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Abstract

Atmospheric dispersion model (ADM) simulations are increasingly used as management tools in air pollution monitoring
programs, even in the absence of proper validation. Biomonitors can provide important information for ADM validation, but
an open question is their temporal frame of application, particularly when native organisms are used. In this study, we tested two
alternative ADM simulating the total suspended particulate (TSP) released by a coal power station, against the element content of
two native lichens collected at 40 sites, integrated by soil samples. The ADM simulations differed by the time references: the 6-
month period preceding lichen sampling, approximately corresponding to the estimated age of the samples (Mod. A), and the
whole year 2005, representative of the local average conditions and used in the plant authorization processes (Mod. B). A
generalized regression model analysis clearly showed that the Cr, Pb and V content of lichen samples was spatially associated
to the outcomes of Mod. A, but not with Mod. B. Interestingly, the Cr content of lichen samples consistently correlated to TSP
concentration predicted by Mod. A along two transects placed downwind from the coal power station. This result was corrob-
orated by an air particulate matter sampling which pointed out that air Cr concentrations increased during the operative period of
the source. Overall, our results suggest that lichen bioaccumulation data can proficiently be used to validate ADM simulations if
the exposure time of the biological samples is consistent with the temporal domain of the ADM simulations.
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Introduction concentration levels for the most harmful pollutants

(Directive 2008/50/EC). The compliance to air pollutant limit

The European Union adopted restrictive air pollution regula-
tion policies, which define maximum atmospheric
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values is ensured by complementary regulatory instruments,
which, on one side, force the industrial companies to imple-
ment the best available technologies (BATs) to reduce pollut-
ant emissions and, on the other side, provide a coordinate
program for air pollution monitoring and assessment, man-
aged by local environmental protection agencies
(Wolterbeek et al. 2010). In 2008, the so-called atmospheric
dispersion models (ADMs) were introduced as a new regula-
tory instrument for air pollution control (Directive 2008/50/
EC). These models simulate pollutant dispersion scenarios in
a given area depending on the meteorological and geomor-
phological input datasets, chemical-physical properties of air
pollutants and pollutant emission rates from a point or non-
point pollution source (Holmes and Morawska 2006).
However, the reliability of ADM simulations needs to be test-
ed with proper validation studies, based on the comparison
between simulated and observed data of air pollutant concen-
trations. Especially at a small spatial scale, the validation pro-
cedure suffers from the limited number and inadequate
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distribution of ground-measuring points, which generally cor-
respond to the extant network of air pollution monitoring sta-
tions. An effective alternative is provided by the use of organ-
isms as biomonitors of airborne pollutants, provided that the
term “validation” is not used with the accepted meaning of
(statistically) testing a model performance, but rather as the
comparison between dispersion models of air pollution, and
its effect on target biomonitors (Kansanen and Venetvaara
1991; Balestra et al. 1992; Nimis et al. 2000; Moreno et al.
2003; Giordano et al. 2009; Demiray et al. 2012). Under such
assumption, the biomonitoring approach generally ensures
optimal sampling density, and readily available biological ma-
terials (Rai 2016).

Lichens are excellent biomonitors of air pollution, particu-
larly of airborne trace elements (Kodnik et al. 2017; Fortuna
et al. 2019a), polycyclic aromatic hydrocarbons (Augusto et al.
2013; Kodnik et al. 2015) and dioxins (Augusto et al. 2007),
because they lack roots, stomata and waxy cuticle and acquire
inorganic nutrients predominantly from dry and wet depositions
(Knops et al. 1991). Their elemental content is correlated with
that of site-specific bulk deposition (Sloof 1995; Van Dobben
etal. 2001), and the contribution of soil particulate matter even-
tually present can profitably be excluded by using the enrich-
ment factor (EF) (Bargagli 1998; Bergamaschi et al. 2002; Klos
et al. 2011). Foliose epiphytic lichens grow radially by extend-
ing their margins few millimetres per year (Armstrong and
Bradwell 2011; Fortuna and Tretiach 2018). Consequently,
the inner parts of foliose thalli have a higher elemental content,
being older than the outermost ones, hence exposed for a longer
time to the environment (Loppi et al. 1997), evidences of hor-
izontal transport within the lichen thallus being limited to the
physiologically important elements (Coccaro et al. 2000). For
these reasons, the standard protocols commonly used in lichen
biomonitoring surveys state that only the last millimetres from
the tip of juvenile, peripheral lobes should be sampled and
analysed (Bargagli and Nimis 2002). In this manner, the occur-
rence of biased data related to lichen material with different
ages is minimised (Nimis et al. 2001). Moreover, by knowing
the annual radial growth rate of foliose lichen biomonitors, it is
possible to estimate the age of sampled lobes and thus their
exposure time. The straight relationship between the elemental
content and exposure time of the lichen material encourages the
implementation of lichens as alternative point receptors for the
validation of ADM simulations. To date, however, only few
authors tried to validate the outcomes of ADM simulations of
air pollutants (e.g. PAH, PM;, and trace elements) by using
lichens and mosses, at a large (Sloof and Wolterbeek 1991) or
a small (De Nicola et al. 2013) geographical scale, and nobody
considered as important the exposure time of native lichens as
well as the contribution of soil particulate to the thalline ele-
mental composition.

In this study, we explore the hypothesis that a proper meth-
odological approach taking into account both the exposure
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time of the sampled lichen material and the contribution of
soil dust resuspension phenomena can provide a useful dataset
for the validation of ADM simulations. As such, testing a
multispecies and multisite dataset including lichen and soil
information and the two ADM simulations of total suspended
particles with different time references, we expect that the
lichen element concentrations, once purified from possible
exposure and soil-dependent confounding contributions, are
significantly and positively associated to the outcomes of
ADM simulations of a particulate matter containing different
elements.

Material and methods
Study area

The study area is located in NE, Italy, at the boundary between
the Friulian floodplain and the Classical Karst plateau and is
faced to the Adriatic Sea (Fig. 1a). It has a surface of 176 km?
and hosts a resident population of over 50,000 inhabitants
(2017). The climate is fully humid temperate with a mean year
temperature of 13.4 °C and annual average precipitations of
1135 mmy ' (Osmer FVGa, 2018). The yearly anemometric
regime shows a strong seasonality: in winter cold, dry and
intense ENE winds are predominant, whereas in summer
SW sea breezes are frequent (Osmer FVGb 2018). The study
area, whose altitude varies between 0 and 251 m a.s.l., is
highly heterogeneous in terms of pedology (Fig. 1b;
Michelutti et al. 2006) and land cover classes (Fig. 1a; see
Bossard et al. 2000). The main land cover classes are semi-
natural forests (39.9%) on Rendzic leptosols (E soil) in the
north-eastern part of the study area (Fig. 1b). Urban-
industrial (15.6%) and agricultural (42.8%) areas are concen-
trated in the central and in the south-western parts of the study
area, on Calcari-fluvic-Cambisols (C soil) and Gleyi-fluvic
Cambisols (D soil), respectively (Fig. 1a-b). The remaining
1.7% of the study area is occupied by terrestrial water bodies
such as a river and wet lands or by the Adriatic Sea. The main
potential pollution sources are: a a coal power plant with a
total gross power of 992 MW (Ministero dell’Ambiente
2013); b a large industrial park, with naval shipbuilding facil-
ities of international relevance, mechanical and chemical in-
dustries; ¢ vehicular and ship traffic; d the Trieste regional
airport; e agricultural activities, mostly related to ploughing
(in late summer and winter), and threshing (in summer); f
domestic heating (mostly in winter).

Lichen biomonitoring survey (LBS)
The study area was divided in 44 primary sampling units

(PSUs) of 4 km?® each, according to the systematic design
proposed at national level for lichen biomonitoring sampling
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Fig. 1 Distribution of land cover (a) and soil pedological classes (b)
within the study area, and subdivision of the study area (c) into 44 primary
sampling units (PSUs), of 4 km? each, containing 16 Secondary Sampling
Units (SSUs) of 0.05 km? each. In (b), black squares indicate the location

(ANPA 2001). Then, in each PSU 16 secondary sampling
units (SSUs) of 0.05 km?” each were defined (Fig. 1c). A pre-
liminary field survey revealed that no macrolichen is uniform-
ly present in the study area. The two most common species are
Flavoparmelia caperata (L.) Hale and Xanthoria parietina
(L.) Th. Fr, which have an allopatric distribution (see
Barkman 1958; Supplementary Material; Fig. 1), with
F. caperata occurring more frequently in the north-eastern part
of the study area, corresponding to a portion of the Classical
Karst plateau and X. parietina mostly occurring in the south-
western part of the study area, where it is favoured by agricul-
tural activities (Nimis et al. 2001).

Lichen sampling was carried out between 12 and 14
February, 2014 according to the guidelines of Nimis and
Bargagli (1998). In each PSU, one to three samples of
F caperata and/or X. parietina were collected by sampling
the outermost parts of the five to ten thalli growing on 1-13
straight, healthy trees placed in one or more SSUs. The mate-
rial was sampled using a ceramic knife and immediately
stored in a sterile petri dish. The geographic location of the
lichen-hosting trees was assessed using a mobile device
(Samsung Galaxy Nexus GT-19250). Overall, 4 out of 44
PSUs (namely, A5, B7, B8 and D8) could not be sampled
due to lack of sufficient lichen material.

Sample preparation and estimation of lobe age

In the laboratory lichen samples were air-dried for 24 h and
then cleaned from bark debris and senescent or damaged por-
tions under a stereomicroscope. A painstaking sample prepa-
ration was performed by selecting only the outermost margin-
al lobe portions. Since the two species had different annual
growth rates (Supplementary Material; Table 1), the last 4—
5 mm from the lobe tips in F. caperata and 2-2.5 mm in

of soil sampling sites. Dashed PSUs (A5, B7, B8 and D8) in (c) were not
sampled for absence of material. The white star indicates the location of
the coal power plant. The upper left insert shows the geographical loca-
tion of the study area

X parietina were selected, also avoiding portions with attach-
ment structures (i.e. rhizinae and hapters, respectively). In
order to estimate more precisely the average age of lichen
samples, the length of 50 lobes of 3 samples of each species
was measured under a stereomicroscope, and the exposure
time was derived as a function of the local species-specific
growth rates of the two species (Supplementary Material,
Table 1). Finally, lichen samples of 100-250 mg each were
grinded in an agate mortar with liquid nitrogen (20 ml), dried
at 40 °C overnight and stored in closed Eppendorf tubes until
chemical analyses.

Collection of reference soil samples

The average elemental composition of each soil class was
measured in two soil samples collected in sites hosting semi-
natural vegetation. In particular, C soil samples were collected
in PSUs B3 and D5, D soil samples in A8, and E soil samples
in F3. At each sampling site, four subsamples of the first 15—
30 cm of soil were collected within a 10 m? plot, mixed among
them and stored in a glass flask of 10 L until chemical analy-
sis. Before chemical analysis, soil samples were oven-dried,
disaggregated and sieved at 2 mm.

Chemical analysis

Lichen and reference soil samples were individually
mineralised in Teflon bombs with an acid solution of 7 ml of
HNOs;, 3 ml of H,O, and 0.2 of HF following a four-step
heating program in a microwave oven (Ethos 1 —
MILESTONE). The element concentration of 16 (Al, As,
Ba, Be, Ca, Co, Cd, Cr, Cu, Fe, Hg, Mn, Pb, TI, V and Zn)
and 15 elements (the previous ones except Ca) were respec-
tively measured in a mineralised lichen and soil samples by a
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mass spectrophotometer (Perkin-Elmer DRCII) following
UNI EN ISO 17294-1/2007 and UNI EN ISO 17294-2/
2005. The repeatability of the measurements as a relative stan-
dard deviation (RSD%) was always lower than 5%. The reli-
ability of the analytical results was checked by analysing nine
samples of certified reference material CRM 482
(Quevauviller et al. 1996). Analytical results of CRM indicate
that the element recovery percentage was included between
80% and 125%, with the exception of Ca and Cd whose
values were 71.9% and 74.6%, respectively.

ADM simulations

The outcomes of two ADM simulations (herein Mod. A and
Mod. B) were provided by the environmental modelling cen-
tre of ARPA FVG as GIS shapefile georeferenced in
EPSG:3004 reference system with the following attributes:
latitude, longitude and TSP concentration values expressed
as ug m °. The two ADM simulations represent two different
source emission scenarios because they were run with differ-
ent meteorological input dataset and assumed different source
emission conditions. Mod. A was run by selecting a meteoro-
logical reference period, which approximately corresponds to
the estimated exposure time of lichen samples, i.e. the 6-
month period preceding lichen sample collection (September
2013 — February 2014) (see supra). Mod. A modelled the TSP
emission according to a variable rate depending on the dura-
tion of both operational and non-operational state of the
source (Supplementary Material; Table 2). On the other side,
Mod. B simulated the average distribution of TSP concentra-
tion values over a 1-year period by assuming a source emitting
an inert pollutant at a constant rate of 4.8 g s~ corresponding
to the average rate measured at the plant chimney
(Supplementary Material; Table 2). The meteorological input
dataset in the Mod. B simulation was the yearly climatic series
of the year 2005, commonly used by ARPA FVG as a mete-
orological reference period for ADM simulations. Mod. B has
been used in the most recent authorization processes of the
coal power plant, and also in an investigative procedure aimed
at verifying the environmental impact of the emissions, which
has been carried out by officers of the enquiring justice court
of Gorizia.

Data analyses

Descriptive statistics of element concentrations were
expressed as mg kg ' and calculated separately for the two
species. Then, in order to contextualize the entity of element
emission load in the study area, element concentration values
of lichen samples were interpreted according to (i) the bioac-
cumulation scales recently proposed by Fortuna et al. (2019b)
for native lichens and (ii) the total charge index of Nimis et al.
(1999). By using bioaccumulation scales, the accumulation of
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8 elements (Al, As, Cd, Cr, Cu, Hg, Pb, and Zn) in both
species and that of V in F. caperata was qualitatively assessed
as the ratio between the element concentrations measured in
the lichen samples and the species-specific background ele-
mental composition. Results expressed in this way are called
B ratio values and were then classified according to five bio-
accumulation classes whose upper thresholds values corre-
spond to the 25th, 75th, 90th and 95th percentiles of the dis-
tribution function of thousands of measurement carried out
over the Italian territory in the last 11 years (Fortuna et al.
2019b). Consequently, by assigning a progressive number to
each bioaccumulation class (i.e. from 1 to 5), the total charge
index was calculated as the sum of the bioaccumulation clas-
ses ascribed to the B ratio values observed in each PSU, and
then by normalizing the totals within a ten-classes ordinal
scale (Nimis et al. 1999).

Soil contribution to elemental composition of lichen sam-
ples was taken into account by computing the element enrich-
ment factors (EFs) as proposed by Bargagli (1998). In partic-
ular, the element concentrations of each lichen sample were
standardized as a function of the elemental composition of the
soil class occurring in the respective PSU (Fig. 1b-c). In order
to evaluate whether the elemental composition of lichen sam-
ples reflected the ADM simulation outcomes, the geographic
coordinates of lichen-hosting trees, TSP concentration values
predicted by both ADM simulations and the spatial distribu-
tion of the three soil pedological classes were georeferenced in
EPSG:3004 reference system using QGIS (version 2.6). Then,
both element concentrations (EC dataset) and element EFs
(EF dataset) of lichen samples were geographically paired to
the ADM simulation values at tree scale and averaged for each
lichen species and PSU. Then, both EC and EF datasets were
submitted to a Principal component analysis (PCA) including
binary dummy variables, indicating the presence/absence in
each PSU of each soil pedological class and lichen species, as
supplementary variable, i.e. variables not used to calculate the
principal components (PCs) but plotted on the ordination
space based on their correlations with the PCs (Legendre
and Legendre 1998), whereas the values of the two ADM
simulations and, limited to the PCA of the EF dataset, the Al
concentration in lichen samples, were used as continuous sup-
plementary variables. Consequently, the relationships among
simulated TSP concentration values and both EC and EF
datasets were further investigated through Generalized
Regression Models (GRMs). The GRM is a flexible general-
ization of ordinary linear regression, and, in particular, it can
profitably be used to assess the association between a non-
normally distributed response variable and one or more ex-
planatory ones via different link functions. In our case, we run
GRMs in order to test whether the outcomes of either Mod. A
or Mod. B, i.e. the explanatory variables, can be statistically
related to the content of an element in the lichen samples
(expressed as EC or EF values), which are the response
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variable. This approach was repeated three times for each
response variable using linear, logarithmic or polynomial (de-
gree 2) link function. Finally, the trends of the element EFs
significantly correlated with ADM simulation outcomes were
analysed along two transects following TSP concentration
gradients. The two transects were respectively extended along
those PSUs downwind from the source accordingly to: (i)
main wind direction (transect T1: PSUs A6, B6, C6, D6, E6,
F6 and G6) and (ii)) main wind direction and presence of a
single biomonitor species (transect T2: PSUs C8, C7, C6, D6,
E6 and G6). Unfortunately, the second condition could be
satisfied only for F. caperata.

Results

Exposure time and element concentrations of lichen
samples

Flavoparmelia caperata was collected in 73% of the 40 sam-
pled PSUs (n=29), whereas X. parietina was collected in
45% (n=18). The two species co-occurred in seven PSUs
(A4, B3, C3, C6, D4, D5 and G1). According to the measure-
ments of the length of the sampled lobes and the local species-
specific radial growth rates, the material of F caperata was

Table 1:  Descriptive statistics of element concentrations (mg kg ')
measured in samples of the epiphytic lichens Flavoparmelia caperata
and Xanthoria parietina collected in the SSUs of Fig. 1. The
bioaccumulation classes for maximum and mean element

estimated to be at most 7-month -old, whereas that of
X. parietina was approximately 12—15 month-old
(Supplementary Material; Table 1).

The descriptive statistics of elemental composition of the
two species (Table 1) showed that the mean element concen-
trations expressed as B ratios can mostly be ascribed to the
class of low bioaccumulation. Maxima B ratios calculated for
F caperata samples were ascribed to the “high” and “severe”
bioaccumulation classes, whereas those of X. parietina to
“moderate” and “severe” ones (Table 1). In particular, the
maxima concentrations of Al, Cr, Cu, Pb and V in
E caperata samples were observed in the same PSU, i.e.
Go6, which is located 3 km W from the coal power plant, near
a paper factory. In proximity of the coal fired power plant, in
PSU E6 and F5 where urban and industrial activities are con-
centrated, F. caperata samples had the highest concentrations
of As and Cd, respectively. On the other hand, the maximum
concentrations of Al, As, Cd, Cr and V in X. parietina samples
were found in PSU D7, which is located 3 km SW from the
coal fired power plant in an open crop area. Interestingly, the
maximum Hg concentration values in both £ caperata and
X. parietina samples were observed in PSUs crossed by the
Isonzo river, which is known to transport cinnabar from a
closed mining site from Idrija (Slovenia) and is the most im-
portant natural source of Hg in the study area.

concentrations are reported in brackets below the values. Min and Max:
minimum and maximum values, respectively; Be: bioaccumulation
classes (see footnote); SD: standard deviation; CV: coefficient of
variation expressed as percentage.

Al As Ba Be Ca Cd Co Cr Cu Fe Hg Mn Pb Tl A% Zn
F caperata
Min 110 014 15 0.002 7200 0.11 0.16 036 49 94 0 8.3 098 0.030 034 22
Max 1600  0.67 13.0 0.027 37,000 0.67 075 580 99 1100 0200 26 11.0 0.180 3.70 80
(Bc") () (H) (H) S @) (H) (H) S M)
Mean 303 027 49 0.008 20,707 0.24 031 127 6.7 232 0.073 16 2.7 0.016 125 44
(Bc") ((9) @) @) (DR ((9) @) o @
Median 255 024 44 0.007 21,000 0.21 030 0.89 6.4 195 0.068 15 2.3 0.007 1.10 41
SD 218 011 25 0.005 6584 0.12 0.10 1.05 1.2 155 0.033 5 1.9 0.027 0.63 13
(0% 719 405 50.1 554 31.8 49.3 327 828 178 669 457 283 712 169.0 50.8 309
X parietina
Min 150 012 1.6 0.003 520 0.04 004 0.69 32 140 0 92 036 0.004 051 13
Max 1300 1.00 6.8 0.029 1400 0.75 037 510 150 1600 0.290 37 2.6 0.019 410 56
(B (H) S S) (V%)) ) M) M)
Mean 453 028 33 0.009 866 0.14 0.11 1.64 5.6 360 0.047 16 0.9 0.008 1.05 23
(Bch @ @® @® (DR @ A @®
Median 380 025 29 0.008 850 0.09 0.10 145 46 285 0.038 15 0.7 0.006 090 21
SD 234 020 14 0.005 218 0.17 0.07 092 27 287 0.053 6 0.5 0.004 0.70 10
(0% 51.7 70.6  41.1 558 25.2 1203 628 559 476 799 1146 383 591 486 662 422

T Bioaccumulation classes: (A): Absence of bioaccumulation; (L) Low bioaccumulation; (M): Moderate bioaccumulation; (H): High bioaccumulation;
(S): Severe bioaccumulation.

@ Springer



Environ Sci Pollut Res

The total charge index (Fig. 2a) indicates relatively high
trace element contents in the PSUs placed within or in close
proximity of urban and industrial areas, namely in D7, G6, E6,
C6 and C7.

ADM simulations

The maximum yearly average of TSP concentration values
predicted by the two ADM simulations (Fig. 2b-c) differed
both in magnitude and spatial distribution within the study
area. That of Mod. A was 0.095 pg m > and was concentrated
in the south-western part of the study area (Fig. 2b). On the
other hand, that of Mod. B was 2.5 less than that of Mod. A
(i.e.0.038 p1g m ) and was localized in the south-western part
of the study area as well as in its north-eastern part (Fig. 2c).
This distribution difference depends on the anemometric data
of the meteorological input datasets used in the two simula-
tions (see Supplementary Material; Fig. 2): although both
anemograms show high frequency of NE and ENE winds, that
of Mod. A has significant lower frequencies of SWS winds.

PCA of element concentration values (EC dataset)

The PCA of EC dataset (Fig. 3a) revealed two distinct clusters
of elements, segregated on the basis of the element composi-
tion of the species. F. caperata had on average significantly
higher concentrations of Ba, Ca, Co, Pb and Zn with respect to
X parietina, and lower concentrations of Al, As, Be, Cr and
Fe (Table 1). These two groups of elements were, respectively,
negatively and positively correlated with the second principal
component of the PCA, in good accordance with the arrange-
ment of the two vectors representing the supplementary

variables of the two species (Fig. 3a). Mn, Cd, Cu, Hg and
T1 were little related to both two first principal components
indicating that they were weakly correlated with the remaining
elements. V was unrelated to species, soils and ADM simula-
tions, but it was highly and negatively correlated with the first
principal component. The arrangement of E and C soil sup-
plementary variables reflected the relative abundance of
F. caperata and X. parietina samples in the Classical Karst
and in the floodplain, respectively, with D soil apparently
unrelated to both species because an equal number of
F caperata and X. parietina samples (n=4; Fig. 3a) were
collected in sites with that soil type. The predicted TSP con-
centration values of both models were unrelated to the first
two principal components of this PCA and to the majority of
selected elements. Accordingly, the results of GRM analysis
clearly indicate that the goodness of fit of GRMs based on
TSP concentrations predicted by the outputs of both ADMs
(Table 2) and the element content of lichen samples are very
low (R? < 0.20), independently by the selected link function in
the GRM setting. However, when the GRMs were run using
the EC values of a single species, the GRM fitting perfor-
mance increased, especially when the polynomial link func-
tion was used. In particular, the concentration of Cr in the
F caperata samples was significantly related to the outcomes
of both ADMs, with R? values comprised between 0.120 and
0.365. For X. parietina samples a significant polynomial rela-
tionship (R? = 0.435) was observed between Zn concentration
and Mod. B values only. However this last result should not be
considered as fully reliable for the restricted spatial distribu-
tion of X. parietina samples in the study area, when the spatial
distribution of F. caperata is on the contrary quite
homogeneous.

b) C)

D1

E1 F1 G1 D1 E1 F1 G1

C2 D2

E2 F2 G2 Cc2 D2 E2 F2 G2

B3 Cc3 D3

E3 F3 G3 B3 c3 D3 E3 F!

‘4 G4 A4 B4 C4 D4

F5 G5 B5

L4
Total charge index |

F6 G6 A6 B6 Fi G6
TSP (ug m?) TSP (ug m?)

1 0.00-1.00 - ,;,Z,,,,,ﬂ D7 [1 0.00-0.02 A7 c7 D7 1 0.000-0.00
3 1.00-2.00 % W 3 0.02-0.04 = 0.008-0.01
B 2.00-3.00 / / I 0.04-0.06 EE 0.016-0.02
EE 3.00 - 4.00 8 Nes (o5} B 0.06-0.08 A8 c8 EE 0.024-0.03
E 4.00-5.00 Il 0.08-0.10 EE 0.032-0.04

Fig. 2 Classification of the 40 sampled primary sampling units (PSUs)
according to the total charge index calculated as proposed by Nimis et al.
(1999) (a); the seven PSUs subdivided into triangles refer to the sampling
sites where both epiphytic lichens Flavoparmelia caperata (F) and
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Xanthoria parietina (X) were sampled. Distribution of TSP concentration
values as predicted by Mod. A (lichen sampling pre-collection period) (b)
and Mod. B (yearly reference period) (c)
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factor (EF) datasets are reported in the upper and lower panel, respective-
ly. Grey continuous vectors represent the binary supplementary variables:
lichen species (F. caperata, X. parietina) and pedological classes (C, D
and E soil). Black vectors represent the continuous supplementary vari-
ables: ADM simulation values (Mod. A, Mod. B) in both EC and EF, and
lichen Aluminium concentration (Al lichen) in EF only. Mod. A and
Mod. B are TSP concentration values predicted for yearly reference con-
ditions and for the lichen sampling pre-collection period, respectively

PCA of element EF values (EF dataset)

The PCA based on EF values (Fig. 3b) revealed two distinct,
well-defined clusters of elements. The first one included As,
Ba, Be, Cd, Co, Cu, Fe, Hg, Mn, Tl and Zn, with high EF
values observed in F. caperata samples from the Karst sites.
These elements were uncorrelated with the TSP concentration
values of both ADM simulations. On the other hand, the sec-
ond one included only Cr, Pb and V, which were positively
associated to the TSP concentration values of Mod. A and to a
lesser extent with those of Mod. B (Table 2). Besides, the
goodness of GRMs fit increased when the EF values were
related to the simulated values of Mod. A rather than to those
of Mod. B. Moreover, it is worth noting that also in this case

the GRM fitting performance increased when the analysis was
restricted to the EF values of a single species. In particular the
results of GRMs clearly show that Cr, Pb and V EFs calculat-
ed for F caperata samples were significantly related to the
outcomes of Mod. A using linear or polynomial link function
in GRM settings. The R? values associated to the GRMs based
on the EF values of these three elements were among the
highest observed (0.415 <R*<0.644). Also the Cd EF values
of X. parietina samples were highly and significantly related
to the simulated values of Mod. A, but the low recovery value
of this element suggests caution in the interpretation of this
result. The following analysis of the two transects was thus
restricted to EFs of three elements only: Cr, Pb and V.

Trends of Cr, Pb and V EFs along wind-based transects

Along the two transects built according to the main wind
direction and position of the putative emitting source
(Fig. 4), the maximum values of Pb and V EFs did not coin-
cide with the highest TSP concentration values predicted by
both ADM simulations, although the EFs values of both ele-
ments were more closely related to Mod. A than to Mod. B
(Fig. 4; Table 2). On the contrary, the EF values of Cr showed
several good, interesting matches. Along transect T1, dis-
posed in W-E direction, and where samples of both species
were collected, the TSP concentration values predicted by
Mod. A (but not by Mod. B) fitted consistently the observed
values (Fig. 4). Along transect T2, whose samples belonged
exclusively to F. caperata, the results were even more satis-
factory, since maxima and variation trends of predicted and
observed values were perfectly congruent (Fig. 4).

Discussion

The present work was aimed at investigating the potential of a
lichen biomonitoring survey (LBS) in providing useful data to
validate the outcomes of ADM simulations, which model the
distribution of TSP emissions from a coal power plant local-
ized in an environmentally complex area. In the literature, the
validation of ADM simulations based on bioaccumulation da-
ta collected in the surroundings of urban and industrial
environments is documented, to the best of our knowledge,
by three studies only. De Nicola et al. (2013) tested the use of
the transplanted moss Hypnum cupressiforme Hedw. to vali-
date the outcomes of the so-called street canyon models,
which specifically simulate the pollutant dispersion related
to urban traffic in a town street. In their pioneering works,
Sloof and Wolterbeek (1991) and Sloof (1995) compared the
model-simulated values of a diffusive trace element pollution
scenario with the results of an extensive, large-scale LBS. This
was performed at low spatial resolution (1 sampling site x
100 km %), without taking into account the factor “age of
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Table 2 R? values of significant GRMs (p value <0.05) testing the
linear (L), logarithmic (Log) or polynomial (P; degree 2) relationship
between TSP concentration values predicted by either Mod. A or Mod.
B (explanatory variables) and the element concentrations (EC) or

enrichment factors (EF) values (response variables) derived for samples
of one lichen species only (F: Flavoparmelia caperata, n=29; X:
Xanthoria parietina, n = 18) or both (F + X; n =47). Empty spaces refers

to non-significant GRMs

Al As Ba Be Ca Cd Co Cr Cu Fe Hg Mn Pb Tl v Zn
Mod. A
EC
F+X* 0.088
F+X 158 0.043
F+Xx7? 0.157
FL 0.129 0.297
F Log 0.120
F” 0.365
X L
X Log 0.074 0.244
X P
EF
F+X? 0.142 0.155 0320  0.047
F+X Loz 0.061 0.084 0.252
F+X? 0.459 0.232 0.326
FL 0.428 0415 0.455
F Log 0.242 0.315 0.359
F? 0.664 0.418 0.457
b & 0.402
X kg 0.237
X7 0.663
Mod. B
EC
F+X? 0.118 0.097 0.088 0.154
F+X Loz 0.117 0.105 0.077 0.122
F+X7? 0.175
FL 0.190  0.130 0.136 0.173
F Log 0214  0.150 0.146 0211
F? 0.191
X L
X Log
x7 0.435
EF
F+X* 0.093 0.081
F+X 52 0.092 0.067
F+X?”
Ft 0.142
F Log 0.138
F P
X L
X Log
X7 0.344

sampled lichen material”. In bioaccumulation phenomena, on
the contrary, it is important, if not fundamental, to critically
consider the exposure time of the analysed material (Monaci
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et al. 2000). With transplants, this coincides with the duration
of the exposure, which is generally comprised between 1 and
3 months, max. 6 (Tretiach et al. 2007). More problematic is to
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define the exposure time of native organisms, if these do not
have a seasonal growth, possibly marked by discrete, easily
recognized portions. In the past, many authors bypassed this
problem by sampling the whole thalli, under the assumption
that the whole body reflects the mean air composition (e.g.
Bennett and Wetmore 1999; Freitas et al. 1999).
Unfortunately, this is not certainly true for most foliose li-
chens, in which the younger, peripheral lobes have lower con-
centrations of airborne trace elements with respect to the old,
central portion of the thallus (Bargagli et al. 1987; Nimis et al.
2001). For this reason, we purposely selected the average age
estimated for F. caperata (i.e. the most abundant and homo-
geneously distributed species sampled in this LBS, covering
75% of the study area) as the best proxy to define the temporal
domain of one of the two alternative ADM simulations pre-
sented here, i.e. Mod. A. This simulation predicted the spatial
distribution of TPS deposition released by the coal power
plant according to the meteorological conditions occurred in
the last 6months before lichen sampling, approximately cor-
responding to the age of the collected material. Mod. A was
alternative to Mod. B, which was a canonical 1-year long
ADM based on the arbitrarily defined “exemplificative year”
2005, when the weather conditions were those “typical” for
the area, and a complete series of meteorological data were
available.

. . : : . . . . 0.00
F6 G6 Cé6 C7 C8 D6 E6 G6

The high environmental heterogeneity of the study area
(Fig. 1a-b), well reflected by the allopatric distribution of the
two target lichens, certainly partially affected the validation
analysis at spatial level. However, our methodological ap-
proach allowed to minimize at least the side effects related
to soil dust re-suspension phenomena that are generally rec-
ognized as a source of trace elements emissions, especially in
agricultural areas (Nimis et al. 2000), well represented in the
study area (Fig. 1a). By computing the element EFs according
to Bargagli (1995), the elemental composition of the three soil
classes C, D and E of Fig. 1b was used as a proxy of the
average elemental contribution of different soil types in the
respective lichen sampling sites. F. caperata and X. parietina
seem to have different bioaccumulation capabilities for the
selected elements, likely due to the different chemical compo-
sition of their cell walls which can play a decisive role in
covalently binding ionic metals. For example, the mycobiont
cell wall of F. caperata, but not of X. parietina, is rich in
oxalates deposits, which enhances the immobilization of bi-
valent cations, consistent to our results (Fig. 3a). Furthermore,
the collected samples of X. parietina were evidently too scarce
to give a spatially consistent match to the outcomes of both
models. Conversely, the bioaccumulation data of F. caperata
resulted temporally and spatially consistent with both ADM
simulations, in particular to Mod. A. Indeed, the validation
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analyses based on a PCA approach and the implementation of
GRMs clearly indicated that only Cr, Pb and V EFs of
F. caperata were highly and significantly related (R*> 0.40;
p value <0.05) with the outcomes of Mod. A according to a
polynomial trend (Fig. 3; Table 2). Cr, Pb and V are frequently
encountered in the particulate matter emissions of coal-fired
power plants (Vejahati et al. 2010). The trace element concen-
trations of coal combustion emissions strongly depend on the
mineral composition of coal (Vassilev et al. 1995), as well as
on the segregation processes during the formation of combus-
tion residuals, i.e. fly ashes and slag (Querol et al. 1995). Cr,
Pb and V usually occur in the finest fraction of particulate
emissions (0.3—10 um) and their concentration increases with
decreasing particle size (Xu et al. 2004). The coal fired power
plant at the centre of this LBS is equipped with BAT for the
abatement of particulate emissions such as an electrostatic
precipitator (ESP) and a wet scrubber flue gas
desulphurization (FGD) system. However, despite its high
efficiency (>99.9%), the ESP system is not able to remove
particles of 0.5-1.5 pm in diameter, whereas the FGD system
may actually increase heavy metal concentrations downstream
to the particulate abatement systems (Vejahati et al. 2010).
Although the plant fully respected the emission limits defined
by the Italian regulations (ARPA 2014), on the basis of the
results of the bioaccumulation classes as well as those present-
ed in Figs. 3 and 4, the plant itself must be considered as the
first potential source of the three elements accumulated in
FE caperata thalli. Supplementary, totally independent data
actually fully support this conclusion, at least for Cr: in spring
and summer 2014, the local environmental agency ARPA
FVG carried out an air particulate matter sampling campaign
in two arbitrarily selected sampling points when the power
plant was fully active (for 41 days of sampling) and inactive
(for 58 days of sampling). The concentration of most elements
in atmospheric PM;, samples did not differ significantly be-
tween the two periods, with the exception of Cr, which in-
creased when the coal burning groups of the plant were active,
passing from 9.6 (inactive) to 41.1 ng m > (active). ARPA
FVG (2014, 2015) interpreted this increase as a mere instru-
mental anomaly (sic), not related to the power plant activity,
but this conclusion should now critically be re-evaluated in
function of the results of Fig. 4.

Although the PCA analysis of Fig. 3 clearly associated Pb
and V to Cr, it must be underlined that along the transect T2,
the maximum EFs of Pb and V did not perfectly coincide with
the maximum TSP concentration values predicted by Mod. A,
as conversely seen for Cr (Fig. 4). Also, the ARPA FVG
(2014, 2015) study did not actually have evidence on increas-
ing the Pb and V concentration in the air when the power plant
was active. Therefore, the spatial distribution of Pb and V in
the study area might reflect a diffusive pollution scenario in
which several point and non-point sources contribute to their
total load, eventually obscuring the emission pattern of the
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power plant — the elemental composition of lichen samples
certainly reflecting all trace element emissions present in an
area (Wolterbeek and Verburg 2002). Actually, the highest
concentrations of Pb and V (but also Cr) were observed in
several sites classified as urban and/or industrial (Figs. 1 and
2a). V can be released by unrelated sources, all present in the
study area: vehicular traffic (Adamo et al. 2011), galvanisation
(Van Caneghem et al. 2010) and oxy-fuel welding and cutting
(Topham et al. 2011). The latter processes related to the ship-
building activities, which are concentrated in the vast, open-
air shipyards located in the harbour area, at the rear of the
power plant, are particularly important for V (Moldanova
et al. 2009). Concerning Pb, the partial inconsistency between
Pb content in lichen samples and the values of ADM simula-
tions might be related to shipbuilding industry and to naval
traffic too, since the high concentration of heavy metals in
coastal sediments has been referred to these activities (Luo
2013). On the other hand, the influence of vehicular traffic
emissions cannot be excluded. Indeed, more than 20 years
ago, most of the European countries banned this element as
gasoline additive (as tetracthyl Pb) in automobile engines
(Ilyin et al. 2007; Monaci et al. 2000). Nevertheless, through-
out the twentieth century, the deposition of atmospheric Pb
has massively accumulated in urban and forest soils (Nriagu
and Pacyna 1988; Kaste et al. 2003) so that soil re-suspension
phenomena are considered as an important source of Pb emis-
sion in the atmosphere (Laidlaw et al. 2012). In this study the
elemental composition of lichen samples was normalized with
that of reference soil samples (i.e. collected in stands of semi-
natural vegetation), but it cannot be excluded that lichens
sampled in urban and agricultural sites had been enriched by
soil particulate with a higher Pb concentration than that of the
reference soil samples. Finally, it must be taken in consider-
ation that aviation traffic is still considered as an important
source of Pb emissions (Carr et al. 2011) because the fuels
currently used in aviation still contains tetraecthyl Pb.
Therefore, the regional airport present within the study area
might concur to explain the partial inconsistency between Pb
EFs and ADM simulation values.

Conclusions

Although our experimental work cannot give fully conclusive
evidences for the complex environmental conditions of the
study area and the relatively high number of possible alterna-
tive sources of TSP release, we can conclude that lichen bio-
accumulation data can profitably be used to validate TPS
models, if these are developed for a time frame which corre-
spond as much as possible to the average age of the sampled
material (c. 7-month-old in our case). Less clear results are
obtained for TPS models that refer to a purportedly
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“exemplificative” period of time, typically 1 year, often quite
faraway in time (c. 10 years in our case).

Certainly different element data can be used in different
environmental contexts to validate different TSP simulations.
In this study, Cr seems to be a good local tracer of the coal
power plant emissions, although these are relatively low and
confused by many others, of disparate origin, as it typically
occurs in highly anthropized, mixed land use areas. Finally,
F. caperata seems to be more effective than X. parietina as
trace element biomonitor, but this might be related to the facts
that in our case study i the number of samples of X. parietina
was too low to give solid information, and ii Mod. A was built
on the basis of the growth rate of the former species.

Acknowledgements We warmly thank Dr. Fiore Capozzi (University of
Napoli, Napoli), Dr. Del Zotto (ARPA FVG, Palmanova), Dr. Nicola
Skert (ARPA FVG, Palmanova) for their valuable help in carrying out
lichen sampling and Dr. Mauro Bologna (Trieste) for cleaning lichen
samples. Dr. Elisa Piccoli, Dr. Emanuele Gava and Dr. Mariangela
Pasquon are thanked to perform soil sample preparation and elemental
analysis of lichen and soil samples at “ARPA FVG - Laboratorio Unico
Multisito” (Udine). Dr. Francesco Montanari (ARPA FVG - Centro
Regionale di Modellistica Ambientale, Palmanova) kindly provided the
two atmospheric dispersion model used in this study.

This work was carried out in the framework of a research agreement
between ARPA FVG and Department of Life Sciences, University of
Trieste (scientific responsibles: Dr. Fulvio Daris and Prof. Mauro
Tretiach).

References

Adamo P, Giordano S, Sforza A, Bargagli R (2011) Implementation of
airborne trace element monitoring with devitalised transplants of
Hypnum cupressiforme Hedw.: assessment of temporal trends and
element contribution by vehicular traffic in Naples city. Environ
Pollut 159:1620-1628

ANPA (2001) I.B.L. Indice di Biodiversita Lichenica: Manuale. ANPA.
Agenzia Nazionale per la Protezione dell’Ambiente, Roma (in
Italian)

Armstrong RA, Bradwell T (2011) Growth of foliose lichens: a review.
Symbiosis 53:1-16

Augusto S, Pereira MJ, Soares A, Branquinho C (2007) The contribution
of environmental biomonitoring with lichens to assess human expo-
sure to dioxins. Int ] Hyg Environ Health 210:433—438

Augusto S, Maguas C, Branquinho C (2013) Guidelines for biomonitor-
ing persistent organic pollutants (POPs), using lichens and aquatic
mosses—a review. Environ Pollut 180:330-338

Balestra V, Celli G, Porrini C (1992) Bees, honey, larvae and pollen in
biomonitoring of atmospheric pollution. Aerobiologia 8:122—126

Bargagli R (1995) The elemental composition of vegetation and the pos-
sible incidence of soil contamination of samples. Sci Tot Environ
176:121-128

Bargagli R (1998) Trace elements in terrestrial plants. An ecophysiolog-
ical approach to biomonitoring and biorecovery. Springer, Berlin

Bargagli R, Nimis PL (2002) Guidelines for the use of epiphytic lichens
as biomonitors of atmospheric deposition of trace elements. In:

Nimis PL, Scheidegger C, Wolseley PA (eds) Monitoring with li-
chens — monitoring lichens. NATO science series, IV. Earth and
environmental sciences, Vol. 7. Kluwer, Dordrecht, pp 295-299

Bargagli R, Iosco FP, D'Amato ML (1987) Zonation of trace metal accu-
mulation in three species of epiphytic lichens belonging to the genus
Parmelia. Cryptogamie Bryol Lichénol 8:331-337

Barkman JJ (1958) Phytosociology and ecology of cryptogamic epi-
phytes. Assen, Van Gorcum

Bennett J, Wetmore C (1999) Changes in element contents of selected
lichens over 11 years in northern Minnesota, USA. Environ Exp Bot
41:75-82

Bergamaschi L, Rizzio E, Valcuvia MG, Verza G, Profumo A, Gallorini
M (2002) Determination of trace elements and evaluation of their
enrichment factors in Himalayan lichens. Environ Pollut 120:137—
144

Bossard M, Feranec J, Otahel J (2000) CORINE land cover technical
guide: Addendum 2000. Technical report 40. European
Environment Agency, Copenhagen

Carr E, Lee M, Marin K, Holder C, Hoyer M, Pedde M, Cook R, Touma J
(2011) Development and evaluation of an air quality modelling ap-
proach to assess near-field impacts of lead emissions from piston-
engine aircraft operating on leaded aviation gasoline. Atmos
Environ 45:5795-5804

Coccaro DMB, Saiki M, Vasconcellos MBA, Marcelli MP (2000)
Analysis of Canoparmelia texana lichens collected in Brazil by
neutron activation analysis. Biomonitoring of atmospheric pollution
(with emphasis on trace elements) — BioMAP. Proceedings of in-
ternational workshop at the International Atomic Energy Agency in
co-operation with the Instituto Tecnologico e nuclear, Lisbon,
Portugal, 21-24 September 1997, pp 143-148

De Nicola F, Murena F, Costagliola MA, Alfani A, Baldantoni D, Prati
MV, Giordano S (2013) A multi-approach monitoring of particulate
matter, metals and PAHs in an urban street canyon. Environ Sci
Pollut Res 20:4969-4979

Demiray AD, Yolcubal I, Akyol NH, Cobanoglu G (2012) Biomonitoring
of airborne metals using the lichen Xanthoria parietina in Kocaeli
Province, Turkey. Ecol Indic 18:632-643

Directive 2008/50/EC of the European Parliament and of the Council of
21st May 2008 on ambient air quality and cleaner air for Europe

Fortuna L, Tretiach M (2018) Effects of site-specific climatic conditions
on the radial growth of the lichen biomonitor Xanthoria parietina.
Environ Sci Pollut Res 25:34017-34026

Fortuna L, Candotto Carniel F, Capozzi F, Tretiach M (2019a)
Congruence evaluation of mercury pollution patterns around a waste
incinerator over a 16-year-long period using different biomonitors.
Atmosphere 10:183

Fortuna L, Cecconi E, Benesperi R, Bianchi E, Brunialti G, Contardo T,
Di Nuzzo L, Frati L, Monaci F, Munzi S, Nascimbene J, Paoli L,
Ravera S, Vannini A, Giordani P, Loppi S, Tretiach M (2019b) New
interpretative scales for lichen bioaccumulation data: the Italian pro-
posal. Atmosphere 10:136

Freitas MC, Reis MA, Alves LC, Wolterbeek HT (1999) Distribution in
Portugal of some pollutants in the lichen Parmelia sulcata. Environ
Pollut 106:229-235

Giordano S, Adamo P, Monaci F, Pittao E, Tretiach M, Bargagli R (2009)
Bags with oven-dried moss for the active monitoring of airborne
trace elements in urban areas. Environ Pollut 157:2798-2805

Holmes NS, Morawska L (2006) A review of dispersion modelling and
its application to the dispersion of particles: an overview of different
dispersion models available. Atmos Environ 40:5902-5928

Ilyin I, Rozovskaya O, Sokovykh V, Travnikov O (2007) Atmospheric
modelling of heavy metal pollution in Europe: further development
and evaluation of the MSCE-HM model. EMEP/MSC-E Technical
Report, Vol 2, pp 1-85

@ Springer



Environ Sci Pollut Res

Kansanen PH, Venetvaara J (1991) Comparison of biological collectors
of airborne heavy metals near ferrochrome and steel works. Water
Air Soil Pollut 60:337-359

Kaste JM, Friedland AJ, Stiirup S (2003) Using stable and radioactive
isotopes to trace atmospherically deposited Pb in montane forest
soils. Environ Sci Technol 37:3560-3567

Klos A, Rajfur M, Wactawek M (2011) Application of enrichment factor
(EF) to the interpretation of results from the biomonitoring studies.
Ecol Chem Eng S 18:171-183

Knops JMH, Iii TN, Boucher VL, Schlesinger WH (1991) Mineral cy-
cling and epiphytic lichens: implications at the ecosystem level.
Lichenologist 23:309-321

Kodnik D, Carniel Candotto F, Licen S, Tolloi A, Barbieri P, Tretiach M
(2015) Seasonal variations of PAHs content and distribution patterns
in a mixed land use area: a case study in NE Italy with the
transplanted lichen Pseudevernia furfuracea. Atmos Environ 113:
255-263

Kodnik D, Winkler A, Carniel Candotto F, Tretiach M (2017)
Biomagnetic monitoring and element content of lichen transplants
in a mixed land use area of NE Italy. Sci Tot Environ 595:858-867

Laidlaw MA, Zahran S, Mielke HW, Taylor MP, Filippelli GM (2012)
Re-suspension of lead contaminated urban soil as a dominant source
of atmospheric lead in Birmingham, Chicago, Detroit and
Pittsburgh, USA. Atmos Environ 49:302-310

Legendre P, Legendre L (1998) Numerical Ecology, 2nd edn. Elsevier,
Amsterdam

Loppi S, Nelli L, Ancora S, Bargagli R (1997) Accumulation of trace
elements in the peripheral and central parts of a foliose lichen thal-
lus. Bryologist 100:251-253

Luo M (2013) Emission reduction in international shipping—the hidden
side effects. Marit Policy Manag 40:694—708

Michelutti G, Barbieri S, Bianco D, Zanolla S, Casagrande G (2006)
Suoli e paesaggi del Friuli Venezia Giulia - 2. Province di Gorizia
e Trieste. Agenzia regionale per lo sviluppo rurale - Servizio della
sperimentazione agraria - Ufficio del suolo Udine, Italia

Moldanova J, Fridell E, Popovicheva O, Demirdjian B, Tishkova V,
Faccinetto A, Focsa C (2009) Characterisation of particulate matter
and gaseous emissions from a large ship diesel engine. Atmos
Environ 43:2632-2641

Monaci F, Moni F, Lanciotti E, Grechi D, Bargagli R (2000)
Biomonitoring of airborne metals in urban environments: new
tracers of vehicle emission, in place of lead. Environ Pollut 107:
321-327

Moreno E, Sagnotti L, Dinarés-Turell J, Winkler A, Cascella A (2003)
Biomonitoring of traffic air pollution in Rome using magnetic prop-
erties of tree leaves. Atmos Environ 37:2967-2977

Nimis PL, Bargagli R (1998) Linee-guida per I'utilizzo di licheni epifiti
come bioaccumulatori di metalli in traccia In: Piccini and Salvati
(eds.) Biomonitoraggio della qualita dell'aria sul territorio nazionale,
Roma, pp 279-287 (in Italian)

Nimis PL, Skert N, Castello M (1999) Biomonitoraggio di metalli in
traccia tramite licheni in aree a rischio del Friuli-Venezia
Giulia. Stud Geobotanica 18:3-49

Nimis PL, Lazzarin G, Lazzarin A, Skert N (2000) Biomonitoring of trace
elements with lichens in Veneto (NE Italy). Sci Total Environ 255:
97-111

Nimis PL, Andreussi S, Pittao E (2001) The performance of two lichen
species as bioaccumulators of trace metals. Sci Total Environ 275:
43-51

Nriagu JO, Pacyna JM (1988) Quantitative assessment of worldwide
contamination of air, water and soils by trace metals. Nature 333:
134-139

Querol X, Fernandez-Turiel J, Lopez-Soler A (1995) Trace elements in
coal and their behaviour during combustion in a large power station.
Fuel 74:331-343

@ Springer

Quevauviller P, Herzig R, Muntau H (1996) Certified reference material
of lichen (CRM 482) for the quality control of trace element bio-
monitoring. Sci Total Environ 187:143-152

Rai PK (2016) Impacts of particulate matter pollution on plants: implica-
tions for environmental biomonitoring. Ecotox Environ Safe 129:
120-136

Sloof JE (1995) Lichens as quantitative biomonitors for atmospheric
trace-element deposition, using transplants. Atmos Environ 29:11—
20

Sloof JE, Wolterbeek HT (1991) National trace-element air pollution
monitoring survey using epiphytic lichens. Lichenologist 23:139—
165

Topham N, Wang J, Kalivoda M, Huang J, Yu KM, Hsu YM, Paulson K
(2011) Control of Cr*" emissions from gas metal arc welding using a
silica precursor as a shielding gas additive. Ann Occup Hyg 56:233—
241

Tretiach M, Adamo P, Bargagli R, Baruffo L, Carletti L, Crisafulli P,
Giordano S, Modenesi P, Orlando S, Pittao E (2007) Lichen and
moss bags as monitoring devices in urban areas. Part I: influence
of exposure on sample vitality. Environ Pollut 146:380-391

Van Caneghem J, Block C, Cramm P, Mortier R, Vandecasteele C (2010)
Improving eco-efficiency in the steel industry: the ArcelorMittal
gent case. J Clean Prod 18:807-814

Van Dobben HF, Wolterbeek HT, Wamelink GWW, Ter Braak CJF
(2001) Relationship between epiphytic lichens, trace elements and
gaseous atmospheric pollutants. Environ Pollut 112:163-169

Vassilev SV, Kitano K, Takeda S, Tsurue T (1995) Influence of mineral
and chemical composition of coal ashes on their fusibility. Fuel
Process Technol 45:27-51

Vejahati F, Xu Z, Gupta R (2010) Trace elements in coal: associations
with coal and minerals and their behaviour during coal utilization —a
review. Fuel 89:904-911

Wolterbeek HT, Verburg TG (2002) Judging survey quality: local vari-
ances. Environ Monit Assess 73:7-16

Wolterbeek B, Sarmento S, Verburg T (2010) Is there a future for bio-
monitoring of elemental air pollution? A review focused on a larger-
scaled health-related (epidemiological) context. J Radioanal Nucl
Ch 286:195-210

Xu M, Yan R, Zheng C, Qiao Y, Han J, Sheng C (2004) Status of trace
element emission in a coal combustion process: a review. Fuel
Process Technol 85:215-237

Web references

ARPA 2014 http://www.arpa.fvg.it/export/sites/default/tema/aria/utilita/
Documenti_e_presentazioni/tecnico_scientifiche docs/2014ott14
arpafvg relazione aria monfalcone 09apr2014 04lug2014.pdf.
Accessed 21st August 2018

ARPA 2015 http://cmsarpa.regione.fvg.it/export/sites/default/tema/aria/
utilita/Documenti_e presentazioni/tecnico_scientifiche docs/
2015ago18 arpafvg relazione qualita aria_monfalcone 2014.pdf.
Accessed 21st August 2018

Ministero dell’Ambiente (2013) https://va.minambiente.it/it-IT/Oggetti/
Documentazione/1356/1715?pagina=3. Accessed 21st August 2018

Osmer FVGa http://www.meteo.fvg.it/clima/clima_fvg/schede/T/
CLIMA-FVG-VIAVAS SCHEDA18 T-Costa.pdf. Accessed 21st
August 2018

Osmer FVGb http://www.meteo.fvg.it/clima/clima_fvg/schede/V/
CLIMA-FVG-VIAVAS_SCHEDA24_V-Costa_Laguna_e_
Monfalcone.pdf. Accessed 21st August 2018

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.


http://www.arpa.fvg.it/export/sites/default/tema/aria/utilita/Documenti_e_presentazioni/tecnico_scientifiche_docs/2014ott14_arpafvg_relazione_aria_monfalcone_09apr2014_04lug2014.pdf
http://www.arpa.fvg.it/export/sites/default/tema/aria/utilita/Documenti_e_presentazioni/tecnico_scientifiche_docs/2014ott14_arpafvg_relazione_aria_monfalcone_09apr2014_04lug2014.pdf
http://www.arpa.fvg.it/export/sites/default/tema/aria/utilita/Documenti_e_presentazioni/tecnico_scientifiche_docs/2014ott14_arpafvg_relazione_aria_monfalcone_09apr2014_04lug2014.pdf
http://cmsarpa.regione.fvg.it/export/sites/default/tema/aria/utilita/Documenti_e_presentazioni/tecnico_scientifiche_docs/2015ago18_arpafvg_relazione_qualita_aria_monfalcone_2014.pdf
http://cmsarpa.regione.fvg.it/export/sites/default/tema/aria/utilita/Documenti_e_presentazioni/tecnico_scientifiche_docs/2015ago18_arpafvg_relazione_qualita_aria_monfalcone_2014.pdf
http://cmsarpa.regione.fvg.it/export/sites/default/tema/aria/utilita/Documenti_e_presentazioni/tecnico_scientifiche_docs/2015ago18_arpafvg_relazione_qualita_aria_monfalcone_2014.pdf
https://va.minambiente.it/it-IT/Oggetti/Documentazione/1356/1715?pagina=3
https://va.minambiente.it/it-IT/Oggetti/Documentazione/1356/1715?pagina=3
http://www.meteo.fvg.it/clima/clima_fvg/schede/T/CLIMA-FVG-VIAVAS_SCHEDA18_T-Costa.pdf
http://www.meteo.fvg.it/clima/clima_fvg/schede/T/CLIMA-FVG-VIAVAS_SCHEDA18_T-Costa.pdf
http://www.meteo.fvg.it/clima/clima_fvg/schede/V/CLIMA-FVG-VIAVAS_SCHEDA24_V-Costa_Laguna_e_Monfalcone.pdf
http://www.meteo.fvg.it/clima/clima_fvg/schede/V/CLIMA-FVG-VIAVAS_SCHEDA24_V-Costa_Laguna_e_Monfalcone.pdf
http://www.meteo.fvg.it/clima/clima_fvg/schede/V/CLIMA-FVG-VIAVAS_SCHEDA24_V-Costa_Laguna_e_Monfalcone.pdf

	Validation of particulate dispersion models by native lichens as point receptors: a case study from NE Italy
	Abstract
	Introduction
	Material and methods
	Study area
	Lichen biomonitoring survey (LBS)
	Sample preparation and estimation of lobe age
	Collection of reference soil samples
	Chemical analysis
	ADM simulations
	Data analyses

	Results
	Exposure time and element concentrations of lichen samples
	ADM simulations
	PCA of element concentration values (EC dataset)
	PCA of element EF values (EF dataset)
	Trends of Cr, Pb and V EFs along wind-based transects

	Discussion
	Conclusions
	References
	Web references



