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Abstract: Air pollution is one of the most important environmental problems for rural, urban and
industrial areas. This study assesses the concentrations, the possible interaction with the vegetation
conditions and the sources of trace elements in atmospheric aerosol particles. To this aim, a novel
holistic approach integrating biomonitoring techniques, satellite observations and multivariate
statistical analysis was carried out in a semi-rural area before an on-shore reservoir (crude oil and gas)
and an oil/gas pre-treatment plant identified as “Tempa Rossa” (High Sauro Valley—Southern Italy)
were fully operative. The atmospheric trace element concentrations (i.e., Al, Ca, Cd, Cr, Cu, Fe, K,
Li, Mg, Mn, Na, Ni, P, Pb, S, Ti and Zn) were assessed by “lichen-bag” monitoring. Satellite-derived
normalized difference vegetation index (NDVI’) estimates were used to support the identification
of environmental imbalances affecting vegetation conditions and linked to possible anthropogenic
drivers. Principal component analysis (PCA) allowed identifying both natural and anthropogenic
trace element sources, such as crustal resuspension, soil and road dust, traffic, biomass burning and
agriculture practices. Empirical evidence highlighted an interaction between NDVI’ and S, Ni, Pb and
Zn. The health risk impact of atmospheric trace elements on the exposed population, both adults and
children, considering inhalation, ingestion and the dermal contact pathway, highlighted a possible
non-carcinogenic risk concerning Ni and a not-negligible carcinogenic risk related to Cr(VI) for the
adult population in the study area.
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1. Introduction
The main effects of anthropogenic activity on atmospheric pollution are mainly found
in urban and industrial areas. However, air pollution can also be found in rural or remote
areas due to agricultural or mining and extracting activities [1,2]. The air pollution resulting
from these activities is of great concern in public opinion due to the possible harmful effects
that some constituents of atmospheric aerosol particles, such as several trace elements, may
have on human health and environment [3–6]. Activities related to crude oil/gas extraction
and pre-treatment may generate a wide range of environmental impacts (chemical, physical
and biological), which can occur in the atmosphere, in the surface soil, in the subsoil and
in both surface and underground waters [7–11]. Although it is widely acknowledged that
these activities are strongly impacting, they have not yet been well-defined and known.
The potential environmental impact is not uniquely determined because it varies according
to the site (i.e., offshore, onshore), the kind of extract (oil crude oil, crude oil associated
with natural gas or only natural gas), the treatments it undergoes locally and the fate of the
waste products (e.g., reuse or not of the layer waters, whether the associated natural gas
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is recovered). Extractive and pre-treatment crude oil activities of the industrial plants are
potentially impacting on the environment, particularly on the atmosphere, due to the emissions associated with combustion activities (i.e., thermodistructors, torches). As a result of
these combustion processes, several pollutants are released into the atmosphere, including
particulate matter, whose chemical composition, given its anthropogenic origin, could be
characterized by both organic components and trace elements, especially heavy metals. According to toxicologic profiles, several trace elements have toxic health effects, as reported
by the Agency for Toxic Substances and Disease Registry (https://www.atsdr.cdc.gov/,
accessed on 30 June 2022). Even though some elements, such as Cu and Zn, are important
nutrients for the human body, the presence of these elements in the polluted air can have
dangerous effects on health [12–14]. Several adverse health effects due to trace elements
were reported, mainly associated with cardiovascular diseases, pains, coughing, bronchial
and brain complications, anemias, neuromuscular difficulties, neurological disorder and
reduced cognitive abilities [13,15,16]. As well as toxic, some elements such as Cd, Cr(VI)
and Ni are classified as “Carcinogenic to humans” (Group A1), while Pb as “Probably
carcinogenic to humans” (Group 2A) by the International Agency for Research on Cancer
(IARC) (see https://monographs.iarc.who.int/agents-classified-by-the-iarc/, accessed on
30 June 2022). The use of bio-monitors, such as lichens, for atmospheric deposition of trace
elements is a very low-cost technique and has been reported in many studies, including
local investigations, as well as regional, national and international surveys in different parts
of the world, and in remote and inaccessible areas or where high spatial resolution may be
required [17–22].
Satellite observations are a consolidated tool to efficiently investigate several natural/anthropogenic phenomena over large areas thanks to their synoptic coverage, different
spectral and spatial resolutions and the possibility of freely acquiring images to conduct
studies at regional, national or continental scales (see e.g., [23–25]). Vegetation indices
derived from remote data (satellite, aircraft, drone) can be profitably used in environmental
analyses [26–28]. Anomalies in the spatial patterns of these indices support the identification of imbalances linked to weather-climatic conditions, parasitic attacks, anthropogenic
disturbances, etc. [29–31].
Multivariate statistical methods such as PCA (principal component analysis) are
often used to highlight patterns in the dataset, analyze spatial trends in the deposition
of atmospheric trace elements to investigate air pollution and to identify its possible
sources [32–34].
The main objective of this work is to present a new holistic integrated approach
based on biomonitoring measurements, satellite-derived NDVI (normalized difference
vegetation index) estimates and multivariate statistical analysis to characterize the level of
trace elements in the atmospheric aerosol, identify their possible sources and evaluate the
relationships between these elements and vegetation conditions in the semi-rural area of
Tempa Rossa (High Sauro Valley, Southern Italy), in the period October–November 2014,
preceding the full operation of an on-shore reservoir (crude oil and gas) and the related
oil/gas pre-treatment plant. Moreover, carcinogenic and non-carcinogenic health risks
deriving from human exposure to atmospheric aerosol particles and their content in trace
elements were also assessed. The paper is organized as follows:
-

-

The seventeen atmospheric trace elements (Al, Ca, Cd, Cr, Cu, Fe, K, Li, Mg, Mn, Na,
Ni, P, Pb, S, Ti and Zn) were evaluated by biomonitoring techniques.
Photosynthetic activity levels of the vegetation units covering the study area were
evaluated using satellite-derived NDVI, with the aim to characterize areas surrounding
the sample points.
The principal component analysis (PCA) was used to better understand the main
sources of air pollution in the studied area and to explore the possible relationships
among the different variables considered.
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-

Carcinogenic and non-carcinogenic human health risks, linked to exposition to the
trace elements’ content in the atmospheric particles, were assessed both for adults and
children.

2. Materials and Methods
2.1. Site Description
The investigated area of the High Sauro Valley is in Basilicata (Southern Italy), one
of the twenty administrative units (NUTS—Nomenclature of Territorial Units for Statistics)
in which Italy is divided (Figure 1). The region has a large variety of landscapes with a
dominant component of natural areas (forests, grasslands), often established as protected
areas [35] in application of the European Habitats and Birds Directives (92/43/EC and
2009/147/EC). The High Sauro Valley, hosting the on-shore reservoir (crude oil and gas) and
an oil/gas pre-treatment plant identified as “Tempa Rossa”, is located between the Gallipoli—
Cognato Regional Park, the Appennino Lucano—Val d’Agri—Lagonegrese National Park
and the Pollino National Park. The Tempa Rossa plant is in an area where natural and
agricultural land covers are prevalent and the sealed areas are limited to the only urban
centers of Gorgoglione, Corleto Perticara and Guardia Perticara, whose overall population
is around 4000 inhabitants. When fully operational, the Tempa Rossa plant will be one of
the most advanced plants, with a daily production capacity of approximately 50,000 barrels
of oil, 230,000 m3 of natural gas, 240 tons of LPG (Liquefied Petroleum Gas) and 80 tons
of sulfur (https://ep.totalenergies.com/en/projects/our-worldwide-presence/tempa-rossastrategic-oil-field-economic-development-southern-italy, accessed on 30 June 2022). The
climate of the study area is characteristic of the Mediterranean region. Winters can be very
cold, while summers are moderately hot and dry, though night temperatures can be cool. The
average values of the main meteorological parameters between October 2014 and November
2014 were temperature 13.79 ◦ C, relative humidity 71%, atmospheric pressure 1176 hPa and
wind speed 1.1 m/s, with SE and SW as prevailing directions. Weather measurements were
provided by ALSIA (Lucana Agency for Development and Innovation in Agriculture, weather
station of Guardia Perticara (https://www.alsia.it/opencms/opencms/Servizi/dettaglio/
Accedi-ai-dati-agrometeorologici/, accessed on 30 June 2022)).
2.2. Bio-Monitors’ Sampling and Chemical Analysis
Samples of Evernia prunastri (L.) Ach. (Lichen fruticose species) were collected at an unpolluted site located in Rifreddo Forest (40◦ 330 53.3700 N, 15◦ 500 22.3400 E, about 1146 m a.s.l.,
Southern Italy) and prepared in the laboratory (i.e., dried at air to a constant weight and
carefully cleaned to remove soil, bark and extraneous material). An aliquot of unexposed
lichen collected in the control area was used to measure the pre-exposure trace element
concentrations (ten replicas). About 3 g of dried material was used to prepare the lichen
bags. The bags were exposed from October to November 2014 in 23 selected monitoring
points covering an area of about 90 km2 within the study area, where the Tempa Rossa
plant is located approximately in the central position (Figure 1). At each site, two bags were
hung on tree branches at a height of about 3 m above the ground. A Global Positioning
System (GPS) was used for providing georeferenced on-site points. All samples after the
exposition were stored in polyethylene bags until chemical analysis. Successively, 0.5 g dry
weight (dw) of lichen samples were acidic-digested in a solution of 6 mL HNO3 + 1 mL
H2 O2 [36] to determine the total concentration of 17 trace elements. In particular, the total
concentrations of Al, Ca, Cr, Fe, Li, K, Mg, Mn, Na, P, S, Ti and Zn were measured by means
of Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES), while Cd, Cu,
Ni and Pb total concentrations were determined by Graphite Furnace Atomic Absorption
Spectrometry (GF-AAS). The blank (reagent + beaker) contribution was for all the elements
< 10% of the measured values. The method detection limit (MDL) was assessed. The
validity of the whole analytical procedure was checked by using the International Atomic
Energy Agency (IAEA) standard reference material, IAEA 336. The obtained values were
in good agreement with the certified values (Table S1 in Supplementary Material).
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air pollution load close to the background level and a value higher than 1 indicates low
pollution (1.1 < PLI < 2.5), while very high pollution corresponds to PLI ≥ 2.5 [38,39].
2.4. Land Cover and Satellite Observations
Multi-spectral satellite data with medium resolution are suitable to provide a quick
snapshot of the vegetation conditions linked to plant vigor and biomass, chlorophyll and
pigment contents. In this context, the historical Landsat archive enables us to go back in
time. Since 1984, Landsat images have had a spatial resolution of 30 m with a time revisit
of 16 days (Table S2 in Supplementary Material). Just one Landsat image was downloaded
from the United States Geological Survey (USGS, https://earthexplorer.usgs.gov, accessed
on 30 June 2022) as L2 level data (Land Surface Reflectance) and then clipped to the
boundaries of the study area. In the investigated period, the available sensor was the
OLI (Operational Land Imager) flying on Landsat 8. The image of the 30 November 2014
(188 path and 32 row GTCE) was selected based on cloud cover conditions (≈35% of
the overall tile, but clouds occupied only zones outside the study area). To characterize
photosynthetic levels and vegetation vigor of the different sampling points, the NDVI, i.e.,
the most adopted vegetation index, recognized as a suitable proxy for biomass content,
phenological stage and vegetation vigor/health, was used [40–42].
It is calculated as follows:
NDVI =

ρnir − ρred
ρnir + ρred

(3)

where ρnir and ρred represent the near-infrared and red wavelengths of the electromagnetic
spectrum corresponding, respectively, to the bands 5 and 4 of the OLI sensor.
NDVI values range from 0 to 1. High NDVI values are associated with healthy/dense
vegetation, and medium–low NDVI values are common for stressed and/or sparse vegetation. Further lower values are associable to bare soils or partially sealed areas. To capture
possible phenomena of anomalous levels of photosynthetic activity within the analyzed
area, different vegetation layers characterizing the vicinity of the sampling points were
considered by adopting the 2018 Corine Land Cover (CLC) map, which is a standard
product of the Copernicus Program providing an inventory of 44 land cover classes at a
European scale [43]. This way, the effects of biogeographic factors were removed from the
calculation of this variable. Specifically, the procedure described in [44] was adopted. It
consists in two essential steps:

•

•

Estimation of mean values, µi(·), and standard deviation, σi(·), of NDVI for each CLC
class type, with i = 1, . . . n, where n = number of different CLC classes characterizing
the examined scene.
Standardization of the NDVI distribution for each pixel of the given CLC class within
the study area:
NDVI0 =

NDVI − µ(NDVI)
σ(NDVI)

(4)

Standardization is finalized to allow the comparison among areas having different
statistical distributions of the NDVI values. The resulting NDVI’ enables the detection
of possible anomalies in photosynthetic activity that indicate areas with overt signs of
vegetation stress. Integration, spatial analysis, and any calculations were carried out in GIS
environment (QGIS 3.16.16, https://qgis.org/en/site/forusers/download.html, accessed
on 30 June 2022) and the reference system used was the UTM projection (zone 33N).
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2.5. Principal Component Analysis (PCA)
Principal component analysis (PCA) with varimax rotation was performed using the
independent variables measured in 23 characteristic sampling points of the studied area
to identify the main sources of atmospheric aerosol. Factor loading exceeding 0.7 was
considered the most significant for each principal component. The factor loadings with
eigenvalue >1 were kept, explaining 81.3% of the total variance. PCA resolved five principal
components (PCs). The determined PC factor scores were used to evaluate observations
with similar biomonitoring characteristics. PCA biplot (PC1 vs. PC2 ) was used to provide
information about the relationship between monitoring points and variables in the studied
area [45,46]. The statistical software used was R (R software) [47].
2.6. Human Health Risk Assessment
Risk assessment is an overall process or approach, used to identify health impacts
and risk factors of exposure to a specific pollutant through different pathways [48]. The
carcinogenic risk of exposure posed by Cd, Cr(VI), Ni and Pb through inhalation and the
non-carcinogenic effect posed by Cd, Cr(VI), Cu, Mn, Ni, Pb and Zn through ingestion,
dermal contact and inhalation pathways were evaluated using the model developed by the
United States Environmental Protection Agency (US EPA, 2009 [49]). The carcinogenic and
non-carcinogenic health risks were assessed for both children and adults, as reported in
Section S1 in the Supplementary Material [50–53].
3. Results
3.1. ATEs Concentration and Air Pollution Assessment
The atmospheric trace element concentrations (ATEs) (i.e., Al, Ca, Cd, Cr, Cu, Fe, K,
Li, Mg, Mn, Na, Ni, P, Pb, S, Ti and Zn) were assessed by means of “lichen-bag” monitors
after 1-month exposure. Box-and-whisker plots depict the mean, median, 25th percentile
(Q1 ), 75th percentile (Q3 ) and extreme values of the trace elements analyzed (Figure 2). The
most abundant trace elements were Al, Ca, Fe, K, Mg and S, with mean concentrations
above 1000 mg/kg. The next most abundant elements were Na, Mn and P, with mean
concentrations between about 150 and 900 mg/kg. Zn, Pb and Ti showed a moderate
Atmosphere 2022, 13, x FOR PEER REVIEW
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The potential contamination level and risk linked to trace elements in the
atmospheric aerosol was carried out using ecological indices. The analysis of the
concentration of trace elements and the application of ecological indices may be
considered as an important and useful method for evaluating the natural environment
and the possible environmental hazards due to human impact. Therefore, the possible
atmospheric contamination of each element in High Sauro Valley was assessed using two
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The potential contamination level and risk linked to trace elements in the atmospheric
aerosol was carried out using ecological indices. The analysis of the concentration of trace
elements and the application of ecological indices may be considered as an important and
useful method for evaluating the natural environment and the possible environmental
hazards due to human impact. Therefore, the possible atmospheric contamination of each
element in High Sauro Valley was assessed using two indices, the contamination factor
(CF) and the pollution load index (PLI). The CF values used in this study differ slightly
from the EC (exposed-to-control) ratio described by the authors of [54], who used the
concentrations of trace elements in pre-exposed lichens as control values. In this study,
lichens previously collected at an unpolluted area in the Basilicata region in 2011 [20] were
chosen as background samples The CF values for each of the 17 trace elements analyzed
range from 0.9 to 1.9. Particularly, the air pollution level of trace elements in the study
area was estimated as not contaminated (C1) for Cr, Fe, Li, Mn, Ni, P, Pb S, Ti and Zn
showing values <1.2 and slightly contaminated (C2) for the other trace elements such as Al,
Ca, Cd, Cu, K, Na and Mg, that showed values ranging between 1.3 and 1.9 (Table S3 in
Supplementary Material). The pollution load index (PLI) was assessed. A characteristic
feature of this index is that it indicates mainly how many times the natural content of
the studied metals was exceeded in the sampling site. Following the scale proposed by
Tomlinson et al. [38], the results highlighted that 30% of the sampled points showed a PLI
less than 0.9 or approaching 1 (1 ± 0.1), indicating no contamination or an air pollution
load close to the background level. All the remaining points (70% of the total) showed
values higher than 1 (ranging from 1.2 and 1.7, see Table S4 in Supplementary Material).
3.2. Satellite Observations
A non-invasive approach based on remote observations was adopted to assess the
possible impact of anthropogenic activities on aerosol particles. In particular, the 30 November
Landsat 8-OLI image, falling during the exposed period of the lichen bags, showed a limited
variety of NDVI values. Looking at sampling points, most of them fall into pixels belonging
to agricultural land uses (arable land and heterogeneous agricultural areas with the important
presence of natural spaces, CLC classes 221 and 243 in Figure 3a) that usually have a low
photosynthetic activity in the phenological stage examined (late Autumn).
All the samples exhibited medium–low NDVI values (ranging mainly from 0.3 to
0.45, see Figure 3b) that were also consistent with the prevalent mountainous character
of the investigated landscapes [55]. Lastly, the NDVI’ (Figure 3c) showed a prevalence of
low negative anomalies, pointing out a small deficit of the vegetation activity that usually
characterizes the land cover classes investigated. Positive values are generally even less
intense, meaning slightly better conditions in terms of photosynthetic activity than the
average ones of the reference land cover class. Sampling points mostly fell in areas with
low or very low negative values, indicating that vegetation conditions were generally
not alarming. There were also some sampling points exhibiting very low positive values,
meaning good vegetation conditions in these areas. The only criticalities were represented
by the sampling points 7, 16 and 23, reaching values <−1.5, considered a statistically
significant deviation from the mean conditions of the land cover classes to which these
points belong (Table S4 in Supplementary Material, for further details see [44]). These
sampling points fall in the 211 CLC land cover class (arable land) and are close to main and
secondary roads.
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3.3. Sources’ Identification

whole sampling period, explaining 81.3% of the total variance. The Varimax rotation was
used to clearly interpret the analytical results of the PCA. The PCA resolved five principal
components (PCs) and their factor scores are plotted in Figure 4.
The first component (PC1 ) explains about 24% of variance with high loading of Al, Fe,
Li, Ti and K, mainly linked to geogenic origin such as crustal and rock erosion [56–59]. PC1
also includes Cr. The origin of this last element should be linked both at vehicle exhausts,
diesel vehicle engines and at geogenic nature [60–62]. The PC score of the first component
shows a substantial spatial homogeneous distribution of the different elements included in
this component, evidencing that sampling points with high PC1 scores were characterized
by the presence of crustal material or soil dust (Figure 4a). The second component (PC2 )
with high loading of Cd, Ni, Pb, S and Zn explains about 22% of the variance and it is
mainly attributable to anthropogenic sources identified as traffic [63,64]. As regards the
spatial distribution of the score coefficients, relatively higher values were observed in the
inner part of the investigated area characterized by the presence of construction sites and
vehicle traffic, especially trucks (Figure 4b). K, Mg, Na and P show higher scores in the third
component (PC3 ), explaining about 15% of variance. As regards this component, the higher
score seems located in the North-East of the investigated area (Figure 4c). This result could
be due to punctual sources that can be found scattered in the study area. Particularly, K,
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Mg and P are generally linked to farming activities relating to mainly biomass combustion
and post-harvest crop residue burned directly in the field [65,66]. Na could have a partial
marine origin because the study area falls within the Mediterranean Basin. The fourth
component with high loading of Ca, Mn and NDVI’ describes 13% of the total variance.
Ca and Mn are likely related to the resuspension of local soil as well as road dust. PC4
highlights a substantial score of spatial homogeneity with a slightly lower concentration
located in the inner part of the study area (Figure 4d). In this area, the sampling points
with low PC4 scores are far from major roads, belonging mainly to arable lands and natural
vegetation. Finally, the fifth component, explaining 8% of the total variance, includes
only the Cu. Relatively higher scores were found towards the South direction (Figure 4e),
probably due to the extensive management of permanent crops, as one of the major covers
included in the heterogeneous agricultural areas (CLC classes 241, 242, 243), in which Cu
Atmosphere 2022, 13, x FOR PEER REVIEW
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The second
component (PC2) with high loading of Cd, Ni, Pb, S and Zn explains about 22% of the
variance and it is mainly attributable to anthropogenic sources identified as traffic [63,64].
As regards the spatial distribution of the score coefficients, relatively higher values were
observed in the inner part of the investigated area characterized by the presence of construction sites and vehicle traffic, especially trucks (Figure 4b). K, Mg, Na and P show

3.4. Biplot PC1 vs. PC2

Atmosphere 2022, 13, 1501

10 of 18

the other elements. The vectors corresponding to the variables Pb and Zn as well as to
the variables S and Ni were very close together, reflecting their relatively high positive
correlation. The angle between the two vectors Pb and Zn and the other two vectors such
as Ni and S is small, which indicated strong correlations between these elements. The
vectors corresponding to the NDVI’ and S and Ni variables were very close, indicating
a relatively positive correlation, justified by the nature of S and Ni which are essential
nutrients for plants. In particular, S is considered a key macronutrient for plant growth
and development [68], while a specific consideration is necessary for Ni. If it is available in
moderate concentrations, it is a precious micronutrient, and a deficit of Ni can negatively
interfere with vegetative growth processes [69], while high concentrations of Ni have been
found to be toxic for plants [70]. Considering the simultaneous positions of the PC scores
and loadings, the biplot diagram showed that the samples 1, 2, 9 and 22 were close to the
Atmosphere 2022, 13, x FOR PEER REVIEW
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direction of the Pb and Zn variables, suggesting, for the inner-product property, that
values of Pb and Zn were much higher than their average values.
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were much lower than their average values. Moreover, the samples 4, 7, 12 and 18 were
close and toward the opposite directions of the variables S and Ni. For these samples, the
variables S and Ni are below their average values, especially for the samples 12 and 18. In
particular, the sample 18 is in a heterogeneous agricultural area characterized by small
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much lower than their average values. Moreover, the samples 4, 7, 12 and 18 were close and
toward the opposite directions of the variables S and Ni. For these samples, the variables S
and Ni are below their average values, especially for the samples 12 and 18. In particular,
the sample 18 is in a heterogeneous agricultural area characterized by small anthropogenic
covers (in this case a road), various agricultural uses and a considerable presence of natural
vegetation (CLC class 243), whilst samples 5, 14 and 21 were representative of prevalently
natural or agricultural areas very close to secondary roads. The samples 4 and 7 were
positioned in rural areas and not so far from the industrial site of the Tempa Rossa plant.
The samples 7 and 12 were oriented toward the opposite direction of the NDVI’ because of
the negative values assumed by the variable in these points. More specifically, sample 7
was labeled as arable land (CLC class 211), but it is also characterized by low density of
vegetation and by the presence of one of the busiest roads serving the industrial site. The
sample 12 was located near an oil well, where low values of S and Ni, Pb, Zn and NDVI’
were recorded. The samples 11, 15 and 17 were close to the centroid. For these samples, the
above-mentioned variables were close to their average values. The samples were located
near some secondary roads with low traffic volume. The vectors corresponding to the
variables Fe and Cr were very close, reflecting their large positive correlation. The vectors
related to the variables Al and Ti were also comparatively close, indicating a positive
correlation. The angle between the two vectors Fe and Cr and the other two, Al and Ti,
was small, which indicates an overall positive correlation between these elements. The
samples 6, 8, 9, 19 and 22 were close to the directions of Fe and Cr, implying that these
variables are much higher than their average values. Likewise, the samples 6, 8 and 19 were
positioned close to the directions of the Al and Ti variables, suggesting that they were much
higher than their average values. These samples fall in urban/industrial land uses (small
settlements, roads, industrial sites, etc.) where Fe, Cr, Al and Ti values were higher than
their averages. The samples 4, 7, 12 and 18 were in the opposite direction of the variables
Fe, Cr, Al and Ti. For these samples, especially 12 and 18, the variables Fe, Cr, Al and Ti
showed values below their average values. The angle between the variables S, Ni and Fe,
Cr was comparatively small, which indicates a positive correlation between these elements.
Moreover, the angle between the variables S, Ni and Al, Ti was somewhat small, which also
indicates a rather positive correlation between them. Peri-urban areas, little settlements
and industrial construction sites with values of S and Ni higher than their averages can
also have values of Fe and Cr higher than their averages. This was also observed for Al and
Ti for the samples 6 and 8. Likewise, for sampling points located far from the industrial
sites and roads and close to green areas, the variables S, Ni, Fe, Cr, Al and Ti exhibit values
lower than their average values. The variables Pb and Zn are relatively orthogonal to the
variables Al and Ti, and thus there is a very small correlation between Pb-Zn and Al-Ti.
Therefore, two possible patterns were highlighted from the biplot: in the samples close to
urban land uses, the variables Pb, Zn, S, Ni, Fe, Cr, Al and Ti were above their averages,
while they were below their averages when samples were close to secondary roads or fell
within green or agricultural areas. High values of NDVI’ are associated with high values of
S and Ni, and to a lesser extent to Pb and Zn in urban and industrial samples.
4. Carcinogenic and Non-Carcinogenic Human Health Risk
According to the Integrated Risk Information Database (IRIS, https://www.epa.gov/
iris, accessed on 30 June 2022) and the International Agency for Research on Cancer, many
trace elements were classified as carcinogenic and non-carcinogenic. In this study, the trace
elements Cd, Cr(VI), Ni and Pb were considered to be carcinogenic, while Cu, Mn and
Zn were classified as non-carcinogenic. To have a whole environment framework of the
study area, the potential human non-carcinogenic hazard (HQ) and excess lifetime cancer
risk (ELCR), related to exposition of trace elements such as Cd, Cr(VI), Cu, Ni, Pb and Zn
content in the atmospheric aerosol, were assessed for both children and adults (Table 1).

Atmosphere 2022, 13, 1501

12 of 18

Table 1. Non-carcinogenic trace elements’ health risk through inhalation (HQinh ), ingestion (HQing )
and dermal exposure (HQderm ), and the hazard index (HI) for both children and adults.
Elements

HQinh

HQing

HQderm

Children

Adult

Children

Adult

Children

Adult

Cd
Cr(VI)
Cu
Ni
Pb
Zn

4.26 × 10−1
9.29 × 10−2
2.27 × 10−2
1.39
1.35 × 10−1
1.09 × 10−1

2.22 × 10−2
4.84 × 10−3
1.18 × 10−3
7.25 × 10−2
7.03 × 10−3
5.67 × 10−3

2.22 × 10−6
1.61 × 10−6
2.81 × 10−7
9.23 × 10−7
1.20 × 10−5
6.34 × 10−7

9.51 × 10−7
6.92 × 10−7
1.20 × 10−7
3.95 × 10−7
5.13 × 10−6
2.72 × 10−7

6.22 × 10−8
4.52 × 10−8
7.86 × 10−9
2.58 × 10−8
3.35 × 10−7
1.78 × 10−8

6.28 × 10−8
4.57 × 10−8
7.94 × 10−9
2.61 × 10−8
3.39 × 10−7
1.79 × 10−8

ΣHI

2.18

1.13 × 10−1

1.77 × 10−5

7.57 × 10−6

4.94 × 10−7

4.99 × 10−7

Cd, Cr(VI), Cu, Ni, Pb and Zn non-carcinogenic trace elements’ health risk through
inhalation (HQinh ), ingestion (HQing ) and dermal exposure (HQderm ), and the hazard index
(HI), as the sum of the individual HQi , were considered. Cd, Pb and Zn presented HQinh
values lower than the safe threshold (HQ = 1) both for children and adults, with values
ranging between 1.09 × 10−1 and 5.67 × 10−3 . Therefore, the results showed no risk
for inhalation, with the exception of Ni, which showed a value (1.39) just above the safe
threshold for children through the inhalation pathway. The single HQ risks for the trace
elements, considering the ingestion and dermal contact values, ranged between 7.75 × 10−6
and 1.77 × 10−5 and between 7.86 × 10−9 and 3.35 × 10−7 , respectively. Therefore, no
potential toxic health risks both for children and adults were evaluated through ingestion
and dermal contact considering that the whole HQing and HQderm values were below
the safe threshold (HI < 1). Considering the cumulative health effect, only the HIinh for
the children showed a value of 2.18, above the safe threshold, indicating a possible noncarcinogenic risk from inhalation exposure mainly concerning Ni. The excess lifetime
cancer risk (ELCR) and the integrated excess lifetime cancer risk (ΣELCR) were evaluated
for Cd, Cr(VI), Ni and Pb (Table 2).
Table 2. Excess lifetime cancer risk (ELCR) and the integrated excess lifetime cancer risk (ΣELCR) for
both children and adults.
Elements

ELRC
Children

Adult

Cd
Cr(VI)
Ni
Pb

3.43 × 10−8
3.49 × 10−6
2.09 × 10−7
4.31 × 10−9

1.37 × 10−7
1.40 × 10−5
8.35 × 10−7
1.73 × 10−8

ΣELRC

3.74 × 10−6

1.49 × 10−5

The ELRC cancer risk associated with the exposure to Cd, Cr(VI), Ni and Pb through
the respiratory pathway for the local residents and for children was lower than the level of
average risk acceptance of 10−6 /year, indicating that the carcinogenic risk of these single
trace elements is negligible. Considering the adults, ELCR for Cr(VI) indicated that the
potential carcinogenic risk is not negligible [71,72]. Finally, concerning the integrated excess
lifetime cancer risk (ΣELCR), it showed a value above the safe threshold for children,
indicating no carcinogenic risk, and a value of 1.49 × 10−5 for adults, indicating that the
carcinogenic risk mainly related to Cr(VI) is not negligible for the local adult population in
the study area.
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5. Discussion
The integrated holistic approach through biomonitoring techniques, NDVI and multivariate statistical analysis allowed to characterize the atmospheric aerosol particles in
the studied area and the possible interactions between vegetation conditions and some
pollutants of major interest.
To our knowledge, this study shows innovative aspects because it combines the consolidated practice of lichen-based biomonitoring and the equally robust, satellite-derived
vegetation indices investigated through the adoption of a multivariate statistical analysis
(PCA). As inferred from a large recent review on lichens as biological indicators [73], only
few papers include the contextual use of lichen bio-monitors and vegetation indices (NDVI
in particular), and only one adopts satellite data (specifically MODIS (Moderate-Resolution
Imaging Spectroradiometer)) to derive NDVI estimates over a large area in China [74], with
the other studies being based on spectroradiometer-derived NDVIs [75,76]. Furthermore,
investigations conducted in remote areas, such as that presented in this paper, are rare [77],
where most studies preferably focused on urban/industrial zones [73].
Concerning the adopted lichen species, we found that similar studies, relying on
Evernia prunastri (L.) Ach, are rather frequent in Italy [78–80], where environmental monitoring policies have been recently strengthened by adding biomonitoring as one of the
compulsory requirements for achieving environmental impact assessments [81].
Summarizing, considering the ecological indices applied to the whole area, there
were no strong environmental criticalities with respect to the single element. However,
considering all the elements analyzed together for a single sampling point, 70% of them
showed a low-pollution condition.
In agreement with the feature of the investigated area, the studies showed that natural
crustal resuspension, vehicle traffic, especially trucks, farming activities relating to biomass
combustion and post-harvest crop residue burned directly in the field and extensive management of permanent crops represented the main potential sources of atmospheric aerosol
particles in the High Sauro Valley.
Concerning Pb, Zn, S, Ni, Fe, Cr, Al and Ti, a non-homogeneous distribution of these
trace elements was pointed out. Close to urban sites, little settlements, industrial sites
and roads, they were found above their averages, mainly due to the traffic and crustal
sources. Close to vegetation and agricultural areas with a scarce presence of anthropogenic
covers (mainly secondary roads), Pb, Zn, S, Ni, Fe, Cr, Al and Ti were below their averages.
These findings may be due to different scattered sources of the trace elements, and they
were confirmed by NDVI’ remote observations, indicating only sporadic cases of moderate
extent concerning photosynthetic activity anomalies, generally ascribable to the size of the
Landsat pixel, including, in some cases, more than one land cover (CLC class). Furthermore,
associations between S, Ni, Pb, Zn and NDVI’ were highlighted, indicating a possible
positive interaction between low concentrations of some air pollutants and vegetation
conditions.
Considering the NDVI’, high values were associated with high values of S and Ni,
and to a lesser extent to Pb and Zn, in urban and industrial samples, indicating a possible
beneficial interaction between the observed low concentrations of these elements and
vegetation conditions. In fact, Ni and Zn are considered micro-nutrients for plant life when
available in moderate amounts [69,82]. In our investigations, all the elements did not show
high concentration values, confirming the beneficial link between Ni-Zn and vegetation.
This was also true for S, which, as highlighted above, represents a macronutrient for plants.
Lastly, the presence of Pb, notoriously considered as toxic and mostly linked to traffic
and industrial emissions, does not seem to have had a significant impact on vegetation
conditions, probably due to its moderate concentration.
Finally, regarding the health risk impact of atmospheric trace elements on the exposed
population, both children and adults, considering inhalation, ingestion and the dermal
contact pathway, the studies highlighted a possible non-carcinogenic risk concerning Ni
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and a not-negligible carcinogenic risk related to Cr(VI) for the adult population in the study
area.
6. Conclusions
The main objective of this study was to characterize the atmospheric aerosol particles
by assessing the trace element concentrations, identifying their sources and assessing the
possible interaction with vegetation conditions. To this aim, a holistic integrated approach
through biomonitoring techniques, NDVI’ and multivariate statistical analysis was adopted
in a semi-rural area (High Sauro Valley—Southern Italy) before the on-shore reservoir
and the related oil/gas pre-treatment plant were fully operative. The ecological indices
evaluated for the seventeen atmospheric trace elements (Al, Ca, Cd, Cr, Cu, Fe, K, Li, Mg,
Mn, Na, Ni, P, Pb, S, Ti and Zn) pointed out an overall low air pollution load. Principal
component analysis identified both natural and anthropogenic trace element sources,
such as crustal resuspension, soil and road dust, traffic, biomass burning and agricultural
practices. Moreover, the PC score maps pointed out a non-homogeneous distribution of the
trace elements analyzed. The biplot highlighted that the variables Pb, Zn, S, Ni, Fe, Cr, Al
and Ti, close to urban sites, little settlements, industrial sites and roads, were above their
averages, mainly due to the traffic and crustal sources. Concerning the sampling points
close to vegetation and agricultural areas with a scarce presence of anthropogenic covers
(mainly secondary roads), the variables Pb, Zn, S, Ni, Fe, Cr, Al and Ti were below their
averages. The health risk impact of atmospheric trace elements on the exposed population
of both children and adults highlighted a possible non-carcinogenic risk concerning Ni and
a not-negligible carcinogenic risk related to Cr(VI) for the adult population in the study
area. This work provides a low-cost and effective procedure for monitoring atmospheric
air quality, also considering the possible interaction between the impact of anthropogenic
activities and health vegetation conditions. In particular, the proposed approach can be
useful in making environmental assessments of air quality, vegetation and human health
of those prevalently rural areas where a conversion to urban/industrial/commercial land
uses has been planned, with possible impacts on air quality, on the stock of natural capital
and thus on the ability of the local ecosystems to efficiently provide goods and services.
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percentage and method detection limit (MDL) results were also reported. Table S2: Spectral and
spatial characterization of the Landsat 8 OLI-TIRS bands. Table S3: Mean value ± standard deviation
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