not
satisfy the 60 % criterion (Fig. 7). The 7 m heiglats the only option fulfilling LO@for Al, and

Pb in Spain, and the 4 m for Pb in Austria. For Ba, Ni and Sr it was possible to test the
hypothesis in Italy and Spain, without finding sagmg results; the same occurred for Fe in Spain.
The only element which reached LO@ all cases was Zn; for this element no diffeemnwere
found in Austria, while significant differences weefiound in Italy (10 m height) and in Spain (4 m
height), being always higher at lower heights. diEar differences in terms of data spread were

evidenced by the MAD/median ratio (Table 5).
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Table 5 —Mean values of the ratio between median absolutatien (MAD) and median obtained by using
Mosspheres exposed at different heights (4, 7 @nah)lin Austria, Italy and Spain. Values are expeglsas
percentage.

Height (m) Al Ba Cr Cu Fe Pb Hg Ni Sr Zn

4 2 3 4 6 6 3 1 15 5 23
Austria 7 12 5 19 7 3 3 2 7 6 6
10 2 3 15 8 4 0 1 11 5 10
4 3 2 6 3 2 0 1 10 1 9
Italy 7 1 3 6 4 6 0 2 23 3 26
10 5 3 5 4 2 0 4 14 0 16
4 5 6 13 2 4 5 2 10 3 12
Spain 7 12 0 8 4 4 5 2 17 2 8
10 4 0 10 3 3 0 1 13 1 6

The vertical profile of contamination is the reswolt the complex process of dispersion of
contaminants in air masses and surface depositidnch is affected by factors related to
atmospheric conditions or the type of distributadrcontaminants (i.e. association with particles of
different sizes or in gas phase), as well as aspgath as air turbulence, specific location of the
source of emission (i.e. the vehicle exhaust pifames - and wear and tear of wheels and asphalt
— particles and the emissions from domestic fuetppography of the area (i.e. presence of walls,
buildings) (Anti¢ et al., 2009; Adamo et al., 2011; Vukéwt al., 2013). As a result of these
processes some authors have found vertical prafiléise transplant concentrations. Adamo et al.
(2011) found thaHypnum cupressiformbags exposed at a height of 4 m in a street cairyon
Naples were more efficient at retaining contamisagsociated to traffic and suspended dust (Al,
As, Ba, Co, Fe, Pb, Ti, V, and Zn) than samplesosgd at a height of 20 m, which captured
contaminants associated with long distance tramspuat cations of marine origin (i.e. Cr, K, Mg,
and Mn). The same was found by Vukoet al. (2013) in Belgrade usirf@phagnum girgensohnii

bags with higher concentrations of Al, Ba, Co, Cu, Ni, Pb, Sr, V and Zn at lower exposure
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height (i.e. 4 m) than at higher heights (i.e. 8 a2 m). These results are consistent to those
obtained for Zn in Italy and Spain and for Pb ins&ia and Spain in this study. Both elements are
related to traffic emissions and abrasion procedseschober et al., 2004, Zechmeister et al., 2005,
Napier et al., 2008; Thorp and Harrison, 2008).

However, as for the other elements determined enptiesent work, most authors did not find any
vertical patterns of moss bags concentrations @vipus studies. Rivera et al. (2011) did not find
any differences between Al, As, Cd, Cr, Cu, Mo, 8b, Sn and Zb concentrationsHglocomium
splendes bags exposed on balconies at heights of 3-21 @Giroma (NE Spain). De Nicola et al.
(2013) concluded that there were no differenceSdnCr, Cu, Fe, K, Mg, Mn, Na, Ni, Pb and Zn
concentrations itdypnum cupressiformgansplants among samples exposed at heights6ofid

9 m in street canyons in Naples. In the same wakoVi¢ et al. (2013) did not find differences for
Ca, Cd, Fe, K, Mg, Mn and Na concentration§phagnum girgenshortiiansplants exposed at 4, 8
and 16 m in Belgrade (Serbia). Finally, Ares e{(2014) did not find differences in concentrations
of Cd, Cu, Hg, Pb and Zn i8phagnum denticulatumoss bags exposed at 0.5, 1, 1.5, 2, 2.5, 3, 4
and 5 m height in Galicia (NW Spain); although @veral instances highest concentrations of all
elements were yielded at 5 m height, with the ettoepof a busy roadside, where the highest
concentrations were found at a height of 0.5 m.

According to Ares et al. (2014) the results arehhjigyariable and different contamination processes
may be captured at different heights; neverthelesspecific height must be established to
standardize this aspect of the moss bags technicpleng into account practical considerations
(e.g. assessment of the quantities of contaminahied by people from the air and avoiding

vandalism), an exposure height of 4 m is recomménde
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3.7 Evaluations of different scenarios (urban, indstrial, agricultural, background)

Element contents in the post-exposed mosses, tegardf shape and mesh-size, indicated the
industrial as the most impacted sites followed hg wrban and agricultural, down to the
background sites. No one of the above options geml/ian unambiguous signal, so we conclude
that shape and mesh did not have an importanteinée on the accumulation performance (see
sections 3.2 and 3.3) in each scenario. Howeves,whs not true for the weight/ surface ratio,
which should be always below or equal to 15 md/mmallow a better uptake, and hence a clear
discrimination among exposure sites (section 3.4).

It is worth noting that in the industrial scenarm$ower number of differences among the tested
times was recorded. This likely depends on the drigiollution level characterizing these sites,
thereby allowing a higher uptake rate also afteorten exposure periods. Whereas in the
background areas, where lower pollution levels octhe longest exposure period was always
needed to achieve the accumulation in the moss.

The duration of exposure indicated that the 12 we#lon assured the higher uptake of Cr, Hg and
Zn in all scenarios. The same solution was alsobis option for Fe and Ni in urban, Ni in
agricultural, Al in industrial, Ba and Pb in theckground sites. By the way, in this latter scenario
6 and 12 week exposure allowed a similar enrichroéitl, Fe and Ni. No differences among the
accumulation rates of Cu and Sr occurred amondhitee tested periods, and this was true in all
scenarios.

Exposure lasting 6 weeks seems long enough to tdatemspheric trace element occurrence in
moderately to highly polluted areas. A longer expesime might be necessary in clean areas, or
for those elements whose concentration in thesatypically low. It should also be taken into
account that an exposure longer than 6 weeks, eartrnin enhanced accumulation of a restricted
set of elements, but could also increase the prlityadf a loss of other elements due to leaching

and adverse meteorological conditions (e.g. washirighy rain), even at parity of exposure time,
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as already evidenced iHypnum cupressiformand Pseudevernia furfurace§Giordano et al.,
2009).

As reported in paragraph 2.2.5 the test on expadudédferent heights took place only in the urban
and industrial sites. In both scenarios Cr, FeaHg Ni never met the 60 % criterion we adopted, as
well as Al in urban sites. In the case of Zn orilg & meter option reached the threshold. For the
remaining comparisons, no differences in terms adumulation were found among the mosses
exposed at different heights. These outcomes fuciefirm the absence of any vertical gradient of
the elemental concentrations in mosses hanged betdvand 10 m above the ground in the study at

hand.

4. CONCLUSIONS

The optimization for the exposure conditions, aifrnthee present study, took into account some
aspects already tested by other authors and redibywé\res et al. (2012, 2104); the uniqueness of
this work is represented by the systematic experiaiedesign applied, which allowed to test
separately the variables possibly affecting the angstake when the material is exposed in bags.
Moreover, the exposure was carried out in threeofgsn countries differing in climate,
meteorology, and in sites belonging to diverse larsg classes, in order to test the uptake
effectiveness in different environments.

The results evidenced that the shape and the nslofsthe bags, as well as the exposure height
are variables not influencing the accumulation capaof the enclosed moss. The aspects that
affect more the element uptake are representetidogensity of the moss inside the bags and the
relative ratio between its weight and the surfasa af the bag. In fact, in our test we confirmed
that the lower the density, the higher the upt@c®rmed. Moreover, three weeks of exposure were
not enough to have a consistent accumulation sigwale only a small difference does occur
between 6 and 12 weeks of exposure. The abovetsdwlt true in all exposure sites, regardless

the different climatic conditions and land use séss Hence, comparisons among different
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biomonitoring surveys should be made only consmgrthe data obtained with the same
“experimental settings” of those variables mosteetihg the moss uptake (i.e., species,
weight/surface ratio and exposure duration).

According to the reported outcomes, the use of addbere, that is reusable, not “home-made” and
with a regular and fixed shape is preferable; adti be prepared with a 2 mm mesh net and a moss
content allowing a weight/surface ratio rangingwsstn 5 up to 15 mg cfand it should be
exposed at 4 meters above the ground (this fortipeghageasons) for a period not shorter than 6
weeks.

To further reduce variability in the samples andpply sustainability standards, the use of cloned
moss grownn vitro (Beike et al., 2015; Gonzalez et al., 2016a) com@mended, as this material is
even suitable to accumulate polycyclic aromaticrbgdrbons (PAHs) (Concha-Grana et al., 2015).
Furthermore, the moss material should be devitdlitke in our current study, because Gonzalez et
al. (2016b) demonstrated the metabolic activitinafig moss material for copper recently.

We support the adoption of a shared exposure pbipcthe research community, considering it
the key aspect to make biomonitoring surveys diyeximparable, also in view of its recognition as

a monitoring method by the EU legislation.
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Abstract

Inventory of emission sources and biomonitoringhwitoss transplants are two different methods
to evaluate air pollution. In this study, for thiesf time, both these approaches were simultangousl
applied in five municipalities in Campania (southéialy), deserving attention for health-oriented
interventions as part of a National Interest PtyoBite. The pollutants covered by the inventory
were CO, NQ@, particulate matter (PM), volatile organic compounds (VOCs), and some heav
metals (As, Cd, Cr, Cu, Hg, Ni, Pb, Se, and Znk Blomonitoring survey was based on the use of
the devitalized mosd#ypnum cupressiforméransplanted into bags, following a harmonized
protocol. The exposure covered 40 agricultural ardn/residential sites, with half of them located
in proximity to roads. The pollutants monitored wekl, As, Cd, Cr, Cu, Fe, Hg, Ni, Pb, Se, and
Zn, as well as total polycyclic aromatic hydrocartbgPAHSs) only in five sites. Using the emission
inventory approach, high emission loads were deteébr all the major air pollutants and the
following heavy metals: Cr, Cu, Ni, Pb and Zn, otrex entire study area. Arsenic, Pb, and Zn were

the elements most accumulated by moss. Total PAd#-g@osure contents were higher than the
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pre-exposure values (~20-50% of initial value). Moptakes did not differ substantially among
municipalities or within exposure sites. In theefimunicipalities, a similar spatial pattern was
evidenced for Pb by emission inventory and mossiraatation. Both approaches indicated the
same most polluted municipality, suggesting theimbined use as a valuable resource to reveal

contaminants that are not routinely monitored.
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1. INTRODUCTION

The inventory of emission sources is a primary dognmethod both to examine the origin of air
pollution and to evaluate the air quality stateaneas subject to anthropogenic activities. Such
emission inventories entail collection of technatady geographical, and social data for urban
planning and air quality management, and contrihateetect the different air pollution sources
with spatial disaggregation (regional, provincialind urban) and evaluate qualitatively and
guantitatively the air pollutants emitted from difént sources, such as industries, transportation,
and housing (lodice and Senatore, 2013a).

Emission inventories are essential tools to recgtihe zones where noncompliance with limit
standards may occur, because they can provide dinelccurrent information on the emissions load
in critical areas. They are chief cognitive instents to organize the input information for
atmospheric dispersion models that, in compliancthé EU Air Quality Directive, can be used to
assess air quality state under well-itemized emvirental situations (EEA, 1998).

Biomonitoring using moss transplants is an altéveaway to evaluate air pollution. This method is
widely used in Europe, and has been recently readieoy Ares et al. (2012). The use of mosses has
several advantages over the current physicochemietilods, such as simultaneous monitoring of a
large number of contaminants (i.e., metals and lio&ta, polycyclic aromatic hydrocarbons
(PAHSs), and radionuclides), easy application, effgetiveness with dense sampling networks, and
no need of energy supply. Moreover, there is a tdcitudies devoted to validate moss transplants
over the currently used conventional methods forpailution monitoring and comparison with
dispersion models based on inventories of emisstomces (Adamo et al., 2008; De Nicola et al.,
2013).

In recent years, Campania (southern Italy), onthefmost fertile agricultural landscapes in lItaly,
has become the focus of attention of the mediaauserits soil has been legally and illegally used

to discharge potentially toxic waste. Moreovertime, the problem has been aggravated by people
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setting fire to illegal waste disposal sites. Iwiglely held that this situation is the reason tioe
increase in the incidence of cancer and the shéféeexpectancy of people living in the areas
affected (Senior and Mazza, 2004). In pilot site4_dorale Domizio-Agro Aversano,” recognized
by the Italian State as a Regional Interest Pyidite (RIPS) in Campania, the Life ENV-IT 275
ECOREMED (www.ecoremed.it) project is ongoing toplement ecologically compatible
protocols for agricultural soil remediation. Inghramework, this study aims to evaluate the air
pollution of five municipalities located in this RS, combining data from the emission inventories
of pollutants and a biomonitoring survey. The eiissinventories were based on direct
measurements, only for the main industrial syst@umt sources), and these measurements are the
emission levels detected on the stacks of pointcesy provided by the same industries. The
pertinent measured substances are the principgdadlintants and, for some industrial systems,
heavy metals. On the contrary, for the main nonpsaurces, the emission inventories were based
on indicators and factors of emissions activitye follutants covered by the inventory presented in
this study are carbon monoxide (CO), nitrogen oxi(ldQ), particulate matter (P)), volatile
organic compounds (VOCs), and some heavy metalsGAsCr, Cu, Hg, Ni, Pb, Se, and Zn).

A biomonitoring survey based on the use of moss beas conducted simultaneously in the same
five towns to assess the uptake of heavy metalsPaids. In addition, a comparison was made
between the data obtained from biomonitoring sureeyl estimated emissions, with special
attention to the road transport sector, whichilsasmajor source of air pollution despite extesmsi

action worldwide to abate such emissions (Mellibalg 2006).

2. MATERIALS AND METHODS

2.1 The study area

Litorale Domizio-Agro Aversano in Campania, withtatal area of approximately 200,000 ha,
encompasses the river plains of the Garigliano dolturno and partly the Phlegrean Fields. It
includes much of the agricultural land belongingrtore than 61 municipalities in the provinces of
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Naples and Caserta (Bove et al., 2011). In the areker investigation, intensive agriculture is
mainly characterized by fodder crops (mostly maape alfalfa), vegetable crops, orchards, and
buffalo livestock. Production in the area of thentas buffalo mozzarella cheese was recognized
by Ministerial Decree in May 1993 and awarded thmetétted Denomination of Origin (PDO)
certification (European communities 1992; 1996).fddlunately, the area has also experienced
continuous, widespread land degradation mainly umeaof chaotic urbanization. Agricultural
practices, the presence of numerous landfill glheth legal and illegal), the usual practice of i®as
incineration, and leakage from the sewage netwakehresulted in soil and groundwater
contamination, with water in many wells exhibitingry high nitrate concentrations and point
source pollution (heavy metals, hydrocarbons, agstigides) (Capra et al., 2014; Corniello and
Ducci, 2014; Grezzi et al., 2011). In additionwis formerly identified by the Italian State as one
of the 57 National Interest Priority Sites (NIPS,426/98), where severe environmental pollution
and degradation are predicted to occur. Since Jp20d.4, it has been recognized as a RIPS (D.M.
11 January 2013), assigning any land restoratidiviigcto the Campania Regional Authority.
Within this area, five towns, namely Acerra, Cashl Principe, Giugliano, Maddaloni, and
Teverola, were chosen for emission inventory amnoinitoring data comparison (Fig. 1), whose

populations were 59,578; 21,351; 120,194; 39,188;18,346, respectively.
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Bay.of Naples

Batarsio, N

Figure 1. Five Municipalities in Campania Region belongitgy the RIPS area, chosen for emission

inventory and biomonitoring data comparison.

2.2 Emission Inventory

The atmospheric emission inventories can be enecleas a broad set of data connected to
emissions of air pollutants from natural and antlgenic activities. Such information must
comprise the chemical characteristics of the aitupamts, quantifying the natural and human
activities accountable for emissions, the emis$amtors or the data required for their estimation,
and the position and time variation of the emissiéor all activities. At the European level, the
atmospheric emission inventories are drawn up impiiance to CORINAIR methodology, as
described in detail in Ohara et al. (2007).

In this study, the emissions of the examined patits were assessed following CORINAIR
methodology for four anthropogenic activity sectarsnsformation/power (electricity and heat
generation, petroleum refineries, and similar epengd transformation industries); industry (iron
and steel, chemical and petrochemical, and nonferptants); road transport, and others including

agriculture, commerce, and residential (lodice &mthatore, 2015a). The amounts of pollutants
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emitted from the several emissive sources in the tbwns under examination were calculated by
current and real measures where conceivable, etbglgstimations.

The pollutant emissions were directly measured émythe main industrial systems, that is, large
industrial sources that are ruled by licenses agdlations or are demanded to report their emission
levels because of their dimension or productiveacdap. More specifically, emissions were
measured only for those plants (point sources)adtarized by emissive levels >50 Mg/year for
CO, >50 kgl/year for heavy metals, and >5 Mg/yeardib the other air pollutants. For all other
sources (then also small facilities), the emisdmrels were estimated as produced by nonpoint
sources. In order to obtain direct measurementshiorrelevant point sources (i.e., the chief stack
sets of longitudinal and latitudinal spatial cooates for each examined chimney), surveys were
conducted in the main factories in the towns camegy which subsequently measure the emission
levels of the principal air pollutants (CO, NO/OCs, and PIw) and, for some industrial systems,
also heavy metals. Within the five municipalitidfsese point sources particularly comprised power
plants and industrial boilers running on differ&ntls such as natural gas, liquefied petroleum gas,
diesel, and coal. The pertinent emissive levelseiest estimated for every point source and, & th
next phase, for each air pollutant, all the emissiimoom punctual sources situated in the same town
were summed.

For all other emission sources, hamely nonpointcesu(urban road transport, small enterprises,
natural sources, heating systems), emissions wigriged by collecting data related to activity
data, emission factors, and removal effectivenéssmossion controls, as shown by Ohara et al.
(2007), gathering (mostly statistical) informatidrom agencies and institutions or from the
literature. Region-detailed emission factors werkected from an extensive literature, such as AP-
42 (U.S. EPA, 1999), the Intergovernmental PanelCbmate Change Guidelines (IPCC, 1997),

and the EMEP/CORINAIR Emission Inventory Guidebd&EA, 2009). The obtained emission
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factors were then used to assess emissions forpedlthant at a municipality level, considering

data available for the year 2012.

2.3 Emissions from the road transport sector: unceainties and calculation procedure

Despite their great significance, emissions fromdrdéraffic sector are more complex to estimate
than other anthropogenic activities, as they depmndeveral variables that are subject to a fair
degree of uncertainty. Such uncertainties are bthnsic in emission factors (that are dependent
on the air pollutant, vehicle and fuel type, an/®e and maintenance programs) and related to the
numerous factors essential for their assessmemingr patterns, fuel consumptions, annual
mileages, and climatic aspects).

In this study, air emissions resulting from theddieaffic sector were assessed by a method based
on the COPERT methodology (Gkatzoflias et al., 30iRat is, a database of algorithms and
emission factors proposed at European level for deemation of road transport emissions
(CORINAIR 1988, Ntziachristos and Samaras 2012). tba basis of this methodology, the
estimate of the air emissions is possible for 280icle categories grouped into five main classes:
passenger cars, light-duty vehicles, heavy-dutyicke$y urban buses and coaches, and two
wheelers (mopeds and motorcycles), further subdd/idepending on fuel type, the EU directives
for their emission limits, and the engine displaeaim Emissions can be calculated for 36
pollutants, including PAHSs, dioxins, and heavy ngefesent in the fuel. The COPERT procedure
can be used with a top-down or bottom-up approagendding on the resolution of the data set. In
this study, the COPERT procedure is used with th#olm-up approach, then focusing on the
municipal level in lieu of national level, thus cprising local and certain variables concerning
driving patterns, the vehicle fleet, average tripgerage speeds, and fuel consumptions. The
selection and gathering of these basic input dataotmpute the emissions from road transport
involved the following organizations and societies:

. the Italian Institute of Statistics (ISTAT);
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. the Ministry of Transport and Navigation (MIT, 2011

. the Italian Institute for Environmental Protectiamd Research (ISPRA, 2010);

. the Italian Automotive Association (ACI), which pides the number of registered vehicles

and their composition at municipality level (ACD2L);

. the Italian Association of Oil Companies, which yades the fuel sold for each Italian

province in its annual oil market bulletins (MIC2011).

The base year for the appraisal of this emissigaritory is 2012.

2.4 Biomonitoring survey

2.4.1 Experimental design of moss bag exposure

The exposure methodology was used following a hairmedl protocol (Ares et al., 2012), in which
devitalized mos#Hdypnum cupressiformeledw. was transplanted into subspherical bags sgo
for 6 weeks (March—April 2014) in the five towns ©@ampania under study. The exposure design
was set by considering the inventory of known aohesic emissions and the diffuse urbanization
of the area, in which agricultural and urban/reside sites are strictly intermingled. In order to
highlight the effects of vehicle traffic on mosdale, in each municipality, eight different expasur
points were chosen, four of which were close tomnaads, summing to 40 exposure points.

For the preparation of bags, mdsscupressiformavas collected in the natural site of Gabrovizza
(Sgonico, Northeast Italy), which was consideredcésan” area, and processed according to Ares
et al. (2012). Briefly, moss was manually cleanédracollection, green shoots were selected and
washed in distilled water and ethylenediamineteegtia acid (EDTA), and devitalized in an oven at
120°C for 24 h. Unexposdd. cupressiformavas considered as baseline moss (T0) and stored at
room temperature (20°C) and low temperature (44Z)nfietal and PAH analyses, respectively.

About 500 mg of moss was taken in subspherical Ipaggared with a nylon net (2 mm mesh),
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suspended on latticework by nylon strings, and sgdo4 m above ground level, in triplicate for
metal and PAH analyses. Because of analytical caingd (shortage of naturally growing.
cupressiformeand budget limitations), it was decided to exposessnonly in five sites (one for
each municipality) principally to test the validigf our method for PAH assay, as the use of

cryptogams and related analytical methods to et@lBAHs is still in the beginning stage.

2.4.2 Analytical procedures

Metals and metalloids

After exposure, the moss material removed from egtbn bag was oven-dried at 40°C, processed
and analyzed separately. The material was firdechdnd homogenized using a Retsch PM200 ball
mill equipped with agate pockets. For metal andafletl analysis, pre- and postexposure moss
samples were mineralized with ACS-grade HNGOr 1 h and then witlaqua regia(ACS-grade
HCI-HNGOz with a volume ratio of 1:3) in a boiling water bat95°C) for 1 h. Sample solutions
were analyzed using a Perkin Elmer Elan 6000 indeigt coupled plasma (ICP) mass
spectrometer. All concentrations were reported odryaweight basis. Procedural blanks were
usually below detection limits and M3-certified @sfnce moss from the Finnish Forest Research
Institute (Steinnes et al., 1997) was used to clieekaccuracy and precision of the digestion and
ICP analysis procedure. In total, 37 elements waralyzed. In this study, data for only the
following elements are considered: Al, As, Cd, Cu, Fe, Hg, Ni, Pb, Se, and Zn. The percentage
of recovery was >70% for all the elements exceptwisch resulted under limits of detection in the
reference material. The relative standard deviataere <20%, except for Cr, Se, and Cd (42%,

33%, and 32%, respectively).

PAHs
The PAH concentrations in moss samples were detednafter extraction (Sonicator XL2020,
Misonix Inc., USA) in a dichloromethane—acetone tom& (1:1 v/v) through three sonications. The

extracts were evaporated by a rotary vacuum eveporaurified by polytetrafluoroethylene
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(PTFE) filters, and dried in a mild nitrogen streafthe samples were then resuspended with
cyclohexane and analyzed by gas chromatography—smessrometry (GC-MS) (HP 5890-HP
5971 with HP-5MS capillary column 30 m x 0.25 mmd.ji x 0.25um (film thickness); Agilent
Technologies Inc., USA). All analyses were perfodnreselected ion monitoring (SIM) mode. The
concentrations of 20 PAHs were quantified by moltip calibration curves and labeled internal
standards. For quality control of the procedureeled PAHs (naphthalene D8, acenaphthylene D8,
fluoranthene D10, benzo(k)fluoranthene D12, andzbémh,i)perylene D12) were used as
surrogates and the percentage recoveries (70-1B@%¥j)led correcting the concentration of each
compound. The minimum detectable PAH concentratias 0.001 mg K¢ (dry weight) for each

compound.

2.4.3 Data analyses

Metal and PAH concentration data were processeobbic statistics using Microsoft Excel and by
principal component analysis (PCA) using Statis8tatSoft 6.0. The element concentrations below
the limit of detection (LOD) were assumed as LODVBe formula proposed by Frati et al. (2005)
was used to evaluate whether moss transplants ataten elements during exposure. This formula
considers the ratio of the concentration of ea@meht after exposure to that of the TO sample
before exposure (exposed-to-TO ratio, EC ratioddpcing an interpretative scale of five classes
(Table 1) of accumulation/loss based on progress®E deviations from “normal” conditions,
assumed to be £25% from the ratio of 1.

Table 1.Interpretative scale of EC ratio

0-0,25

0,25-0,75 loss

0,75-1,25 normal

1,25-1,75 accumulation
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3. RESULTS AND DISCUSSION

3.1 Emission inventory

Overall emissions assessed in the five municigaliéxamined for the road transport sector and for
all the SNAP sectors are summarized in Table 2¢chvprovides the sum of the major air pollutants
(CO, NQ, PMo, and VOCs) and some heavy metals produced fronpoionand point sources,
presented in tons (Mg) and kilograms (kg) per y#ds evident from the table that the amounts of

all these emissions are also unbundled for CORINgdBtors of activity.

Table 2. Total annual emissions of main air pollutants (GlQx, PMio and VOCs) and some heavy metals
over five Municipalities of Campania Region (Acerr@asal di Principe, Giugliano, Maddaloni and
Teverola), disaggregated for CORINAIR sectors.

CO NOx PMip VOCs As Cd Cr Cu Hg Ni Pb Se Zn
(Mg) (Mg) (Mg) (Mg) (kg) (kg) (k) (k) (kg) (kg) (kg) (kg) (kg)

Combustion in energy
and transformation 2.33 251 4.09 2.97 0.120.12 0.05 0.12 0.00 0.12 0.48 0.00 0.24
industries

CORINAIR sectors

Nonindustrial

. 119 745 314 121 1.150.72 116 0.72 0.24 157 1.15 0.02 3.79
combustion plants

Combustion in
manufacturing 681 1945 78.9 89.3 4.99 568 20.2 6.68 3.09 199 134 0.04 10.7
industries

Production processes473 460 104 320 0.000.36 23.0 3.08 0.26 105 148 11.2 253

Extraction and
distribution of fossil 0.00 0.00 0.00 37.9 0.000.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
fuels/geoth. energy

Solventand other 5 o 00 966 10600.00 0.00 0.00 0.00 000 000 0.00 0.00 0.00
product use
Road transport4075 626 161 12700.00 0.41 2.04 69.5 0.00 2.86 32.8 041 409

Other mobile sources

; 196 632 75.1 93.6 0.00045 225 76.4 0.00 3.15 285 045 449
and machinery

WaSte”eathSep“;SZrl‘do.oo 000 000 208 000003 017 577 000 024 028 003 3.39

Agriculture o o0 15 065 752 0.000.00 000 000 000 000 000 000 0.00
(machineries)

Other sources 1.42 0.00 0.08 1.74 0.000.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Totals 5550 3990 456 3170 6.26 7.77 489 162 359 231 915 122 129
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Because the total area of the five municipalitieapproximately 216 kmthe emission load in the
areas concerned, resulting from this investigatisrtonsistent for all the major air pollutants and
the following heavy metals: Cr, Cu, Ni, Pb and Zaysed by the anthropogenic activities affecting
the areas under examination.

In order to achieve a comparison of the emissianl lamong the five municipalities, characterized
by different values of surface areas, total emissiof all air pollutants under study were broken
down by municipality and divided by the relevantrfage area, thus obtaining the specific
emissions shown in Table 3. In this study, the @lisipn of atmospheric pollutants with the use of
mathematical models has not been analyzed, buimgticit relationship between the specific
emissions so obtained and the pollutant dispersiass been assumed, thereby hypothesizing
indirectly a homogeneous and spatial equal atmoegphdestribution of emissions. Analyzing the
results of this emission inventory, Maddaloni areldrola represent the towns with the greatest
annual emission load for all the investigated pahis; however, the lowest emission load was
detected in Casal di Principe.

Table 3. Total annual emissions of main air pollutants &edvy metals in the examined area

disaggregated for single Municipality (Acerra, Qasa Principe, Giugliano, Maddaloni and
Teverola).

CO NOx PMwo VOCs As Cd Cr Cu Hg Ni Pb  Se Zn

Mg/m? Mg/m? Mg/im? Mg/im*> kg/m? kg/m? kg/m? kg/m? kg/m? kg/m? kg/m? kg/m? kg/m?
Acerra 219 278 174 173 008 008 022 069 00286 035 000 0.44
gﬁf“;’:‘i’p‘g 185 478 120 971 000 001 002 058 000 011.250 0.00 0.38

Giugliano 21.0 566 127 140 0.01 0.02 0.07 0.72.000 040 040 0.12 0.53

Maddaloni 457 331 441 122 0.00 0.01 0.74 0.85.010 0.21 0.66 0.00 1.04

Teverola 388 91.0 758 329 0.10 0.13 0.33 181190. 399 057 0.01 1.17
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In order to determine the possible causes of thisson scenario and to justify the differences in
the emission levels among the five municipalitidee total annual emissions of the major air
pollutants and Cu, Pb, and Zn are provided in Egut and 3, indicating the contribution of the

road transport sector for each municipality.

CcO NOx
[Mg/km?] [Mg/km?]
Giugliano Giugliano
: 100 |
75
40 S
: ; . 50 4
Casal di Casal di :
Principe ) S Principe’ 25 ‘ e
Acerra’ ‘Maddaloni Acerra ‘Maddaloni
PM,, VOCs
[Mg/km?] [Mg/km?]
Giugliano Giungliano
8 4 ‘
Casal di 57 Casal di 20
ZRE il < : :Teverola SRS : _~Teverola
Principe / 2. / Principe | 7
Acerra Maddaloni Acerra” ‘Maddaloni
—Total —Road transport

Figure 2. Total emissions and road transport contributibneach examined Municipality for the

following pollutants: CO, N&@, PMo,VOCs.
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Cu Cu moss bags
[kg/km?] [mg/kg]
Giugliano Giugliano
i
: 1,0 : . :
Casal di s Casal di \
SR = : = Teverola e - Teverola
Principe’| / Principe| e
Acerra”—Maddaloni Acerra’—Maddaloni
Pb Pb moss bags
[kg/km’] [mg/kg]
Giugliano Giugliano
4.0
e ~.. _ Teverola pemdesimid . - Teverola
Principe | ¥ Principe |\
Acerra Maddaloni Acerra™Maddaloni
Zn Zn moss bags
[kg/km?] [mg/ke]
Giugliano Giugliano
Cil'Sﬂl'dl 0 5 _ Teverola Ca'sal'dl s _~Teverola
Principe | — b Principe |
Acerra”'Maddaloni Acerra” 'Maddaloni
—Total —Road transport —Average - Road sites ——Average - Total sites

Figure 3. Total emissions and road transport contributionGar Pb and Zn (left) and moss uptake of the
same elements (right) at each Municipality.
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In Giugliano and Casal di Principe, the road transpector is the predominant contributor of the
emission levels of CO, NQPMo, Cu, Pb, and Zn, whereas in Acerra, Maddaloni, Bexkrola,

the contribution of industrial production processesl combustion in manufacturing industries
(burning oil, coal or natural gas) is as high ad tf the road transport sector.

In the five municipalities, CO emissions are maitlie to the road transport sector (73%), followed
by combustion in manufacturing industries burningos natural gas (12%). Industrial oil and
natural gas use is the major emission sector fokx NO%), followed by road transport and
industrial production processes (16% and 12%, wds@by). For PMo emissions, road transport
and nonroad traffic sectors contribute 35% and I@%¥pectively, industrial sources (burning
natural gas, oil, or coal) account for approximatiel%, and the percentage of natural gas and LPG
combustion in the residential sector is about #hé studied area, as in the rest of southemy, Ital
particulate emissions are influenced by decreasiagontribution from oil and coal combustion in
the residential sector and increasing the emisdirons diesel cars (Gimelli et al., 2012; lodice and
Senatore, 2013b). For VOCs, road traffic, solvemd gaint use, and production process sectors
contribute 40%, 33%, and 10% to overall emissioespectively.

These results reveal that for the studied munittipal(as for the whole of Campania), road traffic
is a consistent contributor to total emissionssTimding can be correlated to the high average age
of the car fleet and motorcycles in the region;riwernization of this fleet, in fact, is much sew
than in other Italian regions, thereby causing oidable consequences on emission levels of these
pollutants.

In particular, petrol-fueled cars contribute to ab46% of the total emissions of CO from the road
traffic (lodice and Senatore, 2014a), because eir thigher mileage (27%) than other vehicle
classes and also because these vehicles geneaaiy &t low speed in urban contexts. Hence, the

combustion quality is far from efficient, with astdting increase in CO emissions. Similarly,
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motorcycles and mopeds contribute to 17% and 18%perctively, of total CO emissions because
of the incomplete combustion in petrol-powered ragi

The high emissions of CO and HC from road transgedtor can be attributed to incomplete
combustion in driving conditions with a steep riseengine speed that is no longer offset by the
catalytic converter. However, for new vehicles,ongling to the most recent EU emission classes,
both internal engine optimization and a more peecaisxture setting of fuel injection systems
achieve a better control of fuel consumption, inwprg the efficiency of the catalytic converter.
Petrol-fueled cars are a major contributor of VOfiissions (~36%) (lodice and Senatore, 2014a).
A surprising outcome is the 28% of VOC emissiortsitattable to mopeds, despite their much
lower average mileage. Indeed, lodice and Sen&k@¥®4b, 2015b) showed that many mopeds in
the studied area are equipped with old-generatianstroke engines and a carburetor devoid of an
efficient electronic mixture control, thus produgia high VOC emission factor (~13 g/km). For
this reason, the adoption and spread of four-stepiggnes with direct injection in mopeds will help

abate the CO and HC emissions.

3.2 Biomonitoring survey

The present data concern the nine investigatedegitsnthosen according to the available inventory
emission data together with Al and Fe as indicabdterrigenous contribution (Table 4) and PAHs
(Table 7). Results in Table 4 indicate that intladl investigated municipalities, the content of inos
of the elements increased after 6 weeks of expasuwlenvas almost homogeneous both among the
five municipalities, and within each of them, aghlighted by the low coefficients of variation (in

most cases <27%).
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Table 4. Meanconcentrations (mg Kg+ SD, n=8) of elements in pre-exposed mossed (foltimn) and in
the mosses exposed in the five municipalities (oolsi 2 - 6).

Pre-exposure  Giugliano Teverola Maddaloni Acerra gﬁﬁglpcg
Al 300 £75 521 £ 65 638 £ 79 471 £ 59 508 £ 65 440 £ 41
As 0.07 £0.05 0.36 £ 0.07 0.24+0.11 0.19 £0.09 0.11+0.06 31a:0.14
Cd 0.08 £0.017 0.08 £0.01 0.09£0.01 0.08 £0.01 0.09+0.01 08G:0.01
Cr 2.25%0.2 2.99+0.20 3.18 £0.19 294 £0.17 296+0.13 8320.14
Cu 4.77+0.279 7.54£0.34 6.97 £0.35 6.72+£0.41 7.45+0.23 865%0.22
Fe 403 £15 574 £ 35 679 £ 53 557 £43 573 +£30 535+35
Hg 48.2 +15 458+7.1 443 +7.2 46.0+75 47.0+7.2 588&
Ni 0.83+0.10 1.13+£0.09 1.17+£0.12 1.08 £0.13 1.09 £0.07 141 0.07
Pb 0.57 £0.03 2.38+£0.15 13.99 + 1.64 3.14+0.24 2.25+0.08 .2220.21
Se 0.43+0.07 0.38 £0.08 0.26 £0.07 0.25+0.08 0.36 £0.07 31G:0.08
Zn 8.52 0.7 191+11 17211 341+16.4 249+0.8 HD4

According to the EC ratios presented in Table &,tioss exposed in 40 monitoring points showed
a severe accumulation of As, Pb, and Zn; moderatanaulation of Al, Cr, Cu, Fe, and Ni; no

accumulation of Cd and Hg; and loss of Se.

Table 5 EC ratios of metals in mosses exposed in the fiumicipalities (the color indicates the
accumulation/loss class according to Table 1).

Giugliano Teverola Maddaloni Acerra

Casal di Princpe

Al

As
Cd
Cr
Cu
Fe
Hg
Ni

Pb
Se
Zn
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The correlations among the contents of the elemiantgamples are shown in Table 6. A highly
significant positive correlation occurs between Bk, Fe, and Pb, supporting the thesis of a

terrigenous contribution to the accumulation othelements by mosses.

Table 6. Matrix reporting the Pearson’s r correlation wsufor moss uptake. Marked correlations are
significant at p < 0,05; n=>5.

Al As Cr Cu Fe Ni Pb Zn
Al 1 -0.05 0.99 0.46 0.99 0.6 0.9 -0.73
As 1 -0.09 -0.22 -0.08 0.58 -0.03 0.23
Cr 1 0.5 0.97 0.49 0.88 -0.79
Cu 1 0.33 -0.2 0.05 -0.91
Fe 1 0.62 0.96 -0.65
Ni 1 0.69 0
Pb 1 -0.42
Zn 1

PAH pre- and postexposure contents are reportdéle 7. Considering both total and only 2—4
ring PAHSs, postexposure contents were always hidjii@n the pre-exposure counterparts (from
19% to 53% of initial value). Postexposure contemes homogeneous among the replicates based
on low standard deviation values, and no signitichifierences were observed among sites.

Table 7. PAH content in pre exposed moss sample (TO)
and mosses exposed in the five Municipalities.

Total PAHs PAHSs 2-4 rings
TO 0.064 +0.007 0.058 +0.007
Giugliano 0.086 + 0.006 0.070 + 0.005
Teverola 0.076 + 0.005 0.062 + 0.005
Maddaloni 0.098 + 0.019 0.077 £ 0.006
Acerra 0.098 £ 0.005 0.079 + 0.005
Casal di Principe 0.090 + 0.006 0.071 £ 0.005
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3.3 Comparison between the emission inventory anddmonitoring output

It is worth considering how available emission imicey data disaggregated for the five studied
municipalities can be reconciled with the biomonitg output. Considering this, we examined Cu,
Pb, and Zn as heavy metals and VOC emissions v2rgusang PAHs accumulating in moss. When
comparing estimated emissions and bioaccumulateta, dhe former should be considered as
annual-based (2011), and the latter provide inftionafor a short exposure period (6 weeks in

spring 2014).

3.3.1 Heavy metals

The total inventory emissions and the contributicom road transport for Cu, Pb, and Zn were
compared with average moss accumulation in all expositesr(= 40) and only in road sites €

20), to check similarities among distribution patgein each investigated municipality (Fig. 3).

In general, a similarity exists between total aoddrtransport patterns both in emission inventory
and biomonitoring survey graphs, indicating a kejerof road transport in heavy metal air
pollution. Considering only biomonitoring data, sibstantial differences were observed in average
moss accumulation of Cu, Pb, and Zn between albsx@ sites and only road sites. Besides, moss
accumulation data also suggest that road transagra higher contribution toward Cu pollution in
four municipalities and to Zn alone in Casal dneipe.

After ranking emission data and accumulation datavery similar spatial trend between total
emissions and moss accumulation in the five towas wbserved only for Pb, whose average
values were in the following order: emission inwegt Maddaloni > Teverola > Giugliano >
Acerra > Casal di Principe; moss accumulation, T@ae> Maddaloni > Giugliano > Acerra >
Casal di Principe. By contrast, different trendshe two data sets were observed for Cu and Zn,
which showed similar qualitative information ontyAcerra and Maddaloni.

The different time information considered in theotwlata sets may explain the discrepancies

observed between the trends of Cu and Zn on théhand and Pb on the other. Metal emissions
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can be variable in time and space, affecting irfetbht ways the records for metals with
single/multiple emission sources or with nonpoumyecorded sources. For example, the similar
trend observed for Pb probably stems from the flaat road traffic is the main contributor of
pollution levels. The accumulation/emission of léadhe study area can be directly related to the
amount of fuel used by vehicles in the area. Taedrfound for Pb is not substantially variable in
time and space, because its main source (vehiafécjris probably constant over timdhe
presence of Pb, as well as other heavy metals (&dg Cu, Ni, and Zn), is mainly attributed to road
traffic and vehicle emissions (U.S. EPA, 2001; Zpat al., 2012). These elements can be
deposited and resuspended in the form of dust éBwi and Al-Alwani, 2012), a complex
mixture of particulates and contaminants derivimgnf various sources such as abrasion of
bitumen, brakes, tires, and wheels (Pal et al.128iitherland et al., 2012).

The different trends observed for Cu and Zn maydbe to the different and variable emission
sources in the studied environment. Indeed, thesedlements are widely used in agricultural
practices and industrial processes (Kabata-Pen2itd€)). Moreover, metal accumulation by moss
may also derive from additional sources, not careid by the emission inventory, such as the
agricultural practices other than machinery (iapplication of fertilizers and pesticides) and
resuspension of polluted soil.

The total emissions recorded in the inventory (Mukand the average accumulation in moss
(mg/kg) from all the exposure sites in each muiltip were analyzed and compared with PCA
(Fig. 4). The data related to Cd, Hg, and Se weotuded from the analysis, because they were

either not accumulated in moss samples or leaaied rhoss tissue.
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Figure 4. PCA of emission inventory metal data (left) andssiaptake (right) grouped by Municipality.
On the basis of the emission inventory, the fivenmoipalities are mainly distributed along Factor 1,
which explains about 50% of total variance, frora thost affected Teverola to the least affected
towns of Giugliano and Casal di Principe. Similady the basis of biomonitoring data, Teverola
appears to be the most affected municipality. Tthers seem to be affected differently by metal
distribution along both factors. The differenceghtighted by PCA analysis between emission and
accumulation data could be explained by the differeference periods of the two data sets, as

suggested earlier.

3.3.2 PAHs
Because the VOC data reported in the emission towgnnclude low-molecular weight PAHS,
only the 2—4 ring PAHs were considered. The consparbetween 2—4 ring PAH accumulation and

VOC emissions is shown in Figure 5.
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Total PAHs
VOCS, (2-4 rings)
[Mg/km’] [mg/kg]
Giugliano Giugliano
40 s 0,03

Casal di Casal di

Principe | : Teverola Brincipe’ _~ Teverola
Acerra'—"Maddaloni Acerra— Maddaloni
——Total =—Road transport =——PAHSs in mosses

Figure 5. Total emissions and road transport contributianM@Cs (left) and moss uptake of PAHs
(2-4 rings) (right) at each Municipality.

Biomonitoring outputs (Table 7) and total VOC enass (Table 3) are not characterized by similar
trends; the small number of sampling points dodsenable a better comparison of the two data
sets. As for heavy metals, the discrepancies obdebetween the two data sets could suggest
different inputs, variable over space and time,clvhare absent or difficult to record in the usual

inventories.

4. CONCLUSIONS

The uniqueness of this study lies in the combined af the two widely used methods for
evaluating air pollution: the inventory of emissisources and biomonitoring by moss transplants.
Combined analysis of the different data sets gfestibws that for the investigated municipalities in
Campania, a considerable part of total emissiodsiésto road traffic. When the emission inventory
is based on a reliable and constant-over-time sipgllution source, as in the case of lead, the two
data sets produce almost coincident outputs, whetlgase contaminants showing multiple and

scattered sources, variable in time, produce lesdapping outputs.
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Therefore, according to a harmonized protocol, ¢bmbined use of the atmospheric emission
inventory and moss bags is an important tool toystir quality and set up possible remediation
plans. This could be particularly useful in are&dslteged pollution, to support the monitoring of
attainment of limit values established by legislatiln areas with high pollution, the creation of a
spatially distributed emission inventory and theakkshment of a regular biomonitoring network
using moss bags could be part of a project to devahd improve the modeling of air quality.
Indeed, the comparison between the two data sets émission inventory and biomonitoring)
could prove a valuable resource to reveal suspguied source pollution (where denser data points
are needed) and for the simultaneous detectionrBminants not monitored by automatic devices
and eluding the records of emission inventories litelieved that this study will help engineerd an

research biologists to face the challenges of@lufion monitoring.
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Abstract

In this paper we investigated the possibility t@ msoss bags to detect pollution inputs - metals,
metalloids and polycyclic aromatic hydrocarbons KRBA- in sites chosen for their different land
use (agricultural, urban/residential scenarios) amdximity to roads (sub-scenarios), in a
fragmented conurbation of Campania (southern ltalile focused on thirty-nine elements
including rare earths. For most of them, moss wuptalas higher in agricultural than in urban
scenarios and in front road sites. Twenty PAHs vemi@yzed in a subset of agricultural sites; 4 and
5-ringed PAHs were the most abundant, particulahgysene, fluoranthene and pyrene. Overall
results indicated that investigated pollutants havsimilar spatial distribution pattern over the
entire study area, with road traffic and agricudtyractices as the major diffuse pollution sources
Moss bags proved a very sensitive tool, able torihisnate between different land use scenarios

and proximity to roads in a mixed rural-urban laragse.
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1. INTRODUCTION

Campania (southern lItaly, one of the 20 adminiseatlistricts of Italy) experienced in the last
century profound changes in land use, as a massivanization and increase of industrial
settlements, especially in the surroundings of Biggity; it was recently reported that, if from the
1860 to the 1960 the urban/rural structure did etf@nge substantially, in the last 50 years the
urbanized area has multiplied its extension byctofaof five. At present, the urban area used by
people for residential and productive activitiewvers approximately 40 % of the entire Naples
district, and the area devoted to agriculture tamaining 60 %, producing a complex and
jeopardized land (di Gennaro, 2014). This areaphcally recognized as one of the most fertile
Italian agricultural landscapes, in the last alddutyears was under the attention of media due to a
supposed diffuse soil pollution by illegal wastenghing. A part of public and scientific opinion
claims that this situation is the cause of increassome cancers rates and shorter lifespan of
people living there (Triassi et al., 2015), whibkgcording to others, and based on the yearly
“photograph” of health in Italy made by the Italidnstitute of Statistics, Campania stats are
progressively approaching those of industrializedhrern Italian regions and Europe (ISTAT BES,
2014). Authoritative researchers have recently sstggl that Campania could in fact be a perfect
field study for a biomonitoring research program,tlaeir poisoned fields could serve as a giant
experiment in the new science of ‘exposomics’,thig suspected link needs to be investigated with
appropriate methodologies (Nature editorials, 201) composition and pollution are indeed
affected by this complex patchwork of land use,rdegf urbanization and spread of productive
activities, with the problems related to waste eyahd vehicular traffic fluxes. European Union
recognizes the poor air quality as the leading renwental cause of premature death in the EU.
This aspect promoted at European level an extensgislation to reduce harmful pollutants
concentrations in ambient air that EU States, dholy Italy, are trying to fulfill in the last years

Presently, on the basis of European Air Qualityeblives (2004/107/EC and 2008/50/EC), besides
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gaseous pollutants (e.g. NA@CO, &, SO) and particulate matter (PM), only other few atpiearic
contaminants (e.g. Pb, Cd, As, Ni, Hg and benzgfajge) are continuously monitored. For
example, the air quality monitoring network in Camg@ consists of 27 stations (plus other 9
located near the waste treatment plants) measarlmgited set of pollutants (e.g. NOCO, PMy,
PM2, Os, SO, CsHe) (Www.arpacampania.it).

The biomonitoring approach was widely used so faevaluate the environmental quality and
detect the presence in the air of inorganic andamiggy pollutants not routinely measured by
conventional monitoring. This methodology is codfe&ive compared to physic-chemical
approach, and can be applied with a flexible expenital design and a higher number of sampling
points counterbalancing the lower precision of esiolgle measurement. Particularly, in the last 40
years, mosses transplanted in bags, the so cafleds'bags”, were used to obtain indications of the
inorganic and organic pollutant depositions, esghcithose linked to particulate matter (for a
review see Ares et al., 2012). Surface intercepaioth entrapment of airborne particulate matter is
considered the principal pollutant accumulatiorhpaty in mosses, favored by the high surface to
mass ratio and cell wall characteristics (e.g.i@obtet al., 2011).

In this paper, through a specific exposure desigm investigated the capability of moss bags to
distinguish pollution inputs in sites with diffetefand use (agricultural, urban/residential) and
proximity to roads, in a fragmented landscape oim@ania, where the two scenarios are strictly
mixed together. An ample set of airborne pollutgntstals, metalloids and PAHS) was analyzed in
moss exposed in 40 sites of five municipalitie$, ca@mprised in the “Litorale Domizio-Agro

Aversano”, recognized by the Italian State as aded) Interest Priority Site (RIPS).
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2. MATERIALS AND METHODS

2.1 The study area

The study area, comprised in the “Litorale Domi&igro Aversano”, is characterized by a
Mediterranean climate and covers five municipaitidcerra (26 m.a.s.l., 54.71 KmnCasal di
Principe (68 m.a.s.l., 23.49 Kn Giugliano in Campania (97 m.a.s.l., 94.62%knMaddaloni (63
m.a.s.l., 36,67 kA) and Teverola (25 m.a.s.l., 6.7 Rmfurther details are described in lodice et al.
(2016) and Monaco et al. (2015). In 2004, the tinyiembracing the towns of Acerra, Nola and
Marigliano was named the “triangle of death” by thedical magazine Lancet (Senior and Mazza,
2004) due to the claimed high incidence of canetated deaths. More recently, it is better known
by the media as “land of fire”, in reference to thenerous waste burnings (Legambiente Report,
2003). Despite this perception encouraged by thdianéhe area, characterized by a still prevailing
agricultural vocation, accommodates about 38008lyliiarms producing a 40 % of the entire

agriculture productivity of all Campania (di Genna2014).

2.2 Biomonitoring survey

2.2.1 Experimental design, bags preparation andsexp

The methodology applied follows a protocol of exgesin which devitalized mosBlypnum
cupressiformédedw. was used to prepare sub-spherical mossthagwaere exposed in the sites of
interest for six weeks (Ares et al., 2012 modifielihe exposure design was applied to five
municipalities of Campania RIPS — Acerra (Ac), CaBaPrincipe (C), Giugliano (G), Maddaloni
(M) and Teverola (T) - taking into account the int@y of known emissions to the atmosphere (for
more details see lodice et al., 2016) and the shfftonurbation of the area in which agriculturgl (A
and urban/residential (U) sites are strictly intexgied. At each municipality, two scenarios and
four sites were selected: two agricultural (Al &®) and two residential/urban (Ul and U2). To
put in evidence the effects of vehicular trafficiesions on pollutant uptake by moss, at each site

the bags were exposed in two sub-scenarios: directlthe street (S) and at green areas (G) as
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small gardens, at least 20 m far from the strémws, driterion was adopted due to the landscape
configuration. So, finally, eight different exposupoints were selected at each municipality (e.g.
for Acerra, ACA1S, AcAL1G, AcA2S, AcA2G, AcU1S, Acll AcU2S, AcU2G, see Figure 1 and

Table S1), for a total of 40 exposure points.

% @ Naples¥ & =%
'. ey ,"1;-‘-4.....‘.......................
L

LIS

Figure 1. Outline of the moss bag exposure design in theysanea with a shoot up on Acerra
agricultural (A1 and A2) and urban/residential (aiid U2) sites. The arrangement of moss
bags in green (G) and street (S) exposure poirtteeal site is also shown.

The data refers to 39 measure points, since inpamat (CA1S) the bags were lost during the
exposure due to vandalism. For the bag prepara@nples oHypnum cupressiformdedw. were
collected in the pristine site of Sgonico (NE aéyd processed according to the protocol by Ares
et al. (2012). Moss aliquots (500 mg) were takeroimd bags (moss weight/bag surface ratio 10
mg/cnt) prepared with a nylon net (2 mm mesh), suspematethtticework by nylon strings and
hanged at 4 m above ground level. Three bags wemeg at each exposure point for metal
analysis; additional bags (4 bags * 3 replicas)eygaced at five agricultural sites (one for each

municipality) for PAH analysis. All the bags wengpesed for six weeks starting on March 2014.
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Samples of background moss were analyzed to abssstine element (n = 8) and PAH (n = 3)

contents.

2.2.2 Analytical procedures

Metals and metalloids

After the exposure the moss material removed frawhenylon bag was oven dried at 40 °C,
processed and analyzed separately. Moss was finsllgd and homogenized using a Retsch
PM200 ball miller equipped of agate pockets. THenmetals and metalloids analysis, 500 mg of
pre and post-exposure moss samples were minerakithdACS-grade HN® for 1 h and, then,
with aqua regia (ACS-grade HCI-HN@ a volume ratio of 1:3) in a boiling water b€5°C) for

1 h. Sample solutions were analyzed with a PerlimeE Elan 6000 ICP mass spectrometer. All
concentrations were reported on a dry weight b&smscedural blanks were usually below detection
limits and M3 certified reference moss from therfisih Forest Research Institute (Steinnes et al.,
1997) was used for quality control. A total of 38reents were analyzed (Al, As, B, Ba, Ca, Cd,
Ce, Co, Cr, Cs, Cu, Fe, Hf, Hg, K, La, Li, Mg, MMp, Na, Nb, Ni, P, Pb, S, Sb, Sc, Se, Sn, Sr, Th,
Ti, Tl, U, V, Y, Zn, Zr). For the majority of thdements the percentage of recovery ranged between

70 % and 110 %.

PAHs

For PAH analyses, moss samples (2 g obtained camgbihe 4 bags for each replica) were
sonicated (Falc Sonicator) for two times, each5miL of dichloromethane for 20 min each. The
extracts were purified through activated silica getl dried to a volume of 200 pL under a gentle
nitrogen stream. Consecutively the samples werlyzedhby GC-MSD (Agilent 5975C with a VF-
17MS column) with helium as gas carrier at 1.3 mih-imThe oven temperature program started at
50 °C, increased with ramp rate 30 °C thito 350 °C and held for 9 min. All analyses were
performed in selected ion monitoring (SIM). The cemtrations of the following 20 PAHSs,

naphtalene (Naph), acenaphthene (Ace), fluoreng),(lBhenanthrene (Phen), anthracene (Ant),
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fluoranthene  (FIt), pyrene (Pyr), benz[aJanthracené[a]A), chrysene (Chrys),
benzo[b]fluoranthene (B[b]F), benzo[k]fluoranthen@[k]F), benzo[jJfluoranthene (B[j]JF),
benzo[a]pyrene (B[a]P), dibenz[a,h]anthracene (XBf), indeno[l,2,3-c,d]pyrene (IP),
benzo[g,h,iJperylene (B[g,h,i]P), dibenzo[a,ilpyee{DB[a,i]P), dibenzo[a,h]pyrene (DB[a,h]P),
dibenzo[a,e]pyrene (DBJa,e]P) and dibenzo[a,|]pgréDB|a,l]P), were quantified by multi-point
calibration curves and labelled internal standads.the quality control of the procedure, labelled
PAHs (naphthalene D8, acenaphtene D10, phenantir&dechrysene D12, perylene D12) were
used as surrogates and the percentage recovanes 82 % to 120 %) included to correct the
concentration of each compound. The minimum deéet@AH concentration was 1 ng d.w. for

each compound.

2.2.3 Data analysis

Basic statistics were completed by using MicrosOffice Excel 2010, all the others were
performed with STATISTICA StatSoft, 2008. The skgance of element accumulation was
evaluated by comparing pre-exposure to post-exposalues following Couto et al. (2004) as
modified in Ares et al. (2015). The non-parameliann-Whitney U test was also performed both
for testing the significance of accumulation anchparing agricultural (A) and urban (U) sites (p <
0.05). A Wilcoxon matched pairs test was used tomare the moss exposed at street (S) sites with

those exposed in corresponding green ones (G(pS.

3. RESULTS AND DISCUSSION

3.1 Chemical elements

The concentrations of 39 analyzed elements (mehreva standard deviations) accumulated by
moss in the 39 selected sites are reported in sopgital Table S1. A significant accumulation (p <
0.05) of alkaline and alkaline-earth metals (i.a, Ba, Cs, Li, Mg, Sr) was observed in 26 sites out

of 39; no accumulation occurred for K and Na. Astfe transition metals, moss accumulation was
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observed on average in 26 sites; we found no adedion for Cd and Hg; Co, Hf, V were
accumulated in less than half sites, whereas CuF€rMn, Mo, Nb, Zn, Zr were significantly
accumulated in almost all sites. The lanthanoides actinoides, with the exception of Sc (never
accumulated) and U (found in less than half of ghes), were accumulated in at least 33 sites.
Among the other elements a significant accumulatibRb and Sb was observed in all sites, while
Al and Sn accumulated in 25 and 29 sites, respgygtino accumulation was observed for P. The
most of the elements were significantly accumulatedhe following sites: TA1S and MA1S
(respectively 32 and 31 elements), GA2S and TA1W),(&ll agricultural sites. The minimum
number of elements accumulated was recorded at MU%), MU2V (17), all urban sites.

The elements most accumulated by mosses expogeditas with respect to the those exposed in
U sites were: Al, Ce, Cs, Hf, La, Mg ,Mn, Nb, Pls, $h ,Ti, Tl, U, Y, Zn, Zr (p < 0.05). High
amount of Al in A sites suggests the resuspensia@oib particles in the ambient air. The salts of
Mg, Mn and Zn are largely employed as fertilizersiles uranium could be found in phosphate
fertilizer of mineral origins when not appropriatelurified (Jacques et al., 2008). The presence of
Rare Earth Elements in agricultural sites and tleggnificant correlation with Al suggest a
derivation from soil (see Table S2); in fact, itsm@ported that mixtures of REESs in fertilizers are
nowadays widely used in agriculture to improve cnogrition (Tyler, 2004). Moreover, REEs are
increasingly used in modern technologies such edrehic devices, which are among the wastes
frequently and illegally abandoned in the fields.s#nilar correlation with Al (already seen for
REESs) was found also for Ti and TI; in particuldwe correlation with Ti could be explained by the
high flow of heavy-duty vehicles, which enhance téguspension of soil dust particles (Adamo et
al., 2011). Other well recognized sources of Titha form of TiQ nanoparticles, are sunscreens,
cosmetics and industrial applications (Luo et2014); therefore the disposal of materials reach in
Ti could justify its uptake in moss transplantshoot urban/residential and in agricultural lands. A

notable increment of Ti in the exposed moss was alserved by Adamo et al. (2011), in two
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biomonitoring surveys carried out in 1999 and 200the Naples urban area. Hafnium and Sr have
their application in the old and modern technoledi&reenfield at al., 2013); in particular, Hf is
used in manufacturing of processors, while strantiwas used as oxide for cathode ray tubes of old
generation color T(Mear et al., 2005), and as salt in fireworks (Skumil998 largely exploded
over the investigated rural areas. We also suppuoselerivation of these two elements from the
deterioration of abandoned electronic devices, @albg present in proximity of agricultural areas,
as previously hypothesized for REEs. The findirag #b is mostly accumulated by moss in A sites
was already observed (lodice et al., 2016), anibated to heavy-duty vehicular traffic in the area
The presence of Nb in the A sites can be relatddeantense air traffic. Niobium is used in high
purity alloys with iron, nickel and cobalt for thealization of parts of jet engines, rocket partd a
structures resistant to high temperatures (Perepe£)09); the investigated area is indeed located
between two airports (Grazzanise Military AirportdaCapodichino Civil Airport) with air traffic
particularly routed over uninhabited sites, asAlstes are.

The exposure in sub-scenarios (G and S) showednbsses placed at S sites always accumulated
higher element amounts than those at G sites;néfis@nt difference ( p < 0.05) occurred for 17 of
the investigated elements (Al, Ca, Ce, Co, Cs,ReylLa, Mn, Mo, Nb, Sn, Sr, Ti, U, Y, Zr). As a
matter of fact, mosses were able to discriminatevéen front road sites (S) and matching green
ones (G), far from each other not more than 20his; finding indicates a high sensitivity of moss-
bag approach.

Two PCAs (principal component analysis) were pentedl: the first averaging all values of element
content in mosses exposed at the agricultural (é)a the urban (U) sites; the second averaging all
values of element content in mosses exposed &t 8¢ and at matching green (G) sites, in order
to compare moss uptakes in these two scenariosudndcenarios. The PCA showing A and U sites
(Figure 2a) indicates that the two classes arelgléévided along the Factor 1 (54 % of the total

variance), with all U sites nearer to the pre-expessalues (TO) than A sites, the latter showing
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higher element accumulation. Although some sitemiication also occurs along the Factor 2, this

only explains the 13 % of the total variance. Thggxtion of the variables are shown in the Figure

2b.
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Figure 2. PCA considering agricultural (A) and urban (U)rsmgos at each municipality: a) projection of
the cases (n = 11); b) projection of the varialghes 39). See the text for the label codes.

Most of the elements concurring to the variancéhefFactor 2 were those lost or not accumulated
during the exposure, all the other elements exiplgithe variance of the Factor 1. The PCA
indicates Teverola agricultural sites as those sngwhe highest element load and Casal di Principe
and Maddaloni urban sites as those with the lowestmulation. Within each scenario ¢A U)
Teverola is the most impacted municipality and CasaPrincipe the less impacted. The PCA
comparing Gvs S sites is reported in Figure 3. The Factor 1arpl55 % of the total variance and
is related to those elements accumulated duringxbesure; the Factor 2 accounts for about 13 %
of total variance. With the exception of some cagping, G sites are separated from the S sites
along the Factor 1, with the latter at higher diseafrom TO than the former. This indicates a
higher accumulation in mosses exposed in front s, irrespectively of the scenario (U or A).
As for the previous PCA, Teverola is the most impdcsite while Casal di Principe the least, and
this is true for both sub-scenarios (G and S).
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Figure 3. PCA considering green (G) and street (S) sub-s@@nat each municipality: a) projection of
the cases (n = 11); b) projection of the varialges 39). See text for label codes.

The Figure 4 shows the total element accumulatlzserved at each site obtained by summing the
concentrations normalized to the maximum value dach element. Although the confidential
intervals (Cls) of the two scenarios are differamly for Casal di Principe and Teverola,
agricultural sites always showed a total elementertt higher than urban sites (Figure 4a).

When we compare the two sub-scenariosy$S), G sites generally show lower moss uptake $han
sites and this difference is particularly evidemt Maddaloni (Figure 4b). If we consider the total
accumulation (all scenarios) at each town (Figucg Zeverola shows the highest content of
element, although the differences among municipalére not substantial (i.e., overlapping of Cls),

suggesting a homogeneous element deposition ow@mtire study area.
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Figure 4. Total element accumulation (sum of the normalizaidies) observed at each municipality. a)
agricultural (A) versus urban (U) sites; b) gre@) versus street (S) sites; ¢) data from all séesar
Asterisks indicate that confidence intervals doaarlap.

Tretiach et al. (2011) applied a similar exposuesigh, comparing moss uptake (using oven
devitalisedH. cupressiformdransplanted in bags) between residential verssisi@ntial/industrial
sites, and roadsides versus green sites. Theiin§adindicated a clear distinction between
residential and residential/industrial scenariofijlevthe two sub-scenarios (roadsidesgreen
sites) were less clearly partitioned. In our expental design we also found a clear distinction
between the two scenarios (& U), especially evident for Casal di Principe aredrola (Figure
4a). Considering sub-scenarios (G S), we generally found higher accumulation in rneess

exposed in front road sites, particularly evidemtMaddaloni.
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The current results show that moss uptakes areyalleaver than those recorded in a previous
survey carried out in the Naples urban area (Adatrad., 2007) with the exception of Mg, showing
higher accumulation in the agricultural scenari@lbfive towns. This outcome is probably due to
the large use of Mg as fertilizer especially in fbem of Epsom salt (MgS£7H0). This salt is
employed to correct the deficiency of Mg in theiagjtural soils and is essential for potatoes and
tomatoes (Bolton, 1973; Sainju et al., 2003) that @anong the main crops from our study area

(INEA, 2011).

3.2 PAHs
The total PAH concentration in the moss before exp® was 59 ng~§ d.w., increasing after
exposure in all five municipalities, with a postpesure total PAH concentrations ranging from 72
(Teverola) to 95 ng @ d.w. (Maddaloni and Acerra). Grouping the PAHsoading to the ring
number, before the exposure, the 2-, 3- and 4®iAbls (Figure 5), represented the 24, 32 and 40
% of the total content, respectively. Phenanthi@®e7 ng g* d.w.), Naph (14.3 ng§ d.w.) and
B[a]A (14.1 ng ¢ d.w.), were the most represented compounds inriegposed moss (Table 1).
PAH profiles
T0 Accumulated

YPAHs = 59.4 ng g'dw. YPAHs = 43.7 ngg’dw.

2-rings
3-rings
4-rings
5-rings
B 6-rings

Figure 5. Profiles of PAHs grouped by number of rings, ascgetage of total
PAHSs, in pre-exposure moss (TO) and accumulatethénexposed moss bags
(mean over all sites).
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After exposure, the average amount of accumula#dsP(i.e. post- minus pre-exposure value)
over all sites, was still prevalently characterizgdthe 4-ring PAHs (51 % of the total PAHS),
followed by the 5-ring PAHs (24 % of the total PAHBat were below the detection limit in the
unexposed moss. The higher percentage of low mialeagight PAHs in unexposed than in post-
exposed moss was confirmed in previous studiesg{&im et al., 2015). The most accumulated
compounds were, on average over all the sites, <08 ng g* d.w.), FIt (7.3 ng ¢ d.w.) and Pyr

(6.5 ng ¢ d.w.). It should be noted that the B[a]P, the megensively measured PAH around the
world due to its proved carcinogenic property, bsent in the moss before exposure and is absent

or very low also after exposure in all municipaigti(Table 1).

Table 1. Concentrations of each PAH (ng,gnean + s.d. n = 3) in the moss before (TO0)
and after exposure at one agricultural site forheatudied municipality. The
concentration of total PAHS PAHS) is also reported. M = Maddaloni; C = Casal di
Principe; T = Teverola; Ac = Acerra; G = Giugliano.

rings TO M C T Ac G
Naph 2 14.3+2.1 13.4+7.0 16.5+0.617.5+1.6 18.7+4.7 18.9+2.5
Ace 3 <dl 3.1+0.7 2.2+1.5 3.1+0.1 2.1+1.4 1.6x1.0
Flu 3 20+25 59+3.3 2.2+3.0 3.4+0.8 4.7+0.8 2.3x1.9
Phen 3 15.7+2.4 16.6£0.9 13.9+1.212.4+0.9 15.7+2.2 13.1+1.0
Ant 3 1.5+0.2 6.3+10.0 <dI <dI <dl <dl
Flt 4 4.4+0.5 10.8+0.7 13.0+0.60.0+0.8 12.7+0.9 12.3+1.4
Pyr 4 4.0+0.5 9.4+0.8 12.2+0.83.6+0.7 11.3+0.311.0+1.0
B[a]A 4 14.1+8.2 <dl <dI <dI 1.5+0.1 1.0+0.4
Chrys 4 1.1+0.5 11.0+0.2 10.2+0.3%.1+0.4 11.9+0.49.2+1.7
B[b]F 5 <dI 5.2+0.5 5.4+0.2 3.8#0.3 6.0+0.1 4.7+04
B[K]F 5 <dI 29+24 3.1+0.2 1.4+0.2 1.8+0.3 1.4+0.1
B[j]F 5 <dl 3.1+1.6 2.5+0.3 1.6+0.1 2.4+0.1 2.0+0.2
B[a]P 5 <dI 1.7¢2.0 0.9+0.6 <dI <dl 1.2+1.2
DB[a,h]A 5 <dl 2.4+3.3 <dI <dI <dl <dI
IP 6 0805 22+15 23+15 26+0.1 1.3t1.4 2.6+0.1
Blg,hj]P 6 15+0.1 15+1.7 24+1.7 1.9+1.2 3.0+0.1 1.9+1.2
DBJa,i]P 6 <dl <dl <dl <dl <dI <dI
DB[a,h]P 6 <dl <dl <dl <dI <dI <dl
DB[a,e]P 6 <dl <dl <dl <dl <dI <dI
DBJa,l]P 6 <dl <dl <dl <dl <dI <dI
> PAHs 59.4+6.7 95.3+18.6 86.7+6.1 72.2+5.5 94.9+4.9 83.3+6.2

<dl: below detection limit
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Few data are available about air PAH monitoringHypnum cupressiformenoss-bags: in the
urban area of Belgrade PAH concentrations in megs-tranged from 80 to 250 ng' @l.w.
(Vukovi¢ et al., 2015), whereas in London and Naples (\dnget al., 2015) the average total PAH
accumulation inHypnum cupressiformexposed was one order of magnitude higher than the
uptakes measured in the present study. Comparmgmbsent findings to the results previously
reported for a street canyon in the urban areaapi@é (De Nicola et al., 2013), we recorded higher
accumulation in the canyon for all PAHs, exceptednith similar values, and Ant and DBJa,h]A
with higher values in the present test. In a recntly (Monaco et al., 2015), the “Litorale
Domizio-Agro Aversano”, where the investigated agitural sites are located, was monitored for
soil PAH concentrations, being the soils of thisaawidely affected by storage of waste, or subject
to illicit dumping of unknown material. Similarlptwhat observed in the exposed moss, also in the
soils (two of which exactly located in the towns@ilugliano and Teverola), pyrene and chrysene
were highly represented respect to the total PArterd. Even if we cannot exclude that part of
PAH uptake in moss may derive from particle sosuspension, the different environmental
matrices (soil and moss) and their different exp@gimes should be considered when discussing
these data (Augusto et al., 2010).

The levels of single PAHs can be used as markeygesting PAH origin sources (Ravindra et al.,
2008 and reference therein): dominance of Chrysoasd in the PAH profile of the moss-bags,
was suggested in some studies as a marker of ndalvaod combustion (Ravindra et al., 2008;
Dvorska et al., 2011), confirmed also by the diagicoratio IP/(IP + B[g,h,i]P) higher than 0.5 in
the exposed moss (Yunker et @&002; Tobiszewski and Namiagk, 2012). Pyr and Flt resulted
high in emissions from incineration and oil comloust moreover other studies reported that the
diesel exhausts are enriched in Flt, Pyr and Cregpect to gasoline exhausts (Larsen and Baker,
2003). The ratio Flt/(FIt + Pyr) equal to 0.5 seetasindicate also the presence of vehicular

emissions (Yunker et al., 2002) in the investigateda. FIt and Pyr are reported among the
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dominant compounds in the PAH profilestbfpnummoss-bags exposed in urban areas (De Nicola
et al., 2013; VukoWi et al., 2015). However, it is noteworthy to rememthat the ratios are often
unable to resolve sources with sufficient accui@iggh et al., 2008), especially in the investidate

area where agricultural and urban sites, and gaiutant emission sources, are strictly mixed.

4. CONCLUSIONS

Results of the present survey indicBtgonum cupressiformmoss bags as a very sensitive tool to
detect airborne element and PAH inputs in a lanusciaracterized by a jeopardized structure in
which agricultural and urban/residential sites strectly mixed together. Particularly, through the
exposure scheme adopted for elements, we weret@ldescriminate different pollution levels in
agricultural and urban scenarios and green ametssub-scenarios. In general, agricultural sites
showed higher moss uptake than urban ones, asawathoss suspended at street sites, directly
facing the vehicular traffic. On the basis of mogsake, the whole study area is homogeneously
polluted. Agricultural practices and road traffippgar to be the major diffuse pollution sources
over the whole study area, both producing pollygadiculate matter that mosses are able to entrap.
The impact of agricultural practices, indicateddoy survey at a regional scale, seems in line aith
global trend; agriculture indeed, has been recemported as the leading source of particulate
matter (specifically PMs) in Europe, with a contribution of 40 % or higharmany European
countries (Lelieveld et al., 2015). Such a detailédrmation, up to a very small land scale, would
never be possible by using monitoring stationsp aensidering the large set of pollutants here
analyzed (i.e., 39 chemical elements and 20 PAH®refore, moss bags should be considered as a

valid candidate for a qualitative appraisal of aspteeric pollution for regulatory purposes.
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Supplementary material

Table S1.Element concentrations (mg-kgnean values * standard deviations, n = 3) ofl@®ents in moss exposed at 39 sites. TO = pre-
exposure values (n = 8). See the text for the labeés.

T0 GAL1G GA1S GA2G GA2S GU1G GU1S GU2G GU2s TALG TA1S TA2G TA2S TUG TUlS TU2G TUu2S MA1G MA1S MA2G
Al 300+76 500+100 600+100 667115 533+115 333+153 538+ 533+115 467+58 733+153 1.533+321 533+58 #4333 400+100 467 +115 367 £58 633 £ 58 467 58 7288 433 +58
AS 0.08+0.05 0.20£0.23 0.05+0.00 0.10+0.06 2.07+0.12 0.@¥G 0.12+0.06 0.10+0.06 0.20+0.23 0.07+0.00 8&B.26 0.28+0.20 0.43+0.12 028+0.26 0.17%01023+029 0.10+0.06 0.25+0.21 060+0.40 0.@BAO
B 3.00+£0.00 3.67+0.58 4.33+1.15 3.67+0.58 4.3858 4.00+£0.00 5.00+0.00 3.00+0.00 3.00+1.007%®58 7.33+1.15 3.00+1.00 3.67+0.58 3.3380.8.00+0.00 3.33+0.58 3.00+0.00 3.33+0.58 4.000® 3.67+0.58
Ba 14.38+082 16.70+1.21 18.67+1.71 18.03+1.11638&0.15 16.53 +0.49 19.23+0.95 17.67 + 0.50 184768 18.97 +0.35 26.57+3.02 16.63 +0.31 16.0004116.40 + 1.01 17.20 +0.26 24.80 +1.14 18.43+0DK77+0.95 21.17+1.96 15.60 +1.15
Ca 3638+92 4833+208 7533+1.002 4867 +208 5200+ 100 50332 25800 +100 5533551 5733+ 153 6033 +289 121673204700+ 100 4467 +231 4433404 5000 +173 4767225300+ 100 5200+200 8367 +902 4533 +58
Cd 0.08+0.02 0.07+001 009+001 010£0.03 0.10+0.02 0. 0.08+0.01 0.07+0.02 0.09+001 0.09+002 9&0.01 0.09+0.00 0.09+0.02 008+0.03 0.0790.0.11+0.01 0.09+0.01 008+0.02 008001 0.@
Ce 0.29:0.02 0.66+0.08 0.80+0.13 095+0.12 0.80+0.12 0.4DG 0.62+0.05 0.66+0.06 0.59+0.04 114+0.17 528.87 0.60+0.02 0.66+0.14 0.52+0.06 0.59:80.00.47+0.04 0.82+0.08 080+0.04 1.20+0.24 0.5504
CO 0.12+0.02 013+0.03 0.18+0.04 0.16+0.04 015+002 0.I2G 0.19+0.03 0.17+0.02 0.17+0.05 0.22+0.01 0&49.08 0.18+0.03 0.16+0.07 0.15+0.03 0.19£0.00.28+0.04 0.22+0.02 0.17+0.03 0.22+0.03 0.1002
Cr 225:0.20 257+0.31 247+021 233012 497+051 26742 2.87+0.31 3.13+040 293+0.31 343+035 734.15 290+052 277+040 2.67+0.31 28780.24.17+025 3.13+0.21 283+0.15 3.07+040 2.6017
Cs 007%0.01 011+0.01 013+002 0.16+0.01 0.13+000 0.GBG 0.10+0.00 0.10+0.01 0.11+0.00 0.19+0.03 0&H.11 0.10+0.01 0.11+0.02 0.09+0.00 0.1120.00.08+0.00 0.12+0.00 0.13+0.01 0.18+0.03 0.1004
CU 477+0.28 588+0.09 581+024 6.87+0.18 13.34+182 6.0969 8.14+049 6.56+0.18 7.63+060 8.08+1.1057&062 623+0.78 6.14+0.68 588+0.12 7.26780. 6.35+0.43 7.20+0.16 6.87+0.55 13.07+1.84 E0NBO
Fe 404+15.98 527 +30.55 590 +45.83 603+35.12 577 +11.55 4608Q 580 +36.06 640 +91.65 613 +25.17 727 +98.6660A4199.25 517 + 15.28 490+ 72.11 490 + 20.00 565.68 883 + 105.04 600 +10.00 577 +55.08 820 + 110.007 435.12
Hf 001£0.00 002001 001+001 002+0.01 0.02+001 0.QLG0 0.02+0.01 001+0.01 0.01+0.00 002+001 2&®.00 0.01+0.01 0.02%0.01 0.01+0.01 0.01:0€0.00.02+0.00 001+0.00 0.01+0.01 003+0.01 0.G100
Hg 48 £16 50+3 39+3 49+12 49£5 477 51+10 368 4412 48+4 41£2 45+6 3814 48+12 495 45+3 40+13 46+2 466 386
K 313852 1933+153 1733+231 2000+200 1967 +58 2400+265671958 2033+153 2100+ 100 2133+115 3000+100 22633 2000+173 2233+58 2267 +115 2200+173 2200& 1767 £252 1633+153 1567 +153
La 014+003 033+005 044+009 050+0.07 041+002 0206 0.29+0.04 0.28+0.03 031002 0.58+0.09 4%434 026001 0.31+006 024002 0.29:80.00.22+0.02 0.38+0.03 0.39+0.06 059+0.10 0.7908
Li  019+002 036+006 036+004 038008 0.32#8 0.28+0.01 0.30£0.03 0.35+0.04 0.35+0035&H5.10 098+0.25 027+0.05 0.31+0.07 0.3420.0.45+0.07 023+002 039+002 0.33+0.07 04806 0.35+0.04
Mg 81318 953+ 12 1030+30 1000+30 1003+35 95723 1107+4987 £21 1023+6 1110+36 1420+111 1010+10 98B+ 953+58 101026 940 + 40 990 + 26 1017 £ 49 1046+ 970+26
Mn 101 14+1 15+1 18z+1 17+1 12+1 14+1 16=+1 15+1 19 377 194 14+1 13+1 15+1 16+1 173 17+1  23%2 14+1
MO 0.22+0.02 028+003 0.31+003 041+0.02 041+006 02962 033+0.04 0.32+0.02 0.35+003 0.36+0.05 5&4.04 029+005 040+00l 0.28+0.03 0.3550.00.54+0.06 0.34+002 0.30+0.04 0.46+0.06 0.7504
Na 1863:58 135329 1260+174 1390+90 1467 +40 1677 +183 1429 1307+166 1423+91 1527 +42 2057 +21 1420+ 9B130+ 128 1533+81 1653+65 136785 1520+96 18661 1220+114 1243+49
Nb 002£0.00 011+001 012+002 018+0.02 0.16+003 0.4 0.06+0.02 0.07+0.01 0.09+001 0.17+0.03 6&H.15 0.08+0.02 0.10%0.01 0.06+0.00 0.0720.00.05+0.02 012+0.02 012+0.02 021+0.04 0.000d
Ni  084£011 1.00£020 097+0.12 1.33+0.06 1.03+006 0.90¥ 1.37+021 1.27+029 113+006 1.13+0.31 3%H.06 117+029 1.13%0.15 0.97+0.06 1.1360.11.20+0.26 1.10+0.20 1.00+0.10 1.00+0.10 0.7816
P 1.118+24 820x10 853 + 40 893+ 31 883+£32 1.000+44 930+79 17850 910+ 35 917 +40 967 + 31 930 + 53 897+65 832 957 +49 910 + 62 903 + 32 860 + 20 850 + 20 76@1+ 4
Pb 058+003 1.99+026 1.91+044 341+013 3.47+020 1.601 203+009 2.83+071 183+009 517+0.35 2&:8.93 4.81+049 537+118 1.74+021 3.024081.21+18.37 3.77£0.77 4.61+071 559+1.20 D0
S 513+314 217+115 1.067+252 867416 1367 +231 2333 4626722321 2100+625 1400+ 625 1333 +£252 1367 +153 0331 700+200 933+115 1500+200 967 +635 733315467 =306 1000 400 + 265
Sb 036+004 082+008 1.15%0.37 0.65+0.06 059+002 0.788 0.73+0.04 0.68+0.08 0.81+009 0.76+0.02 4&®.16 0.77+0.09 0.66+0.13 0.86+0.19 1.1190.10.75+0.12 0.68+0.06 0.72+0.01 1.34%022 0.9/
SC 033:0.14 020+0.05 0.37+006 040+0.05 0.33+006 0.3D86 0.40+0.05 0.37+0.06 0.33+0.06 0.37+0.06 3&®.06 0.37+0.06 0.30+0.08 0.37+0.06 0.40:80.00.33+0.06 043+0.06 0.40+0.05 0.40+0.08 0.3806
Se 044:0.07 037+0.06 063021 040+0.30 0.27+006 0.Z¥G6 0.43+0.12 047+0.12 0.23+0.06 027+0.06 3@&D.15 0.10+0.06 0.30+0.10 0.43+0.21 0.2760.00.27+0.06 0.18+0.10 017+0.17 0.17+0.06 0.1V
SN 027+0.02 031+0.07 043+0.05 042+0.04 045+003 04086 0.71+0.12 0.41+0.03 0.54+007 0.48+0.04 8&49.02 0.37+0.03 0.34+009 043+0.01 0.58:50.00.38+0.06 0.53+0.04 0.45+0.04 094+0.19 0.3210
Sr 810+0.21 10.60+0.46 13.13+0.91 12.10+0.26 12.40 + 0.3641@ 0.49 12.93 + 0.15 11.43 + 0.75 12.10 + 0.44 138740 23.77+2.97 11.63+0.15 11.33+0.46 10.7767011.37 + 0.42 11.07 +0.70 12.27 +0.59 11.87 + 0.65.33 +1.56 10.83 +0.12
Th 004001 008+001 010+001 011001 0.10+001 0.4 0.07+0.01 0.08+0.01 0.08+000 0.14+001 1&D.01 007+0.01 0.08+0.01 0.06+0.00 0.0700.00.06+0.01 0.09+0.01 0.09+0.01 0.12+0.02 0.4
Ti 650053 12.33+1.53 13.67 +2.31 16.67 +1.15 14.00 + 1.003&3.15 10.67 +1.15 11.67 + 0.58 11.33 + 1.15 19.324 45.33+9.24 10.67+0.58 11.33+£2.31 9.67 5112.00+2.65 9.33+0.58 14.67 +0.58 14.67 +1.536224.51 12.00 + 1.00
Tl 001000 0.02+0.01 0.01+0.00 0.02+0.00 0.01+0.00 0.@LG® 0.01+0.00 0.01+0.00 0.01+0.00 0.04+0.00 7&@.01 0.02+0.01 0.02+0.00 0.01+0.00 0.01:€0.00.01+0.00 0.02+0.00 0.02+0.00 0.02+0.00 0.W8CO
0.02+0.01 0.05+0.01 0.05+0.01 0.05+0.01 0.04+0.00 0.GRG® 0.03+0.01 0.03+0.01 0.04+0.01 0.05+0.01 2&D.03 0.03+0.01 0.03+0.01 0.03+0.01 0.036€0.00.02+0.01 0.04+0.00 0.04+0.01 0.06+0.01 0.@BGO
2.38+1.51 3.33+£0.58 4.33+0.58 4.67+0.58 5.67+0.58 5.6¥58 6.33+1.15 5.67+1.15 500+100 4.00+1.00 74®.58 233+173 1.33x0.00 3.33+1.15 4.6780.5.00£1.00 2.67+058 2.67+0.58 1.00+0.00 3.0009
0.07 £0.01 0.18+0.02 0.20+0.04 0.21+0.02 0.20+0.01 0.M@ 0.16+0.02 0.17+0.03 0.16 +0.03 0.26 +0.03 8&H.13 0.14+0.01 0.15+0.03 0.12+0.02 0.15:0.00.13+0.03 0.20+0.02 0.19+0.02 0.27£0.04 0.1604
ZNn 853+0.77 15.17+0.75 39.83+7.18 27.77+1.22 17.57 + 1.5573@& 1.31 15.43 +0.12 12.50 + 0.56 13.63 + 1.65 122040 1553+ 150 15.27 + 0.50 15.30 + 4.50 13.3319118.73 + 3.09 22.07 +1.86 18.17 +0.68 50.73 +B124.97 + 3.89 26.57 + 11.50
Zr 021+0.02 0.68+0.14 0.87+0.18 1.07+0.06 0.86+0.05 0.3208 0.54+0.04 0.48+0.03 0.60+0.04 1.02+0.05 4%®.10 050+0.02 0.58+0.11 0.41+0.02 0.5360.00.69+0.08 0.84+0.05 075+0.19 1.14+0.15 0.5pQ4
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Chapter 4 Fiore Capoz
Table S1.Continued.

MA2S MU1G MUIS MU2G MU2S AcAlG AcAlS AcA2G AcA2S AcUIG AcU1S AU2G AcU2S CAIG CA2G CA2S CUIG CU1IS CU2G Cu2S
Al 567 +58 367 +58 433 +58 400 + 100 367 + 115 667 +58 33 8252 367 +58 433 +58 300 + 100 433 +58 667 + 153 67 858 533+58 567 + 58 467 £58 333+58 467 + 58 338 300+0
AS 015+0.12 0.05+0.00 0.05+0.00 0.20+0.23 0.1312 0.07+0.00 0.05+0.00 0.10+0.06 0.05+0.00 5&0@.00 0.25+0.15 0.23+0.29 0.05+0.00 0.25#0.2 0.38 +0.36 0.47 £0.25 0.17+0.17 0.18+0.10 0.Z624 0.40+0.26
B 4.33+0.58 2.67+0.58 3.00+£0.00 2.67+0.58 3.3858 433+0.58 4.67+058 4.33+058 3.67+0.58 32®.58 4.00+0.00 5.00+0.00 4.67+0.58 6.0090.07.00+1.00 6.67 +1.53 5.33+0.58 5.67+0.58 6.0080 4.00+0.00
Ba 16.67+0.67 15.77 +1.05 17.67 +0.55 15.57 +0.92 3@211.79 18.93+0.64 20.27 +0.40 15.60+0.44 148F0 15.40+0.26 18.07 +0.68 19.87 +0.95 16.4326 17.10+0.36 16.47 +0.38 17.50+2.50 15.63$€1.68.33+0.25 15.13+0.57 14.30+0.20
Ca 5167 £252 4500 +100 5833 +153 5000 + 300 5533 +289 333558 5767 +153 5033 +58 4933 £58 4467 +115 57808 7533 +153 5067 £58 5233 +252 5033 + 321 5360@ 4667 +252 6067 + 351 4767 £58 4933 + 208
Cd 0.08+0.01 0.08+0.02 0.07+0.02 0.07+0.01 0.0 0.08+0.01 0.09+0.03 0.09+0.01 0.08+0.01 8&®.01 0.08+0.01 0.10+0.01 0.09+0.01 0.1040.00.09 +0.02 0.07 +0.01 0.08+0.02 0.08+0.01 O0.@/a 0.08+0.02
Ce 0.80£0.04 0.42+0.02 0.65+0.05 0.48+0.16 0.9104 1.08+0.02 1.29+0.04 058+0.04 0.49%0.03 1&49€.02 0.74+0.06 1.09+0.09 0.54+0.03 0.89#0.00.68+0.04 0.87+£0.14 0.42+0.04 064+0.06 0.4208 0.42+0.03
CO 019+0.03 010+0.03 0.18+0.02 0.12+0.02 0.1804 0.21+0.03 0.24+0.01 0.15+0.02 0.13+0.02 1@&D.03 0.15+0.04 0.25+0.04 0.10+0.01 0.17 #40.0 0.16 +0.01 0.17 £0.07 0.14+0.03 0.15+0.03 0.I2GA 0.15+0.06
Cr 270+0.26 293+0.32 3.40+0.26 2.93+0.42 3.@BG6 320+0.26 3.23+0.15 2.87+0.29 283+0.1502D.10 297+0.15 3.13+0.29 2.73+0.15 2.8340.22.97+0.21 2.83+0.21 280+0.30 3.07+0.15 2.6/ 263+0.21
Cs 0.13+0.00 0.08+0.01 0.10+001 0.09+0.01 0.@20e0 0.18+0.01 0.21+0.00 0.10+0.00 0.09+0.00 8&®.01 0.12+0.01 0.17+0.02 0.10+0.01 0.14 0.0 0.11 +0.00 0.13 +0.02 0.08+0.01 0.11+0.01 0.@8G4 0.08+0.00
CU 7.14+0.61 456+058 7.33+0.56 4.25+0.23 448718 8.71+1.05 10.38+0.30 6.47+0.09 5.47+0.2429%0.05 7.87+0.41 9.20+0.34 6.18+0.14 6.69350. 5.88+0.29 6.03 £0.58 5.27 +0.27 7.36+0.52 48819 4.91+0.04
Fe 563+ 6 440 £ 27 593+ 70 477 +86 510 + 46 687 + 21 ¥20 493 +6 473+6 427 +6 563 +32 740 + 60 480+10 3 6@1 563 +23 600 + 85 467 + 25 580 + 17 450 + 20 43D+
Hf 0.03+0.01 0.01+0.00 0.01+0.00 0.02+0.01 0.00100 0.02+0.01 0.02+0.01 0.01+0.00 0.01+0.00 1&@.00 0.01+0.00 0.02+0.00 0.01+0.01 0.0240.00.01+0.01 0.02+0.01 0.01+£0.00 0.02+0.01 0.@@® 0.01+0.01
Hg 51+20 38+7 47+9 52+12 50+1 49+6 507 39+3 6 +12 45+8 45+ 10 53+3 49+12 55+8 71+6 64+7 142 64+8 50+7 43+4
K 2100+ 100 1833 +115 1833+153 1733+58 1900 + 265 3328115 1833 +58 2100+ 100 2233 +58 23000 206B+ 1833 +58 2533+58 22000 2300+0 2133 +58 2400&@ 2333 +231 2133 +153 2133 +58
La 040+0.01 021+0.03 0.30+0.02 0.24+0.05 0.2804 050+0.03 0.64+0.02 0.26+0.02 0.24+0.01 9@D.02 0.35+0.04 0.54+0.05 0.24+0.03 0.5480.10.31+0.02 0.42+0.10 0.21+0.03 0.33+0.03 0.2008 0.20+0.01
Li 0.36 £0.03 0.24+0.06 0.28+0.03 0.24+0.07 0.3104 0.43+0.02 046+0.05 0.30+0.03 0.26+0.02 2&».06 0.26+0.03 0.41+0.03 0.29+0.04 0.3860.0 0.37 +£0.02 0.42 £0.07 0.23+0.04 0.32+0.07 0.2802 0.20+0.02
Mg 960 + 17 930+ 17 990 + 26 930 +44 927 + 45 1037 £ 15 901820 1017 + 12 937 +15 897 +15 967 + 6 1103 + 38 920 1093 + 21 1160 + 108 1137 + 135 993 +57 1060 + 26 957 + 25 897 +21
Mn 16+1 11+1 15+1 11+2 12+1 18+1 21+0 14+1 +B 12+0 14+1 201 14+1 19+1 15+1 19+2 13+1 16+1 13+1 35+17
MO 0.31+0.02 025+0.02 0.36+0.02 0.25+0.04 0.3108 0.32+0.02 0.33+0.04 0.23+0.03 0.24+0.01 4@D».02 0.31+0.04 0.34+0.03 0.30+0.03 0.35+20.00.29 +0.05 0.34+0.03 0.25+0.02 0.35+0.01 02602 0.22+0.03
Na 1563+67 1237+51 134089 1187 + 49 1270 +223 w@&a7 1603 +163 1603 +45 1477 + 31 1367 + 15 1480 +30430+17 1673+32 1800+10 1947 + 126 1857 + 110 1539 1623 + 65 1377 +90 1360 + 30
Nb 0.14+£0.02 0.04+0.00 0.08+0.02 0.05+0.02 0.0 0.21+£0.00 0.22+0.03 0.07+0.01 0.05+0.01 4&20@.00 0.11+0.01 0.18+0.01 0.07+0.01 0.15+20.00.07+0.01 0.13+0.04 0.05+0.01 0.07+0.00 0.@B 0.04+0.01
Ni 1.67+0.85 1.03+0.15 1.13+0.06 0.97+0.15 1.1m1 1.23+0.15 1.20+0.10 1.17+0.06 0.90%0.00 3@&9.15 1.00+0.10 1.17+0.12 1.10+0.10 1.209€0.11.17+0.15 1.10+0.10 1.30+0.10 1.17+0.06 1.@/¥ 0.93+0.06
P 863 +25 777 £21 793 +47 720 + 20 813 +32 887 +21 830 837 +32 877 +15 913 + 15 847 + 15 877 +45 o+ 973+32 943 + 45 930 + 46 967 +38 950 + 30 873+31 40844
Pb 2.86+0.17 213+0.46 3.46+0.11 1.38+0.18 1923 266+0.11 3.72+0.08 152+0.02 1.24+0.059%kD.02 1.84+0.08 348+0.16 2.32+051 3.4580.22.07+0.12 2.32+0.50 1.59+0.18 195+0.30 21887 1.61+0.34
S 700 +557 600+200 800+346 467 +115 1167 + 404 8232 833+351 1033+153 967 +321 1067 +321 183+10650+503 867 +153 1033+231 2000+1179 2033 £961 6726252 2467 +751 1500 +529 517 +379
Sb 0.74+0.08 0.74+0.10 0.98+0.27 0.67+0.19 0.726 122+0.21 1.02+0.05 0.68+0.06 0.93+0.06 4&®.03 0.91+0.06 0.78+0.04 0.83+0.07 0.85%€0.01.01+0.16 0.86 +0.10 1.14+0.23 095+0.24 0.5206 0.94+0.12
SC 047+0.10 0.37+0.06 0.40+0.05 0.40+0.08 0.3M068 0.30+0.05 0.40+0.05 0.37+0.06 0.30+0.08 7&®.06 0.37+0.06 0.33+0.06 0.33+0.10 0.3050.0 0.33+0.06 0.40 £ 0.05 0.47+0.06 0.33+0.06 0.3766 0.33+0.08
Se 0.20+£0.00 0.33+0.15 0.40+0.10 0.18+0.10 0.3 043+0.12 0.25+0.15 0.40+0.10 0.37+0.12 0@®.10 050+0.10 0.40+0.10 0.27+0.12 0.30#9€0.10.33+0.21 0.37+0.15 0.27+0.12 0.47+0.12 0.2 0.23+0.06
Sn 0.44+£0.06 0.41+0.09 0.67+0.09 0.34+0.05 0.4106 0.48+0.03 0.56+0.08 0.33+0.07 0.28+0.04 1&®.04 056+0.04 0.70+0.04 0.42+0.07 0.3860.0 0.34+0.04 0.38 +£0.08 0.29+0.05 052+0.05 0.27G8 0.26 +0.04
Sr 11.23+0.32 10.10+0.26 11.47 +0.42 10.50+0.61 03%1.40 12.40+0.17 13.77+0.23 11.20+0.20 1@6R5 9.57+0.12 11.53+0.38 14.73 +0.31 10.5712012.47+0.49 12.47 +0.91 12.77+1.75 10.53+0.62.30+0.20 10.27 £+0.40 10.13+0.21
Th 0.09+£0.00 0.04+0.00 0.07+0.01 0.06+0.01 0.@600 0.11+0.00 0.12+0.01 0.07+0.00 0.05%+0.01 4&®.01 0.08+0.01 0.10+0.01 0.06+0.01 0.09#40.00.07+0.01 0.07 £0.01 0.05+0.00 0.07+0.00 0.@G® 0.04+0.00
Ti 16.00+0.00 8.67+0.58 12.00+1.00 9.33+1.53 1&6K8 21.67+0.58 26.00+0.00 12.00+0.00 10.€758 8.67 +0.58 14.00+0.00 21.00+2.65 11.00 + 013033 +1.15 11.67 +0.58 15.33+2.08 9.33+0.58 328.58 8.33+0.58 8.00+0.00
T| 0.03+0.01 0.02+0.00 0.02+0.00 0.03+0.00 0.®100 0.03+0.00 0.03+0.00 0.01+0.00 0.01+0.00 1&@.00 0.01+0.00 0.03+0.00 0.02+0.01 0.039€0.00.03+0.00 0.02 +0.00 0.01+£0.00 0.02+0.00 0.@@® 0.02+0.01
U 0.05+0.01 0.03+0.00 0.03+0.01 0.03+0.00 0.@BA. 0.06 £0.01 0.07+0.01 0.03+0.00 0.03+0.01 2&®.01 0.04+0.01 0.06+0.01 0.03+0.00 0.04#0.00.03+0.00 0.04 £0.01 0.02+0.01 0.03+0.01 0.@B8@® 0.03+0.00
\Y 3.00£0.00 4.33+1.15 5.67+153 4.67+0.58 6.0078 467+115 533+058 500+1.00 3.33+153 0k@.00 1.67+0.00 2.33+0.58 2.33+0.58 3.3380.55.67+0.58 4.67 £0.58 5.00+0.00 4.00+1.00 3.a000 2.00+0.58
Y 0.19+0.02 0.10+0.01 0.18+0.03 0.12+0.01 0.011. 0.25+0.01 0.29+0.04 0.14+0.00 0.13+0.01 2&D.00 0.17+0.01 0.25+0.03 0.13+0.01 0.21£20.00.17 £0.02 0.21+0.04 0.11+0.01 0.17+0.03 0.I2GA 0.11+0.00
Zn 13.27+1.21 11.77+0.49 1547 +0.59 11.87+0.49.81%177.66 17.93+0.21 21.13+0.65 83.63 +£5.5280@.0.56 10.07 +0.55 14.87 +0.75 22.50+ 1.06 1& 0066 13.20 +0.62 103.90 +48.02 192.93 +35.62 29746 116.97 +15.37 9.70+0.10 9.77+0.21
Zr 0.90+0.06 0.35+0.03 0.63+0.07 0.40+0.04 0.4808 0.89+0.03 1.06+0.10 0.50+0.02 0.41+0.04 1&®.02 0.67+0.02 0.89+0.03 0.47+0.02 0.8190.00.54+0.03 0.77+0.11 0.33+0.04 064+0.11 0.3302 0.35+0.07
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Table S Correlation matrix based on Pearson correlatimefficient of the element accumulated in mosseosag in agricultural sites.
Significant correlations are highlighted in red.

Al As Ca Cd Ce Co Cr Cs Cu Fe Hf Hg K La Mg Mn Mo Na Nb Ni P Pb S Sb Sc Se Sn Sr Th Ti TI U \% Y Zn  Zr
Al 1.00 0.05 0.85 0.42 0.93 0.90 0.21 0.94 0.22 0.92 0.24 -0.37 0.60 0.93 0.51 0.86 0.73 0.14 0.89 0.66 0.38 0.73 -0.13 -0.29 -0.28 -0.21 0.17 0.91 0.41 0.88 0.80 0.89 -0.37 0.93 -0.46 0.55
As 0.05 1.00 0.41 0.38 0.07 0.04 0.69 0.03 0.42 0.11 0.14 0.07 -0.12 0.13 0.20 0.10 0.47 -0.02 0.090.09- 0.21 -0.03 0.34 0.01 0.14 0.39 0.14 0.27 0.17 -0.06 -0.20.12 0.25 0.13 0.16 0.30
Ca 0.85 0.41 1.00 0.32 0.89 0.87 0.42 0.87 0.51 0.93 0.41 -0.41 037 091 0.47 0.87 0.86 0.06 0.89 0.58 0.27 0.69 -0.11 -0.12 0.06 -0.14 043 0.92 0.47 0.85 0.61 0.86 -0.41 0.91 -0.31 0.72
Cd 0.42 0.38 0.32 1.00 0.17 0.31 0.70 0.23 0.40 0.23 -0.03 -0.20 0.34 0.19 0.07 0.11 0.24 -0.04 0.170.28 0.29 0.13 0.08 -0.08 -0.40 0.30 0.03 0.26 0.57 0.09 0.02.280 0.25 0.19 -0.50 0.13
Ce 0.93 0.07 0.89 0.17 1.00 0.94 0.14 0.99 0.16 0.96 0.26 -0.40 059 0.99 0.57 0.95 0.77 0.21 0.98 0.62 0.36 0.73 -0.09 -0.34 -0.16 -0.17 0.16 0.95 0.29 0.96 0.81 091 -0.41 1.00 -0.25 0.60
Co 0.90 0.04 0.87 0.31 0.94 1.00 0.29 0.92 0.28 0.97 0.31 -0.35 0.67 0.91 0.57 0.94 0.70 0.27 0.88 0.72 0.46 0.72 -0.02 -0.17 -0.01 -0.22 0.29 0.92 0.41 0.93 0.80 0.82 -0.39 0.93 -0.26 0.55
Cr 0.21 0.69 0.42 0.70 0.14 0.29 1.00 0.15 0.55 0.20 -0.16 -0.22 0.13 0.17 0.16 0.16 0.19 0.01 0.120.07- 0.21 0.09 0.27 0.10 0.03 0.27 0.11 0.31 0.36 0.09 -0.14 14 0. 0.26 0.18 -0.17 0.08
Cs 0.94 0.03 0.87 0.23 0.99 0.92 0.15 1.00 0.15 0.93 0.19 -0.47 0.59 0.99 0.52 0.92 0.72 0.17 0.98 0.59 0.32 0.73 -0.14 -0.38 -0.26 -0.16 0.10 0.93 0.32 0.96 0.80 093 -0.39 0.99 -0.34 0.57
Cu 0.22 0.42 0.51 0.40 0.16 0.28 0.55 0.15 1.00 0.31 0.55 -0.47 -0.32 0.21 -0.36 0.16 0.40 -0.49 0.24 0.22 34-0. 0.18 -0.43 0.35 0.41 -0.03 0.82 0.17 0.76 0.27 -0.21 0.37 -0.33 0.20 -0.51 0.6
Fe 0.92 0.11 0.93 0.23 0.96 0.97 0.20 0.93 0.31 1.00 0.45 -0.34 0.57 0.95 0.56 0.96 0.82 0.21 0.92 0.75 0.41 0.75 -0.08 -0.18 0.03 -0.25 0.38 0.95 0.42 0.94 0.80 0.87 -0.47 0.96 -0.25 0.67
Hf 0.24 0.14 0.41 -0.03 0.26 0.31 -0.16 0.19 0.55 0.45 1.00 -0.05 -0.12 0.28 -0.11 0.36 0.65 -0.22 0.31 0.65 0.00 0.28 -0.31 0.14 0.54 -0.210.84 0.22 0.57 0.31 0.14 0.37 -0.55 0.28 -0.11 0.79
Hg -0.37 0.07 -0.41 -0.20 -0.40 -0.35 -0.22 -0.47 -0.47 -0.34 .050 1.00 0.22 -0.44 0.41 -0.32 -0.26 0.67 -0.53 0.03 0.54 -0.55 0.77 0.40 0.14 0.22 -0.26 -0.24 -0.65 -0.49 -0.13 -0.56 0.57 -0.41 0.78 -0.50
K 0.60 -0.12 0.37 0.34 0.59 0.67 0.13 0.59 -0.32 0.57 -0.12 0.22 1.00 0.52 0.81 0.56 0.25 0.79 0.45 0.63 0.82 0.23 0.52 -0.14 -0.39 0.15 -0.32 0.63 -0.12 0.50 0.68 0.38 0.26 0.56 0.18 -0.08
La 0.93 0.13 0.91 0.19 0.99 0.91 0.17 0.99 0.21 0.95 0.28 -0.44 0.52 1.00 0.52 0.94 0.80 0.13 0.98 0.58 0.32 0.74 -0.13 -0.38 -0.16 -0.16 0.18 0.95 0.34 0.95 0.77 0.93 -0.43 1.00 -0.29 0.66
Mg 0.51 0.20 0.47 0.07 0.57 0.57 0.16 0.52 -0.36 0.56 -0.11 0.410.81 0.52 1.00 0.61 0.37 0.84 0.41 0.43 0.87 0.29 0.70 -0.07 -0.10 0.00 -0.27 0.72 -0.36 0.42 0.69 0.26 0.19 0.56 0.46 -0.09
Mn 0.86 0.10 0.87 0.11 0.95 0.94 0.16 0.92 0.16 0.96 0.36 -0.32 0.56 0.94 0.61 1.00 0.80 0.22 0.90 0.63 0.47 0.81 -0.01 -0.35 0.07 -0.33 0.26 0.94 0.33 0.90 0.84 0.80 -0.51 0.95 -0.14 0.62
Mo 0.73 0.47 0.86 0.24 0.77 0.70 0.19 0.72 0.40 0.82 0.65 -0.26 0.25 0.80 0.37 0.80 1.00 -0.05 0.79 0.61 0.33 0.66 -0.10 -0.34 0.11 -0.12 045 0.79 0.52 0.67 0.52 0.78 -0.46 0.80 -0.19 0.86
Na 0.14 -0.02 0.06 -0.04 0.21 0.27 0.01 0.17 -0.49 0.21 -0.220.67 0.79 0.13 0.84 0.22 -0.05 1.00 0.05 0.35 0.78 -0.21 0.82 0.23 -0.13 0.28 -0.40 0.33 -0.60 0.14 0.37 -0.06 0.54 0.190.67 -0.40
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General Conclusions

The biomonitoring with “moss-bags” transplants isnathodology not yet proposed by the EU
legislation and hence rarely applied by territoaithorities involved in air pollution control,
mainly because there is a lack of standardizedeplaes, the atmospheric content of pollutants
cannot be inferred from the amount of depositedtenantercepted during the exposure period
(mostly for the lack of instrumental data to bedusethe inter-calibration analysis) and threshold
values indicating the degree of exposure risk assimg. On the other side, this methodology can
give precious information to rebuilt fall-out patie from diffuse or single emitting sources, to
evaluate temporal trends, to identify hot-spotgalfution when the aim is to plan the location of
instrumental recording gauges.

The main aim of this PhD thesis was actually todsadize the “moss-bags” methodology,
and two field experiments were performed, makinmgarisons that were never or insufficiently
tested before, with the aim to demonstrate theceéeness of this technique.

In the first work Chapter 1), the potentialities of a devitalized clone $f palustreas an
excellent biomaterial for the active monitoring pérsistent air pollutants were shown. The
comparison between the elemental concentratio8. gfalustrecollected in background, pristine
sites and those of differently treated clones ef shhme specie cultivated in highly standardized
conditions clearly showed that the latter have lbowed homogenous element concentrations.
Moreover, the laboratory production can solve trabjems linked to the uncontrolled harvesting of
material in the wilderness; in addition, it enablesrained people, involved in the applicationlad t
methodology, to work with the warranty of havingharketed homogeneous material. This solution
is also eco-friendly, since the clone needs onéy dlien-devitalization (necessary to preserve the
biomaterial, it ensures its easy handling and stprand eliminates the variability due to possible
differences in moss growth rate during exposurbg EDTA washing, although essential for native

species, is unnecessary for the clone whose elameoitent is very low. These characteristics
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indicateS palustreas particularly suitable to monitor atmospheripatgtions also in low polluted
environments and for short exposure periods. @sults were also confirmed by a field test, in
which the S. palustreclone showed a significantly higher metal uptal@nmpared to wild
Pseudoscleropodium pururfiherefore, the use of th®. palustreclone, with its low and stable
elemental signature, should be taken into accaurdin pollution biomonitoring, being a highly
performing material.

In the second workQhapter 2), for the first time a systematic experimentaligiestesting
separately the various variables affecting mosakgin bag, has been performed in three countries
differing for climate and meteorology and, in eacluntry, choosing sites belonging to diverse land
use classes, in order to single out the best expaalutions. The results evidenced that the shape
of the bags and the mesh size do not affect thenawlation capacity of the exposed moss, whereas
the density of the moss inside the bags directijy@mces the uptake capacity. Moreover, it has
been evidenced that three weeks of exposure wadequate to get a detectable accumulation,
while only a small difference were observed betw#den 6- and 12-week periods of exposure.
Finally, the height experiment did not show sigraft differences among the three tested standard
heights (4, 7, 10 meters above the ground). Acogrdo the reported outcomes, we consider
preferable to use a Mossphere (being not home-madsgable and with a fixed shape) with a 2 mm
mesh and a weight/surface ratio ranging betweenm t 15 mg cnt exposed for a period not lower
than 6 weeks (for an increased temporal resolutadnd meters above the ground (merely for
practical reasons).

In Chapter 3, it was demonstrated that the combined use ofm&thods for evaluating air
pollution, the inventory of emission sources andnimnitoring by moss transplants, could be a
useful tool to study air quality and set up possit@mediation plans. When the emission inventory
is based on a reliable and constant-over-time sipgllution source, the two data sets showed
coincident outputs, whereas less overlapping ostpeatre obtained for those contaminants showing

multiple and scattered sources, variable in timeer&fore, the joint use of the two approaches
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could be particularly useful in areas of allegetlytion to support the monitoring of attainment of
limit values established by the current legislatibhe comparison between the two data sets (i.e.
emission inventory and biomonitoring) allowed togal purported pollution point sources and the
simultaneous detection of contaminants not monitdrgeautomatic devices or eluding the emission
inventories.

In the fourth experimentQhapter 4), through the exposure scheme adopted, it wasegrov
that Hypnum cupressiformémoss-bags” are able to discriminate differentlygadn levels in
agricultural and urban scenarios and green andtstd-scenarios in a landscape characterized by
a jeopardized structure, where these sites actlgtmixed together. In particular, we found thae t
agricultural sites can be more impacted, in terfnmoss uptake, than urban ones. At a regional
scale the impact of agricultural practices on aldqy was fully circumstantiated; this result seem
to be in line with a global trend, since agricudtinas recently been reported as the leading sofirce
particulate matter (specifically P\ in Europe. Such a detailed information, down teesy small
land scale, would never be possible by using mangostations, also considering the large set of
pollutants here analysed (i.e. 39 chemical elemamis20 PAHS).

All together, the results seem to give fully suggdorthe adoption of the moss bag technique

at EU level in order to improve data quality in fredd of air pollution monitoring.
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