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A B S T R A C T   

The use of a high-density lichen transplant network together with quantitative wind relationships (WQRs) made 
it possible to evaluate the influence of an airport and surrounding road network on the spatial variation of 
polycyclic aromatic hydrocarbons (PAHs) and trace elements at both the local and whole study area scale. WQRs 
clearly showed that the parking/idling/taxiing area (PIT), but not the landing/take-off zones (LTZs), as well as 
the north/north-east part of the road network were contributors at the whole study area scale to the spatial 
variation of elements like Ni, Mo and V, i.e. those associated with ultrafine particles due to their involvement in 
anti-wear materials, and of total PAHs. In the case of an airport, such a result can have strong management 
implications. Traffic also affected the concentration of the prevailing volatile organic compounds. In contrast, 
LTZs and high traffic density values were correlated with peaks of Zn, Mo, Cu, Co, Mn, Ni, V, Al and Sb when 
associated with coarse particulate matter generated by deterioration of the landing gear, fuselage, wings, runway 
asphalt and brakes. The remarkable percentage of high-speed winds strongly affected both the spatial distri
bution of anthropogenic emissions and their atmospheric dilution, resulting in a rather low level of contami
nation. Our results suggest that biomonitoring can be much improved when matched with WQRs and that, in the 
event of high wind speeds, PAHs associated with the gas phase and fine/ultrafine particles are effective 
contamination tracers mainly at the whole study area scale whereas trace elements reveal contamination patterns 
at both scales.   

1. Introduction 

Adequate environmental management of atmospheric pollution at 
the mesoscale level requires the detection of potential anthropogenic 
sources of air contaminants. However, several approaches are possible 
considering the fundamental role of advection processes in affecting the 
spatial variation of elements and substances. Effective strategies should 
rely on the evaluation of quantitative relationships between the 
contaminant concentrations and air flows (Brusseau, 2006). Despite the 
opportunity provided by this kind of approach, in most literature re
ports, anemometric parameters were used merely to match trends in 
meteorological data with both particulate matter (PM) and Air Quality 
Index (AQI) variations, often with contrasting results. Indeed, while AQI 
shows a negative correlation with wind speed (Zhan et al., 2018; Liu 
et al., 2017), PM can have a negative or positive association depending 
on the size of the particulate matter (Wang et al., 2019), the exceeding of 

a specific wind speed threshold (Liu et al., 2017; Wang et al., 2019; Air 
Quality Expert Group, 2012) and the rising levels of PM2.5 concentra
tions (Lv et al., 2017). Wind speed and direction are frequently used to 
predict pollutant dispersion models (Anu et al., 2015; Gunatilake et al., 
2014), as well as to estimate the contribution to contamination of linear 
anthropogenic sources (Kim et al., 2015) or point sources, together with 
wind direction and distance of monitoring sites from a power utility 
(Riga-Karandinos and Karandinos, 1998). 

Airports and related road traffic are typical anthropogenic sources of 
atmospheric pollutants whose environmental effect can be effectively 
studied by means of a quantitative approach to wind data. Given the role 
of several factors (climate, topography, size of the airport and related 
aircraft fleet, development of ground transportation routes, proximity to 
urban/city areas), road traffic and aviation compete for an overriding 
role in contaminant emissions. Aviation can contribute to atmospheric 
contamination both directly with emissions associated with the landing/ 
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take-off (LTO) cycle and auxiliary power units (APUs) and indirectly due 
to ground support equipment (GSE) (Masiol and Harrison, 2014). Ana
lyses of vehicle fuel efficiency have shown that the BTU/passenger mile 
(where BTU means the amount of energy needed to transport one pas
senger) decreased by 24% for aircraft between 2004 and 2012 while in 
the same period cars showed a reduction of only 8.8%, resulting in a 
higher final value (FAA, 2015). 

On average, road transport is a stronger contributor of NOx and CO 
than airports, while the relative atmospheric input of total PAHs and PM 
seems to be comparable to ultrafine particles, sometimes being very 
intensely emitted by airport activities (Press-Kristensen, 2012; D’Agosto 
and Ribeiro, 2003; Choi et al., 2013). Many studies have evaluated 
potential toxic effects of airports on in situ workers and people residing 
in the surrounding area. In fact, exposure to diesel PM, 1–3 butadiene, 
benzene and acrolein was found to affect human health risks (Wood 
et al., 2008). Gaseous emissions, particularly CO, seem to be related to 
asthma and respiratory and heart problems, especially when excess 
idling takes place due to flight delays (Schlenker and Walker, 2016), 
while other evidence associates PM with the risk of cancer (Zhou and 
Levy, 2009). 

Very few studies have used biomonitoring to assess the contribution 
of airports to environmental contamination. In one study, a local pop
ulation of Pinus eldarica was used to evaluate the distribution of heavy 
metals, of which Cd and Zn showed the highest concentration at the 
sampling point close to Yazd Airport (Iran) (Miri et al., 2017). In another 
specific study on an airport (Nikola Tesla, Belgrade) using bio
monitoring by means of moss bags located at four sites (runway, 
auxiliary runway and parking lot), Zn, Na, Cr, V, Cu and Fe showed the 
highest accumulation values (Vukovic et al., 2017). When concentra
tions of PAHs, heavy metals and trace metals were measured in curly 
kale and grass surrounding the Berlin Brandenburg Airport, all of them 
were comparable to or below the applicable maximum threshold 
(Waeber et al., 2015). 

The present study is the first in which a wind quantitative parameter 
computed using wind speed and directions, the distances of sites from 
local contamination sources and periodic anemometric and contaminant 
monitoring were used in association with the epiphytic lichen trans
plantation technique to evaluate the contribution of a medium-size 
airport and surrounding road traffic to the atmospheric concentrations 
of trace elements and PAHs. The specific aims were to evaluate: a) the 
distribution of the contaminants, along with spatial patterns within the 
study area, b) the association, at the local scale (hundreds of squared 
meters from the potential source), between variation of the different 
zones of airport/traffic rate and those of trace elements and PAHs, and c) 
the potential role of airport and road transportation as sources, at the 
whole study area scale (tens of squared kilometres from the potential 
source), of trace elements and PAHs. 

2. Materials and methods 

2.1. Study area 

The airport is situated in the municipality of Lamezia Terme (Cala
bria Region) and is one of the most important in southern Italy for 
passenger traffic (2,539,233) with a total aircraft movement of 17,302 
per year (ENAC, 2017). It extends over 260 ha with two runways: an 
auxiliary one close to the apron area, devoted to parking and taxiing, 
and another where the LTO cycle takes place with a west-east orienta
tion (Sacal, 2015). Airplanes usually land on the sea side of the runway 
and take-off from the land side (ENAC-ASSAEROPORTI, 2019). Three 
main roads cross the study area: SS18–Tirrenica Inferiore and Highway 
A2–del Mediterraneo from north to south, and SS280–dei Due Mari from 
north-east to north-west. In total, 55,915 vehicles circulate in the mu
nicipality of Lamezia Terme, corresponding to 613 per 1000 inhabitants, 
a datum closely approaching the national average (625) (ACI, 2016). 
Soils destined to agricultural use are mainly located on the south side of 

the monitored district, with arable land (22.5%) prevailing over arbor
iculture (16.3%) and vineyards (2.2%). 

2.2. Lichen transplantation 

Biomonitoring was performed by transplanting thalli of the epiphytic 
lichen Pseudevernia furfuracea from the Sila National Park to 40 sites 
selected in the study area, of which 14 (S5, S10, S14, S15, S16, S17, S21, 
S22, S24, S25, S26, S27, S29, S33) were considered suitable for moni
toring airport activities because they were located inside it or near it 
(Fig. 1). In particular, 5 of them (S10, S14, S15, S16, S17) were posi
tioned to evaluate the contribution of the parking/idling/taxiing area 
(PIT) activities to the atmospheric composition and 9 of them to eval
uate the LTO cycle contribution. Such a partition of sites was set up 
because the airplanes stay for a longer time in the PIT zone than in the 
other parts, so that more than 1/3 of them were located there. The final 
density was 1.74 sites per square kilometre (within an area of 23 km2), a 
rather high value that allowed a careful evaluation of the spatial vari
ation of PAHs and trace elements. Lichen thalli were transplanted with 
their phorophytes and at each site were attached, with plastic strings, at 
a height of ca. 3 m above ground to minimize bias due to soil dust 
resuspension. The exposure lasted three months from 20 February to 20 
May 2016. The mean yearly temperature, rainfall and relative humidity 
were respectively 17 ◦C, 890 mm and 74% in the study area and 10.1 ◦C, 
1644 mm and 76.8% in the lichen origin area. 

2.3. Contaminants analysis 

2.3.1. Trace elements 
The elemental determination in the study area was performed on 

three subsamples for each of the 40 monitoring sites, while five sub
samples were used for the lichen origin area. Thalli were immersed in 
liquid nitrogen until brittle, ground with a mortar and ceramic pestle 
and then mineralised with 12 mL of ultrapure nitric acid in a microwave 
oven (Milestone Ethos 900). The concentrations of Al, Mn, Ti, Ba, Cu, Zn, 
V, Cr, Co, Ni, As, Mo, Cd, Pb, Sb and Sn were measured by inductively 
coupled plasma-mass spectrometry (Elan DRC Perkin Elmer SCIEX) in 
the Mass Spectroscopy Laboratory of the Department of Biology, Ecol
ogy and Earth Sciences (University of Calabria). The accuracy and pre
cision of the analysis were checked by means of the certified reference 
material BCR 482 (Lichen Pseudevernia furfuracea (L.) Zopf). 

2.3.2. Polycyclic aromatic hydrocarbons 
The PAHs analysis was performed at Ecocontrol srl, Caraffa di Cat

anzaro (CZ). Five grams of dried thalli were first sonicated in 25 mL of 
acetone supplemented with 1 mL of internal standard (10 μg/mL) and 
then extracted with 25 mL of hexane. Following decantation, acetone 
was removed by means of mechanical stirring with double-distilled 
water and the use of a separating funnel. Due to the high clearness of 
samples, no silica gel filtration was needed. The extract was concen
trated to 2 mL in a rotary vaporizer, dried (following the addition of 
toluene) under nitrogen flow and dissolved with 1 mL of internal stan
dard for gas chromatography–mass spectrometry determination. The 
analysis was performed with a gas chromatograph equipped with an 
injection system in split/splitless modality and mass spectrometric de
tector. The column was a Zebron ZB-5MS plus. Run parameters were: 2 
μL sample, flow of 1 mL/min, analyte quantification in single ion 
monitoring. Thirteen PAHs were searched for in thalli at the end of the 
exposure period: naphthalene; acenaphthene, phenanthrene, anthra
cene, fluoranthene, pyrene, benzo(a)anthracene, chrysene, benzo(b) 
fluoranthene, benzo(k)fluoranthene, benzo(a)pyrene, benzo(g,h,i)per
ylene, indeno(1,2,3-cd)pyrene. 

2.4. Statistical analysis 

Spatial patterns of trace elements and PAHs were evaluated by 
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means of a Detrended Correspondence Analysis (DCA) of the dataset: 
sites × potential contaminant ranks (polycyclic aromatic hydrocarbons 
and trace elements). Ranks were preferred to raw data to avoid clus
tering of macro- and microelements that could remove contamination 
trends. 

To test the consistency of formed clusters, a Multi Response Per
mutation Procedure was performed using the factor “Groups”. Kruskal- 
Wallis with Dunn test and Mann-Whitney test were used to test the null 
hypotheses: a) no difference between each cluster and the lichen origin 
area, b) no difference between the whole study area and the lichen 
origin area. The contribution at the local scale of the airport and road 
traffic to selected metals and organic compounds was evaluated by 
calculation respectively of the mean number of peaks (values within the 
4th quartile range) of the PIT and LTO cycle zones and the correlation 
coefficient (Spearman) between the spatial variation of traffic rate and 
that of trace elements and PAHs. 

The role of airport activities (idling, parking, taxiing, landing and 
take-off) and road traffic (number of cars, buses and trucks h− 1) as 
sources of atmospheric constituents at the whole study area scale was 
assessed by means of quantitative relationships with the wind, as 
explained below. Meteorological data (wind velocity, frequency and 
direction) were provided by the airport station of the Air Force meteo
rological service. These data were used, together with the distance of 
each site from all the others and the total exposure time of thalli, to 
calculate the parameter: Potential Number of Times Wind (passing 
through the zone where a hypothetical point source is located) Reaches 
the Sites (PNTWRS) in each geographical sector into which the study 
area is divided. This parameter has been successfully used by the authors 
to assess the contribution of point/diffuse sources of atmospheric con
taminants (Lucadamo et al., 2016, 2017, 2018). It is the ratio between 
two times: the time wind flows in to each of the geographical sectors (as 
percentage of the transplant exposure time) and the time wind, passing 

through a potential point source, takes to reach sites located in each of 
the geographical sectors (in this case 8: NE, EN, ES, SE, SW, WS, WN, 
NW). This last value is calculated by dividing the distance separating the 
potential source from a site by the speed the wind flows into the 
geographical sector where the site is located. Each time a site is selected 
as a potential source it becomes the centrepiece of the wind rose with 
different sites attributed to the geographical sectors (see detailed 
example of calculation of PNTWRS, S1 in supplementary material). 

This parameter can be easily calculated by means of a spreadsheet 
such as Excel. The rationale behind it is that the more the wind passing 
through a polluting source reaches a site where transplants are exposed 
the more there is a potential increase in pollutant bioaccumulation. 
Once the PNTWRS was computed, the role of sources at the whole study 
area scale was assessed as follows: 1) testing the significance of corre
lation coefficients (Spearman) related to the spatial variation of trace 
elements/PAHs and that of PNTWRS calculated for each site of the PIT 
and LTO cycle zones, referred to respectively as R(PNTWRS-TE) and 
R(PNTWRS-PAHs); 2) a two-step procedure of correlation coefficients 
(Spearman) determination: a) again testing the significance of the as
sociation between the spatial variation of trace elements/PAHs and 
PNTWRS (R(PNTWRS-TE) and R(PNTWRS-PAHs)) calculated for each site 
considered not suitable to evaluate a local scale effect of the airport, b) 
evaluation of the statistical significance of the association, for each of 
the selected trace elements and PAHs, between the spatial variation of 
road traffic and that of the relative series of R(PNTWRS-TE) and R(PNTWRS- 

PAHs) of the above-mentioned type of sites. This second correlation, if 
successfully validated, would suggest that the more the traffic rate per 
site increases the more the contaminating role of that site at the level of 
the whole study area increases. The method of spatial interpolation 
(Inverse Distance Weighting (IDW)), often used in the Geographical 
Information System, has been applied for the generation of iso
concentration maps. The IDW method estimates values of cells by the 

Fig. 1. Study area (figure taken from Google Earth and edited by the authors) showing the Lamezia Terme Airport, the main communication roads and the 40 sites 
where thalli were transplanted for biomonitoring activities. 
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weighting of values (points) of geometric data in the proximity of each 
processed area (cell). The points closer to the cell centre have more 
weight in the process of weighting. Multivariate analyses and uni/ 
bivariate analyses were performed using the software PC-ORD 4 and 
Minitab 16 respectively. 

3. Results 

Anemometric results are shown in Table 1. Winds blow prevailingly 
from the west (49.6%) and least from the south (16.6%). Mean velocity 
is 2.4 ms− 1, with about 30% of winds showing a velocity higher than 5.5 
ms− 1. However, when the high-speed series is considered, 58% of values 
are higher than 5.5 ms− 1 and 32% range from 8 to 23 ms− 1, suggesting 
that the area is characterized by a significant component of “dispersive” 
winds, i.e. diluting potential pollutants emitted by local sources. 

Phenanthrene, fluoranthene, pyrene and chrysene are the only PAHs 
systematically detected at all sites, while anthracene and benzo(g,h,i) 
perylene show concentrations above the detection limit only at one site. 
About 64% of the trace element concentrations indicate absence of 
enrichment (Cr, As and Cd 100% of cases), 30% slight enrichment and 
only 6% moderate to high enrichment. 

Fig. 2 shows the results of the Detrended Correspondence Analysis of 
the dataset sites × contaminants (PAHs and trace elements). Only the 
results of the first two axes are shown because most of the variance 
(62.7%) is associated with them. Based on the correlation between the 
ordination distances and distances in the original space (using relative 
Euclidean distance), two gradients are detectable, one along axis 1 
(25.5% of variance) which separates cluster 2 from cluster 3 and a 
second one along axis 2 (37.2% of variance) which divides cluster 2 and 
3 from cluster 1. 

Application of a Multi Response Permutation Procedure, using the 
factor “Clusters” (i.e. the clusters resulting from DCA), supported the 
segregation between the detected groups (T = − 12,199 p = 0.000000, 
chance-corrected within group agreement = 0.142). Sites of cluster 3 are 
mostly located in the north part of the study area (85% of sites), those of 
cluster 1 have an opposite distribution (100% in the south part), while 
sites of cluster 2 are more or less equally distributed between the two 
parts (42% north, 58% south). The highest concentrations of the most 
representative PAHs (total PAHs included) are found at sites of cluster 3 
(Table S1). Cluster 2 does not differ from cluster 3 only in the case of 
pyrene, while it always shows higher concentrations than cluster 1. 

As regards the trace elements (Al, V, Cr, Cu, Ni, As, Mo, Pb, Ti, Sn, Sb, 
Ba), the highest concentrations were detected at sites of cluster 2 fol
lowed by those of cluster 3, with the lowest ones measured in cluster 1 
(Table S2). Both trends were supported by the results of a 1-way non- 
parametric ANOVA and Dunn test (Tables S3, S4). When the mean 
concentrations of the elements are considered at the level of the whole 
study area, all of them show a marked (Mann-Whitney p < 0.05) dif
ference from the LOA, except Mn, Mo and Cd. 

The analysis of the local scale effects of the investigated pressures, i. 
e. when evaluated respectively at the sites within/very close to Lamezia 
Terme Airport and at those located in the remaining part of the study 
area (chosen to monitor road traffic), reveals peculiar spatial trends. 
Values of Al, V, Co, Ni, Cu, Zn, Mo, Ti, Sb and Sn related to the 4th 
quartile were detected at several sites of the airport. However, when the 
different zones are considered, an asymmetric distribution is evident. 

Indeed, the mean number of peaks per site (MPS) is the following: sea 
side (landing) of runway = 4.3, land side (take-off) = 4.0 and PIT zone =
1.0. In contrast, the MPS is quite low for PAHs. In fact, the number of 
concentrations related to the 4th quartile of phenanthrene, fluo
ranthene, chrysene, pyrene and total PAHs shows the following pattern: 
sea side of runway = 1.0, land side = 1.2 and PIT = 1.0 (peaks only at 
site S17). The non-parametric correlation analysis (Spearman) between 
the spatial variation of traffic rate (vehicles h− 1) and that of the inves
tigated substances shows a significant coefficient for Cu, Mo and Sb, 
measured separately for cars (Mo: r = 0.364, p = 0.029; Sb: r = 0.354, p 
= 0.034) and trucks/buses (Cu: r = 0.332, p = 0.048; Mo: r = 0.503, p =
0.002; Sb: r = 0.410, p = 0.013). No significant correlations were 
detected for PAHs. The airport and vehicle circulation are also effective 
sources of trace elements and PAHs at the whole study area scale (kil
ometres from the source). Table 2 shows the statistically significant 
correlations between the PNTWRS calculated for the sites chosen to 
monitor airport emissions and the spatial variation of trace elements. 

All five sites related to the PIT zone (S10, S14, S15, S16, S17) show 
significant coefficients (16 of the total 19) respectively with Co, Cu, Mn, 
Mo, Ni, V and Zn, while the PNTWRS of only 2 (S5 and S21) of the 9 sites 
located in/near the landing/take-off zones are significantly correlated 
with the spatial variation of Mn and Mo (3 of the 19 coefficients). 
Table 3 lists these correlations with PAHs, and only the PNTWRS of the 
five sites (S10, S14, S15, S6, S17) monitoring the PIT zone are signifi
cantly correlated with the spatial variation of total PAHs. 

Tables 4 and 5 show the results (significant coefficients) of the cor
relation analysis between the PNTWRS calculated for each of the sites 
not specifically monitoring airport activities (i.e. the 26 sites located 
outside the airport and monitoring the traffic circulation) and the spatial 
variation of respectively the trace elements and the PAHs. 

As at the airport monitoring sites, the elements with the highest 
number of significant correlations were Mo, Ni and V with the addition 
of Cu. Phenanthrene, fluoranthene, pyrene and total PAHs always 
showed significant coefficients for the same group of sites except S13 
(Table 5). Interestingly, positive correlations were systematically found, 
for both trace elements and PAHs, exclusively at sites north of the airport 
whereas negative correlations were found only at sites south of the 
airport. 

Once the coefficients PNTWRS-TE and PNTWRS-PAHs were calculated, 
their spatial variation was correlated (Spearman) with the spatial vari
ation of traffic rate. The rationale of this correlation is that the more the 
traffic circulation increases at a site the more that site is a point source of 
a trace element or a PAH. The new coefficients were calculated sepa
rately for type of vehicles, and the statistically significant ones are the 
following: Cars: Co, r = 0.46, p = 0.004; Mn, r = 0.504, p = 0.002; Mo, r 
= 0.47, p = 0.004; Ni, r = 0.56, p < 0.0005; V, r = 0.432, p = 0.008; P, r 
= 0.49, p = 0.002; Fl, r = 0.52, p = 0.001; Py, r = 0.50, p = 0.002; Chr, r 
= 0.50, p = 0.002; total PAHs, r = 0.513, p = 0.001; Trucks/Buses: Mo, 
r = 0.398, p = 0.016; V, r = 0.357, p = 0.033; P, r = 0.40, p = 0.016; Fl, r 
= 0.38, p = 0.024; Py, r = 0.41, p = 0.013; Chr, r = 0.43, p = 0.010; total 
PAHs, r = 0.518, p = 0.001. 

Figs. 3–6 show the isoconcentration maps of Mo, V, Ni and total 
PAHs, i.e. those substances whose spatial variation was mostly affected 
by the role as sources, at the whole study area level, of PIT sites and 
those sites not dedicated to airport monitoring and located in the north- 
north-east zone, where the highest values of traffic rate were measured. 

Table 1 
Mean values of wind frequency and velocity based on daily records. The frequency of data recording was set once every 15 min for a total of 8300 records at the end of 
the transplant exposure (three months). Daily velocity was calculated as the mean of the 96 records. Daily frequency was expressed as the percentage of the 96 records. 
High speed: the highest velocity recorded every 15 min.   

N NE E SE S SW W NW 

Frequency (%)  0.05  16.88  24.57  3.31  5.61  7.65  34.66  7.27 
Velocity (m s− 1)  1.73  3.57  3.80  0.49  1.05  2.20  5.25  5.19 
Highspeed (m s− 1)  2.53  5.98  7.05  2.79  3.35  5.28  7.61  7.43  
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Peak partition is well evident, within the airport, in the case of Ni and V 
and less evident for Mo. Both trace elements and PAHs show, on average, 
higher concentrations in thalli mainly in the northern part of the study 
area and lower values in the southern one. 

4. Discussion 

4.1. Distribution of the monitored substances and their spatial patterns 

The results of the three months of biomonitoring using Pseudevernia 
furfuracea transplantation suggest the development of a different spatial 
pattern for PAHs and trace elements. The former show the highest values 

of bioaccumulation in the north part of the study area consistently with 
the location of their main anthropogenic sources (airport and road 
network). The only PAHs systematically detected at all sites were 
phenanthrene, fluoranthene, pyrene and chrysene. These are 3–4 ring 
compounds present in gas (P) and gas/particulate phases (Fl, Py, Chr) 
(Bostrom et al., 2002). In exhaust from both gasoline/petrol and diesel 
fuelled vehicles, the gas-particulate ratio of these compounds amounts, 
on average, to 50% (Benner et al., 1989; Ho et al., 2009), depending on 
the levels of engine maintenance and the presence of catalytic equip
ment, with particles ranging from fine to ultrafine size (Hall et al., 
1998a). Studies of aircraft emissions show that these same PAHs are 
typically found in gaseous exhausts with a gas/particulate partition ratio 

Fig. 2. Ordination diagram resulting from a Detrended Correspondence Analysis (number of segments: 26) of the dataset sites × contaminants (polycyclic aromatic 
hydrocarbons and trace elements). Only the ordination relative to the first two axes is shown because they explain most of the variance (62.7%). Three clusters are 
detectable: C1, C2, C3. 

Table 2 
Testing the potential role as “point source” of the 14 sites (see Section 2.2 paragraph) selected to monitor the two different airport zones (LTO zone and PIT zone). This 
means calculating the Potential Number of Times that Wind, passing through each of these 14 sites, Reaches the remaining 39 Sites (PNTWRS). The table shows only 
the statistically significant non-parametric correlation coefficients (r) (Spearman) between the spatial variation of PNTWRS and the spatial variation of the thalli 
concentrations of selected trace elements (μg/g d.w. of lichen thallus) measured at 39 of 40 sites (the site tested for its role as point source is obviously excluded). p =
levels of probability, S = site.  

SITES Co Cu Mn Mo Ni V Zn 

r p r p r p r p r p r p r p 

S5  –  –  –  –  0.35  0.031  0.34  0.032  –  –  –  –  –  – 
S10  0.35  0.03  –  –  0.51  0.001  0.32  0.045  0.52  0.001  0.38  0.018  –  – 
S14  –  –  –  –  –  –  0.47  0.002  0.37  0.02  –  –  –  – 
S15  –  –  –  –  –  –  0.41  0.009  0.32  0.049  0.34  0.035  –  – 
S16  –  –  –  –  –  –  0.36  0.025  –  –  –  –  –  – 
S17  0.36  0.023  0.46  0.003  –  –  –  –  0.37  0.021  0.32  0.045  0.34  0.035 
S21  –  –  –  –  –  –  0.46  0.003  –  –  –  –  –  –  
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presenting a wide range, with a median of 9.6 (Kuhlman and Chuang, 
1989). The other polycyclic aromatic hydrocarbons, scarce in the lichen 
transplants, have higher molecular weights (5 and 6 rings) and, when 
emitted, are usually bound to particulate matter. Previous monitoring 
activities to investigate the road traffic contribution to the atmosphere 
utilizing lichens, with the same species used by the present authors 
(Guidotti et al., 2009) and a different one (Evernia prunastri) (Blasco 
et al., 2008), gave similar results, with 2–4 ring PAHs being the most 
accumulated in thalli and heavier compounds accumulated much less. 
These results suggest that lichens not only effectively trap both gas and 
particulate phases of PAHs but also in a ratio that largely matches their 
emissions from anthropogenic sources (Keyte et al., 2016; Vieira de 
Souza and Correa, 2016). 

The spatial pattern of trace elements is more complex, probably 
because their sources are distributed between the north and south parts 
of the study area. Indeed, in both of these parts (cluster 2), agriculture is 
quite intensely practised (viticulture, olive cultivation and arable land). 
Plowing of the land and the lack of cover grass in vineyards and olive 
groves can promote soil erosion, resulting in an increase of bio
accumulation of elements such as Al, Ti, and Ni and Co due to the 

presence of Vertisols in the study area (ESDAC, 2020; Serelis et al., 
2010). Moreover, when sprayed, organotin and sodium arsenite based 
pesticides may contribute to the drift of As and Sn (EURL-SRM, 2013), 
although the former are used much less today than in the past (Songy 
et al., 2019). On the other hand, traffic and airport activity can be 
important environmental sources of elements such as Al, V, Co, Mo, Ni, 
Cu, Mo, As, Sn, Sb and Pb (Johansson et al., 2008; Pant and Harrison, 
2013; Masiol and Harrison, 2014; TRANSPHORM, 2014), resulting in an 
additional contribution in the north part of the study area. Despite the 
presence of several potential sources of trace elements, the significant 
frequency of “dispersive” wind velocities reduced thalli bio
accumulation, so that no or very low levels of enrichment were detected 
compared to the pre-exposure amounts. 

4.2. Variation of the selected human pressures and that of trace elements 
and PAHs at the local scale 

In the airport, most of the trace elements showed a differential 
pattern of the mean number of peaks per site, with higher values in the 
landing (4.3) and take-off (4.0) sides of the airport runway and lower 
ones in the PIT zone (1.0). Many of them (Zn, Mo, Cu, Co, Mn, Ni, V, Al) 
can arise from wear of the runway asphalt (Bennett et al., 2011), dete
rioration of brakes and landing gear (Amato et al., 2010), fuselage and 
wing corrosion due to atmospheric agents, pollutants and de-icing 
substances sprinkled on the runway surface (Usmani and Donley, 
2002; Huttunen-Saarivirta et al., 2011). All the particles resulting from 
these processes have a mean diameter of 1 to 10 μm (Danish EcoCouncil, 
2019), i.e. they are considered “coarse particulate”. In addition, these 
particles are affected by gravitational settling with a high deposition 
velocity (Mohan, 2016), suggesting that they are effective markers of 
related sources at the local scale. This result is consistent with the hy
pothesis that both the runway surface and mechanical components of 
aircraft suffer stronger physical–chemical stresses in the landing/take- 
off zones than in the PIT area. Other studies measuring metal levels in 
soils surrounding airports, and sometimes investigating landing/take-off 
paths, found an association between airport activities and several ele
ments, including Cu, Ni, Co, V and Zn (Boyle, 1996; Nunes et al., 2011; 
Massas et al., 2016), thus partially supporting our findings. 

When trace elements were evaluated as local-scale markers for 

Table 3 
Testing the potential role as “point source” of the 14 sites (see Section 2.2) 
selected to monitor the two different airport zones (LTO zone and PIT zone). This 
means calculating the Potential Number of Times that Wind, passing through 
each of these 14 sites, Reaches the remaining 39 Sites (PNTWRS). The table 
shows only the statistically significant non-parametric (Spearman) correlation 
coefficients (r) between the spatial variation of PNTWRS and the spatial varia
tion of the thalli concentrations of the detected polycyclic aromatic hydrocar
bons (μg/g d.w. of lichen thallus) measured at 39 of 40 sites (the site tested for its 
role as point source is obviously excluded). p = levels of probability, S = site.  

SITES Phenanthrene Fluoranthene Pyrene Total PAHs 

p r p r p r p r 

S5  0.49  0.002  0.47  0.005  0.48  0.002  –  – 
S10  –  –  –  –  –  –  0.33  0.039 
S14  –  –  –  –  –  –  0.43  0.006 
S15  0.32  0.048  0.36  0.025  0.33  0.043  0.39  0.016 
S16  0.038  0.017  0.35  0.029  –  –  0.37  0.022 
S17  0.036  0.024  –  –  –  –  0.36  0.021 
S21  0.39  0.014  0.34  0.036  –  –  –  –  

Table 4 
Testing the potential role as “point source” of the sites not specifically monitoring the airport (i.e. the 26 sites located outside the airport, including those related to the 
large parking area in proximity to the layover). This means calculating the Potential Number of Times that Wind, passing through each of these 26 sites, Reaches the 
remaining 39 Sites (PNTWRS). The table shows only the statistically significant non-parametric (Spearman) correlation coefficients (r) between the spatial variation of 
PNTWRS and the spatial variation of the selected trace elements (μg/g d.w. of lichen thallus) measured at 39 of 40 sites (the site tested for its role as point source is 
obviously excluded). p = levels of probability, S = site. These correlations are denoted as R(PNTWRS-TE).  

North of Airport Co Cu Mn Mo Ni Sb V 

r p r p r p r p r p r p r p 

S1 – – – – 0.53 <0.0005 0.41 0.009 0.45 0.004 – – – – 
S4 – – – – – – 0.33 0.043 0.46 0.003 – – – – 
S6 – – – – – – 0.33 0.042 0.394 0.013 – – – – 
S7 – – – – – – 0.42 0.007 0.32 0.044 – – – – 
S8 0.33 0.042 0.32 0.05 – – 0.34 0.036 0.49 0.002 0.43 0.006 0.35 0.03 
S9 – – 0.47 0.002 – – 0.40 0.012 – – – – 0.35 0.029 
S11 – – 0.32 0.05 0.34 0.036 0.41 0.010 – – – – – – 
S13 – – 0.33 0.041 – – 0.43 0.006 0.41 0.009 – – 0.43 0.007 
S19 – – – – – – 0.36 0.022 – – – – – –  

South of Airport r p r p r p r p r p r p r p 
S28 − 0.38 0.016 – – – – – – – – – – – – 
S30 – – – – − 0.41 0.010 – – – – – – – – 
S31 – – – – – – – – − 0.32 0.044 – – – – 
S34 − 0.38 0.016 − 0.36 0.024 − 0.34 0.033 – – − 0.48 0.002 – – − 0.40 0.013 
S35 – – – – – – − 0.38 0.016 – – – – – – 
S36 – – – – − 0.33 0.041 – – − 0.34 0.034 – – – – 
S37 – – – – – – − 0.35 0.029 – – – – – – 
S39 – – – – − 0.46 0.004 – – – – – – – – 
S40 – – − 0.36 0.026 – – − 0.34 0.034 – – – – – –  
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variation in the road traffic rate, the results confirmed the above- 
mentioned interpretation of the effect of the size of particles the 
metals are linked to on their spatial distribution. Indeed, there were 
significant correlations between the number of vehicles h− 1 and thalli 
concentrations of Cu, Mo and Sb, the primary components of brake pads, 
whose wear results in the formation of dusts with a size mode ranging 
from 1.6 to 2 μm (Dongarrà et al., 2009) to 4 μm (Iijima et al., 2007), a 
type of coarse particulate with a significant deposition rate in the sur
roundings of the emission source. Only one site in the parking/idling/ 
taxiing zone (S17) showed peaks of all the PAHs systematically detected 
in the study area, while sites on the landing/take-off runway sides 
showed a lower mean number of peaks (sea side = 1.0, land side = 1.2). 
Surprisingly, the spatial variation of traffic was never associated with 

that of PAHs. We believe that this result is due to the interaction among 
the gas/particulate phase ratio, the size of emitted particles and the 
intensity and frequency of high wind speeds. Further explanation will be 
given in the following section by comparison with the analysis of vari
ation at the whole study area scale. 

4.3. Evaluation of the role of airport and road traffic as sources of trace 
elements and PAHs at the whole study area scale 

This analysis was made possible by the use of a quantitative wind 
parameter (PNTWRS) that allowed testing of the potential role of a 
single monitoring site as a point source of selected substances at the level 
of the whole study area. This parameter is the potential frequency the 

Table 5 
Testing the potential role as “point source”of the sites not specifically monitoring the airport (i.e. the 26 sites located outside the airport, including those related to the 
large parking area in proximity to the layover). This means calculating the Potential Number of Times that Wind, passing through each of these 26 sites, Reaches the 
remaining 39 Sites (PNTWRS). The table shows only the statistically significant non-parametric (Spearman) correlation coefficients (r) between the spatial variation of 
PNTWRS and the spatial variation of detected polycyclic aromatic hydrocarbons (μg/g d.w. of lichen thallus) measured at 39 of 40 sites (the site tested for its role as 
point source is obviously excluded). p = levels of probability, S = site. These coefficients are denoted as R(PNTWRS-PAHs).  

North of airport Phenanthrene Fluoranthene Pyrene Chrysene Total PAHs 

r p r p r p r p r p 

S1 0.52 0.001 0.61 <0.0005 0.60 <0.0005 0.43 0.006 0.52 0.001 
S3 0.36 0.025 0.44 0.005 0.46 0.003 – – 0.35 0.029 
S4 0.44 0.005 0.51 0.001 0.47 0.002 – – 0.48 0.005 
S6 0.37 0.021 0.42 0.008 0.37 0.019 – – 0.36 0.022 
S8 0.52 0.001 0.59 <0.0005 0.64 <0.0005 0.35 0.027 0.59 <0.0005 
S9 0.55 <0.0005 0.57 <0.0005 0.54 <0.0005 0.35 0.027 0.57 <0.0005 
S11 0.43 0.006 0.43 0.006 0.41 0.009 – – 0.46 0.003 
S13 – – 0.36 0.026 0.33 0.040 – – 0.42 0.008  

South of Airport r p r p r p r p r p 
S31 − 0.322 0.045 − 0.49 0.002 − 0.52 0.001 − 0.35 0.03 − 0.45 0.009 
S34 − 0.36 0.024 − 0.43 0.006 − 0.40 0.012 – – − 0.35 0.03 
S36 − 0.38 0.017 − 0.40 0.011 − 0.32 0.048 – – − 0.39 0.014 
S37 − 0.41 0.01 − 0.48 0.002 − 0.44 0.005 − 0.41 0.009 − 0.42 0.007 
S39 − 0.51 0.001 − 0.54 <0.0005 − 0.47 0.003 − 0.43 0.006 − 0.47 0.003  

Fig. 3. Isoconcentration map of molybdenum.Inverse Distance Weighting (IDW) was used to generate the map. Different colours denote different concentration areas 
based on the scale shown on the right side of the figure (μg/g d.w. of lichen thallus). 
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wind, passing through a “candidate” point source, reaches each of the 
sites located on each geographical side during the monitoring period 
(Lucadamo et al., 2016). Once calculated, it is correlated with the spatial 
variation of the substances of interest. In the case of trace elements, 
significant correlations were found mainly for Mo and Ni, and 

secondarily V, for both the airport and road traffic rate probably because 
they involve similar applications in terms of materials and anti-wear 
methodologies. Only sites in the airport’s PIT zone can be considered 
potential sources of these elements at the whole study area scale (84% of 
all significant correlations vs 16% associated with landing/take-off sites, 

Fig. 4. Isoconcentration map of nickel. Inverse Distance Weighting (IDW) was used to generate the map. Different colours denote different concentration areas based 
on the scale shown on the right side of the figure (μg/g d.w. of lichen thallus). 

Fig. 5. Isoconcentration map of vanadium. Inverse Distance Weighting (IDW) was used to generate the map. Different colours denote different concentration areas 
based on the scale shown on the right side of the figure (μg/g d.w. of lichen thallus). 
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Table 4), probably because the activities generating them are much 
longer-lasting in this part of the airport than in the rest of the airport. 
After landing, the aircraft engine is switched off and an auxiliary power 
unit (APU), i.e. a secondary engine, is switched on to support the air
plane’s functions. When the aircraft stops in the parking zone, the APU 
may or may not be switched off. The first option is called single cycle 
APU event. The second is called double cycle APU event, during which 
the airplane is connected to an external power unit (ground support 
equipment – GSE). These are usually powered by diesel engines which, 
on average, burn more than 7.5 kg of fuel per hour (Fleuti and Hofmann, 
2005), emitting 6.3 tons of VOC per year (Kenney et al., 2015) and, 
potentially, the same range of trace elements associated with oil and 
lubricants of on-road vehicles (see below). They operate until the APU is 
switched on again before the airplane moves from the parking zone. The 
supplied power is needed to support the control panel, air conditioning 
and air bleeding of the engine. Unfortunately, APU reactivation often 
takes place long before the effective take-off time due to delays caused 
by various factors, resulting in higher aircraft fuel consumption and 
relative emissions. The whole turnaround lasts an average of 45 min 
(Padhra, 2018), ranging from 25 to 120 min, far longer than the periods 
the aircraft is involved in the landing and take-off phases. In the aero
space industry, Ni and Mo are used to manufacture alloys of the APU 
(Kracke, 2010) and they are also primary components of the Hastelloy X 
alloy of the main jet turbine, with the latter element often used in 
lubricant applications, while V is found in kerosene and oil (Abegglen, 
2016). In addition, these three elements are typically associated with the 
soot emitted by jet engines, with molybdenum being a quite significant 
component at low thrust (Abegglen, 2016), as well as with the APU 
exhaust, being found as wear particles in oil samples (AZO Materials, 
2009). Analysis of emitted particles from both types of power units show 
that their size mode ranges from 20 to 40 nm for the APU (Kinsey et al., 
2012) and around 20 nm for the primary engine at the lowest power 
(idling). Such diameters classify them as “ultrafine” particles, i.e. 
affected by Brownian diffusion in their deposition trajectories so that 
they have a quite long suspension time (Sehmel and Hodgson, 1978; 
Fang et al., 1997). 

This theoretical framework is consistent with our monitoring results. 
Sites S10, S14, S15, S16 and S17 (very close to or within the PIT zone) 
are those where the APU, GSE and main jet engine at lowest thrust 
operate for prolonged times, so that they become primary airport 
sources of these three elements at the level of the whole study area by 
means of winds often blowing at speeds that strongly disperse the 
emissions. Molybdenum, probably due to a higher emission rate (in soot 
at low thrust) than V and Ni, also shows some peaks at the local scale 
(sites S16 and S17). Road traffic is also a comparable and continuous 
source of these trace elements. Interestingly, molybdenum, as well as 
being used as a component of brake pads, is found as disulphide nano
particles in additives of oil lubricants, i.e. the emitted particle size is 
expected to have a bimodal distribution, respectively around 2–4 μm 
and tens-hundreds of nanometres. V and Ni are similarly found in car oil 
lubricants and are associated with exhaust particles with a diameter 
ranging from 500 nm to 1 μm (Sarvi et al., 2011), a value that also results 
in very slow deposition velocities (Mohan, 2016). When the correla
tions, for each trace element, between the site-(R(PNTWRS-TE)) (Table 4) 
and that of the traffic rate were considered, Mo, Ni and V again showed 
significant coefficients together with Co and Mn. However, Mo, Ni and 
secondarily V showed the highest number of statistically significant site- 
(R(PNTWRS-TE)) (Table 4), suggesting that they are the most consistent 
tracers of long-range emissions for road traffic. In addition, all the 
positive site-(R(PNTWRS-TE)) were found in the north part of the study 
area, i.e. where there were the highest levels of traffic rate, whereas all 
the negative site-(R(PNTWRS-TE)) were found in the south part, with the 
lowest traffic rate levels. While a positive coefficient can be considered 
to support the potential role of a site as a point source of these metals, a 
negative coefficient can indicate a site substantially lacking sources of 
these elements, so that the more the wind passes through that site the 
more it helps to dilute the concentration of the metals at the remaining 
sites. 

The lichen bioaccumulation pattern of PAHs seemed only relatively 
comparable to that of trace elements. The PIT monitoring sites showed a 
similar number of significant site-(R(PNTWRS-PAHs)) compared to the 
landing/take-off sites, although only the former (S10, S14, S15, S16, 

Fig. 6. Isoconcentration map of total PAHs. Inverse Distance Weighting (IDW) was used to generate the map. Different colours denote different concentration areas 
based on the scale shown on the right side of the figure (μg/g d.w. of lichen thallus). 
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S17) can be considered sources of total PAHs at the whole study area 
scale (Table 3). Indeed, many literature reports clearly indicate that 
aircraft engines emit much higher PAH levels at minimum-low thrust 
than at higher power (EASA, 2013; Spicer et al., 1990; Kuhlman and 
Chuang, 1989; Agrawal et al., 2008). Moreover, considering the sub
stantial contribution to emissions of volatile and semivolatile PAHs due 
to the long operating times of the APU and GSE (Zielinska et al., 2004) 
(like the primary engine when involved in prolonged taxiing; Zhang and 
Wang, 2017) as well as the prevalent association of PAHs with the 
gaseous phase and with nanoscale particles (Rogers et al., 2005) and the 
significant frequency of wind dispersive velocities, the activities taking 
place in the apron area (including taxiing to move toward the runway) 
effectively contributed to the spatial variation of both trace elements 
and PAHs at the level of the whole study area. Based on these consid
erations, we hypothesize that the relatively low number of peaks (4th 
quartile values) found within/very close to the airport may be due to the 
quick removal of the emissions by frequent strong winds that reduce 
bioaccumulation at the local scale. Analysis of the correlations, for each 
of the systematically detected PAHs, between the traffic rate and site- 
(R(PNTWRS-PAHs)) supports the role of road traffic in promoting emissions 
with long-range (several square kilometres) deposition. PAHs associated 
with exhausts of both diesel and gasoline/petrol fuelled car engines 
contain, in addition to a gaseous component, ultrafine particles with a 
size mode between 10 and 250 nm (Xue et al., 2015; Hall et al., 1998b; 
Szewczynska et al., 2017), which in our study area were emitted with a 
higher frequency in the north part (median 52 vehicles h− 1, min 2, max 
1712) and were blown away by quite constant dispersive winds. This 
datum is of paramount importance because it matches that for the trace 
elements and further strengthens the conclusion that the emissions 
associated with the higher road traffic rate in the north side affected the 
spatial variation of both these substances at the level of the whole study 
area (23 km2). Again, we believe that the lack of correlations between 
traffic rate and PAHs at the local scale was probably due to the signifi
cant frequency of high-speed winds that effectively removed the vehicle 
exhausts from the emission site, thus preventing an appreciable trans
plant bioaccumulation “in situ”. 

The very small height of emission sources, 1.5–2 m (main turbines), 
2–3 m (APU) and 30–60 cm (GSE/car tailpipe), did not prevent these 
anthropogenic activities from affecting the long-range distribution of 
emitted substances, suggesting that the wind velocity and frequency, as 
well as the gas/particulate partition and size of emitted particles, are the 
main factors determining the length of the deposition trajectories. 

5. Conclusions 

The results of our study suggest that trace elements and PAHs, 
especially when the monitored area presents a significant frequency of 
high-speed winds, can have a different diagnostic application depending 
on the spatial scale at which the effects of anthropogenic sources are 
evaluated. Indeed, the former are associated with both coarse and fine- 
ultrafine particles, i.e. with very different deposition velocities so that 
their variation at both the local scale (tens-hundreds of metres from the 
source) and the whole study area scale (kilometres from the source) can 
be used to evaluate the environmental impact of the selected sources. 
Although the PAHs with the highest representation in exhaust emissions, 
i.e. volatile and semivolatile PAHs, may have a relatively variable gas/ 
particulate phase partition, the particles they are associated with have 
nanometric size, i.e. with quite low deposition velocities. This means 
that their spatial variation might be more effectively used to trace the 
role of an anthropogenic source when evaluated at the whole study area 
scale. Such a result can be made possible especially when testing 
quantitative relationships between winds and the spatial variation of the 
selected substances. Because the calculation of the parameter PNTWRS 
is independent of the type of biomonitor selected, it can be used with 
whatever kind of organism shows a bioaccumulation correlating in a 
statistically significant way with the exposure to atmospheric 

contaminants. Our results suggest that this parameter can be success
fully applied when dealing with different anthropogenic sources of 
pollutants as it is not affected by the height of emission or the charac
teristics of fuels and combustion processes. Attention should be paid to 
the topography of the study area. Indeed, the higher the roughness of the 
territory the weaker could be the association with the spatial variation of 
contaminants due to the generation of eddies which, locally, increase 
deposition phenomena. An evaluation of the coefficient of variation 
between iso-altitudinal lines is suggested. 

At the local scale (mainly the LTO pathways), Lamezia Terme Airport 
proved to be a source of trace elements such as Zn, Mo, Cu, Co, Mn, Ni, V 
and Al but not of volatile and semivolatile PAHs. The PIT zone was found 
to be a square kilometre-scale source of both Mo and Ni (and secondarily 
V) and total PAHs. This outcome was probably due to the much longer- 
lasting activities that generate these substances (APU and GSE engine 
operations, aircraft taxiing) compared to those of the LTO pathways. 
From a management point of view, we consider this a remarkable result. 
Indeed, the central role of the PIT zone of an airport in promoting 
environmental contamination could be mitigated by both the use of less 
polluting GSEs and systematic avoidance of the unnecessary reactivation 
of APUs long before the effective take-off time. Lamezia Terme Airport 
benefits from strong winds that lessen the potential role of its PIT zone as 
a contaminants source, but airports located in less favourable climate 
zones could have a much greater effect on the air quality of the sur
rounding territory. Road traffic was a source, at the local scale only, of 
some trace elements, i.e. Cu, Sb and Mo, but not of PAHs. The highest 
levels of traffic rate recorded in the north/north-east part of the study 
area provided the main extra-airport contribution to the spatial varia
tion of Mo, Ni, V (because of the similar applications in anti-wear 
technologies) and total PAHs within a range of square kilometres. 
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