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Abstract: In this paper, a biomonitoring survey of airborne priority pollutant elements was carried out
using leaves of native black locust and moss bags filled with Hypnum cupressiforme. The aims of the
work were (i) to evaluate if mosses and leaves provide similar information regarding the accumulation
of the elements of environmental concern (As, Be, Cd, Cr, Cu, Hg, Mo, Ni, Pb, Sb, Se, V, Zn, Tl); (ii)
to evaluate if leaf traits are significantly involved in the uptake mechanisms. Hypnum transplants
showed elemental contents generally higher than R. pseudoacacia leaves, despite the shorter exposure
time. Moss accumulated larger amounts of elements linked to PM and the resuspension of soil dust.
Based on the calculation of deposition flux for each element, R. pseudoacacia showed lower values
for most elements—except Cr, Mo and Zn—indicating that uptake takes place both by deposition
on the leaf surface and absorption via the root. Leaf traits (micromorphology of surface) play an
important role in the interception and retention of PM-linked elements. Hypnum transplanted in bags
was confirmed to be a powerful bio-accumulator of airborne elements; by contrast, R. pseudoacacia,
with a smooth surface and scarce trichomes, showed a limited ability in airborne element retention.
Therefore, widely diffused species, well-adapted to anthropized environments, such as black locust,
not always can be considered as good biomonitors. The results are discussed in comparison to other
vascular plant species used in biomonitoring studies.
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1. Introduction

The emission to atmosphere of metal(loid)s can be of natural (e.g., volcanoes, erosion processes,
fires) and anthropogenic origin (exploitation of geological resources, energy production, oil burning,
transports in general and intensive agricultural systems). Their delivery to the atmosphere is mainly
associated with particulate matter (PM) strongly contributing to the depletion of air quality (WHO,
2013). European Union identifies the poor air quality as one of the principal causes of premature death
in the EU and allowed wide-ranging legislation to reduce harmful pollutants in the air (2004/107/EC and
2008/50/EC). Presently, besides gaseous pollutants (e.g., NOx, CO, O3, SO2) and PM, only a few other
atmospheric contaminants (e.g., Pb, Cd, As, Ni, Hg and benzo[a]pyrene) are continuously monitored.

Campania Region (southern Italy) is one of the 20 administrative districts of Italy; this countryside
has undergone in the last about 50 years deep changes in the use of natural resources due to fast,
disordered and massive urbanization with consequent increase in industrial, commercial settlements
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and traffic fluxes. The result of this transformation is a mixed patchwork of lands, where agricultural
landscapes are strictly linked to industrial and commercial areas. This situation affects air composition
and pollution due to the release to atmosphere of organic and inorganic molecules not routinely
measured by the local pollution monitoring network, evaluating only a limited set of pollutants (e.g.,
NO2, CO, PM10, PM2.5, O3, SO2, C6H6).

The use of biomonitoring systems applied to vegetation has been widely used by many researchers
to circumvent the difficulties of the direct measurement of specific pollutants in the air, providing raw
data and elaborations on the presence, deposition and accumulation of non-monitored or emerging
pollutants [1]. Compared to physic-chemical devices, this set of methods use flexible experimental
designs and higher numbers of testing sites—compensating for the lower precision of each single
measure [2–6]. Native and transplanted mosses and lichens and tree leaves are among the most utilized
biomonitors of inorganic, mainly metal(loid)s, and organic contaminants (e.g., PAHs, dioxins). These
plant groups develop different physiology and water relations. Moss and lichen species, in fact, lack
roots and depend for water and nutrients on atmospheric wet and dry depositions; for this reason,
the accumulation of airborne pollutants is strictly related to air composition. In addition, they are
well-known (especially mosses) for their ability to entrap airborne particles—a channel for a wide
range of pollutants, including metal(loids) [7,8]. Instead, higher plants have roots and hold at least
two ways of entrance for pollutants: the aerial pathway, via deposition on leaf canopy and entrance in
the tissues by stomata, and the soil pattern, via root absorption, being therefore connected to these two
environmental compartments. Among the ecological traits to be considered in the uptake of pollutants,
the SLA (i.e., the leaf surface to mass ratio) is of paramount importance, since most pollutants and—in
particular—metal(loids) travel linked to PM material of various sizes, from the micro to the nano scale.

To date, many recent researches have assessed that for metal(loid)s and PAHs the uptake ability
of mosses and lichens is mostly related to the ability to intercept and hold particulate matter [9–11]
and to the specific features of cell walls [12,13]. Therefore, moss and lichen vitality does not alter
metal uptake [14], since most of these elements are passively adsorbed to the thalli in form of PM.
Consequently, many research projects (e.g., Mossclone) and survey plans adopted the use of devitalized
moss and lichen, also because of the higher reproducibility and lower variability of the analytical
results [4,15–18]. In a previous paper, Ares et al. [19] reviewed the capacity of different species of moss to
accumulate contaminants, evidencing that Hypnum cupressiforme was one of the most employed species
especially in southern Europe, generally lacking Sphagnum, considered the first choice. In addition, as
demonstrated by González and Pokrovsky [12] H. cupressiforme has, together with Sphagnum, the best
performance in the adsorption of Cu, Cd, Ni, Pb and Zn and is suggested as one of the most natural
adsorbents of heavy metals. All these reasons have encouraged our research team to follow using this
moss species.

In this paper, the accumulation of 15 elements, mainly included in the EPA Priority Pollutant List,
were evaluated in two biomonitors; i.e., leaves of native Robinia pseudoacacia and shoots of Hypnum
cupressiforme devitalized and transplanted in bags, in target sites selected in the Campania Region
(southern Italy). The aims of the work were (i) to evaluate if mosses and leaves provide similar
information regarding the accumulation of the elements investigated, regardless the different exposure
time, (ii) if the two biomonitors behave differently in the enrichment of specific elements or groups of
elements, and (iii) if leaf traits are considerably involved in the uptake mechanisms.

2. Experiments

2.1. Study Area

The study area (Table S1, Figure S1) is located north of Napoli and is characterized by a complex
and intermingled mixture of residential, agricultural, industrial settlements and related road networks.
Until the 1950s, this area was devoted to agriculture, but after the Second World War its original
land use began to change under the pressure of city expansion and economic recovery. The area was
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already under study in a research project aimed at the development of a phytoremediation protocol of
agricultural polluted soils (Life-ECOREMED). Three additional sites from a proximal natural area—a
woodland in Arpaise (Benevento province)—were used as background sites, for comparison with the
test sites (see Table S1, Figure S1).

2.2. Experimental Design, Collection of Plant Material, Bags Preparation and Exposure

Following the exposure protocol adopted by Capozzi et al. 2016a [3], sub-spherical moss bags
were prepared, filled with 500 mg of oven-devitalized moss Hypnum cupressiforme Hedw, to have a
moss density of 10 mg/cm2 [16]. The moss was collected in a pristine area, the Taburno-Camposauro
Regional Park (1000 m.a.s.l., Table S1, Figure S1). The moss bags were exposed in triplicate in eight
sites (Site 1 to 8) for six weeks, starting in July 2016. Ten samples of devitalized, unexposed moss
were analyzed to assess pre-exposure metal contents (BL_M). This was necessary to determine the
enrichment of moss tissue, as the difference between pre- and post-exposure contents of each element.
Robinia pseudoacacia L., is a tree species naturalized in all temperate regions of North America, Europe
and Southern Africa. It is well-adapted to dry and polluted soils [20]; moreover, it proved able to
accumulate PAHs in the leaves [21]. Leaves of R. pseudoacacia were collected at the end of the vegetative
season (November 2016). The leaves (30 leaves around the canopy at 4–5 m from the ground) were
collected at each exposure site, within 5 m from the hanged moss bags (also exposed at 4 m above
ground); leaves from background sites (BL_R 1 to 3) were also collected in November 2016 to assess
baseline element contents.

2.3. Analytical Procedures

After exposure, the moss material removed from each nylon bag was oven-dried at 40 ◦C,
processed and analyzed separately. Similarly, R. pseudoacacia leaves from each site were treated as
a composite sample and three subsamples were obtained per each site. Leaves were dried at 40 ◦C;
milled and homogenized using a Retsch PM200 ball mill equipped with agate pockets. For metal and
metalloid analysis, pre- and postexposure plant samples were mineralized with ACS-grade HNO3 for
1 h and then with aqua regia (ACS-grade HCl–HNO3 with a volume ratio of 1:3) in a boiling water
bath (95 ◦C) for 1 h. Sample solutions were analyzed using a Perkin Elmer Elan 6000 inductively
coupled plasma (ICP) mass spectrometer. All concentrations were reported on a dry weight basis.
Procedural blanks were usually below detection limits; tobacco leaves (CTA-OTL 1) and M3 reference
moss from the Finnish Forest Research Institute [22] were used to check the accuracy and precision of
the digestion and ICP analysis procedure. The elements included in the EPA priority pollutant list (As,
Cd, Cr, Cu, Hg, Mo, Ni, Pb, Sb, Se, Zn) plus Al and the REE Ce, La, Y, were analyzed; the percentages
of recovery ranged between 85 and 115%.

2.4. SEM Observations

Mature leaves of R. pseudoacacia were collected from tree branches at the end of the vegetative
season, gently dried at room temperature; small pieces were cut with scissors and mounted on
stubs with double-sided adhesive tape. Cuts were then coated with C-Au and observed under an
environmental SEM FEI QUANTA 200 working at high vacuum mode.

2.5. Data Analysis

Basic statistics and figure elaborations were obtained using Microsoft Office Excel 2010 and the
software STATISTICA (StatSoft, 2008). The elements were considered accumulated in moss when
the post exposure content exceeded the initial concentration plus 2SD [15]. To estimate the level
of pollution at each site, element contents were normalized to the maximum between 0 and 1 and
summed to obtain the normalized elemental load at each site. A Wilcoxon matched pairs test [23] was
performed to compare element contents in moss and Robinia over all sites.



Atmosphere 2020, 11, 148 4 of 10

The daily deposition flux in the two species was calculated as follows:

ΘDF = Macc/(S × d) (1)

where ΘDF is the deposition flux (ng m−2 d−1); Macc is the amount of each pollutant (expressed as
ng) accumulated during the exposure period, obtained by subtracting the pollutant amount before
exposure M0 from that measured after the exposure Mf; S is the exposed surface of the organism (i.e.,
leaf area), expressed as m2; d is the duration of exposure, expressed as days. Leaf area was calculated
based on previous reports [24,25]

3. Results and Discussion

3.1. Metal Contents and Enrichment in Moss and Black Locust

For H. cupressiforme, we considered both element content and accumulation; for R. pseudoacacia we
only considered the content, being it a native species. Average metal contents measured in moss pre-
(BL_M) and post-exposure material, and in the leaves of R. pseudoacacia collected at the eight tested
sites and at the background site (BL_R 1-3) are reported in Table 1.

To compare the uptake in moss and black locust leaves, a PCA (Figure 1) was carried out based on
the element loads in both species; the projection of cases splits moss and black locust samples along
the first axis explaining more than 64% variance, while axis 2 only accounts for about 9% variance
(Figure 1a). The PCA gives evidence that the moss contents are generally higher than those of black
locust, despite the shorter exposure time of the moss bags (6 weeks) compared to the average life
span of black locust leaves (about seven months). In addition, considering the projection of variables
(elements), the majority is directed toward moss samples, except the Mo, As and Zn vectors (Figure 1b).
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Table 1. Mean ± SD of the element contents (mg Kg−1, n = 3) in R. pseudoacacia leaves (R) and H. cupressiforme transplants (M) in the eight considered sites plus
baseline elemental content for both biomonitors (BL). Significant differences according to Wilcoxon matched pairs test: * p < 0.05, ** p < 0.01.

Al ** As Cd ** Ce ** Cr ** Cu * Hg ** La ** Mo ** Ni ** Pb ** Sb ** Se * Y ** Zn

1_R 300 ± 20 0.2 ± 0.1 0.02 ±
0.00 0.7 ± 0.2 2.2 ± 0.1 8.6 ± 0.1 0.05 ±

0.01 0.5 ± 0.1 1.3 ± 0.2 0.3 ± 0.1 1.8 ± 0.2 0.09 ±
0.02

0.52 ±
0.02

0.15 ±
0.01 28 ± 0.9

2_R 200 ± 10 0.5 ± 0.4 0.01 ±
0.00 0.4 ± 0.1 3.7 ± 1.5 5.2 ± 0.6 0.06 ±

0.00 0.2 ± 0.0 2.5 ± 0.2 0.3 ± 0.2 1.2 ± 0.1 0.12 ±
0.00

0.33 ±
0.11

0.08 ±
0.00 24 ± 1.2

3_R 433 ± 57 0.4 ± 0.2 0.01 ±
0.00 0.9 ± 0.2 3.1 ± 0.4 5.9 ± 0.3 0.04 ±

0.02 0.4 ± 0.2 1.7 ± 0.1 0.4 ± 0.1 1.9 ± 0.5 0.12 ±
0.01

0.40 ±
0.02

0.17 ±
0.02 19 ± 0.1

4_R 200 ± 27 0.3 ± 0.1 0.01 ±
0.00 0.2 ± 0.0 3.1 ± 0.3 9.1 ± 0.4 0.01 ±

0.00
0.07 ±
0.01 2.4 ± 0.1 0.7 ± 0.0 0.1 ± 0.0 0.04 ±

0.01
0.23 ±
0.01

0.02 ±
0.00 35 ± 1.9

5_R 430 ± 10 0.3 ± 0.1 0.01 ±
0.00 0.1 ± 0.0 2.8 ± 0.0 6.6 ± 0.1 0.02 ±

0.00
0.05 ±
0.01 2.5 ± 0.1 0.4 ± 6.7 0.6 ± 0.1 0.04 ±

0.01
0.33 ±
0.03

0.03 ±
0.00 25 ± 0.8

6_R 180 ± 54 0.1 ± 0.0 0.01 ±
0.00 0.5 ± 0.2 2.6 ± 0.1 8.6 ± 0.4 0.03 ±

0.00 0.5 ± 0.1 3.5 ± 0.5 0.7 ± 0.1 0.5 ± 0.3 0.15 ±
0.01

0.10 ±
0.00

0.14 ±
0.02 63 ± 4.5

7_R 166 ± 57 0.3 ± 0.2 0.01 ±
0.00 0.4 ± 0.1 2.7 ± 0.2 6.9 ± 0.1 0.03 ±

0.01 0.2 ± 0.0 2.3 ± 0.2 0.8 ± 1.3 0.8 ± 0.2 0.24 ±
0.08

0.27 ±
0.01

0.12 ±
0.01 31 ± 1.5

8_R 100 ± 24 0.5 ± 0.3 0.05 ±
0.01 0.3 ± 0.1 3.1 ± 0.1 6.7 ± 0.1 0.03 ±

0.01 0.2 ± 0.0 2.5 ± 0.3 0.3 ± 0.1 0.8 ± 0.1 0.30 ±
0.02

0.23 ±
0.01

0.07 ±
0.00 39 ± 1.5

BL_R 102 ± 20 0.1 ± 0.0 BDL 0.1 ± 0.0 2.5 ± 0.1 5.8 ± 0.0 0.05 ±
0.02

0.07 ±
0.01 0.7 ± 0.2 2.6 ± 0.1 0.2 ± 0.0 0.01 ±

0.00
0.24 ±
0.02

0.02 ±
0.00 18 ± 0.7

1_M 2385 ±
100

0.35 ±
0.07

0.13 ±
0.02

3.95 ±
0.09

3.93 ±
0.20

11.9 ±
1.95

0.05 ±
0.03

1.94 ±
0.03

0.23 ±
0.03

1.7 ±
0.26

5.34 ±
0.31

0.82 ±
0.16

0.46 ±
0.05

0.76 ±
0.02

20.6 ±
1.56

2_M 2366 ±
100

0.35 ±
0.21

0.13 ±
0.01

3.82 ±
0.28

3.56 ±
0.05

13.0 ±
2.64

0.05 ±
0.05

1.91 ±
0.07

0.28 ±
0.02

1.66 ±
0.05

6.61 ±
0.52

0.89 ±
0.07

0.46 ±
0.11

0.79 ±
0.04

17.9 ±
0.83

3_M 2166 ±
200

0.5 ±
0.36

0.12 ±
0.02

3.83 ±
0.22

3.81 ±
0.09

11.2 ±
0.37

0.05 ±
0.04

1.9 ±
0.02

0.27 ±
0.01

1.56 ±
0.11

7.11 ±
0.73

0.89 ±
0.07

0.46 ±
0.05

0.71 ±
0.03

16.9 ±
0.56

4_M 1666 ±
50 0.2 ± 0.0 0.1 ±

0.00
2.72 ±
0.09

3.66 ±
0.15

7.8 ±
0.57

0.06 ±
0.04

1.26 ±
0.07

0.21 ±
0.02

1.6 ±
0.22

3.11 ±
0.17

0.65 ±
0.09

0.36 ±
0.11

0.54 ±
0.03

20.3 ±
1.5

5_M 2100 ±
100

0.3 ±
0.14

0.15 ±
0.01

3.41 ±
0.18

3.90 ±
0.02

11.0 ±
0.28

0.06 ±
0.03

1.65 ±
0.03

0.26 ±
0.02

2.33 ±
0.11

6.59 ±
2.73

0.77 ±
0.08

0.36 ±
0.05

0.79 ±
0.05

57.8 ±
8.25

6_M 2600 ±
200 0.2 ± 0.1 0.12 ±

0.01
4.65 ±
0.21

3.73 ±
0.11

8.91 ±
0.35

0.06 ±
0.02

2.22 ±
0.05

0.24 ±
0.02

1.7 ±
0.11

4.42 ±
0.11

1.15 ±
0.13

0.46 ±
0.05

0.98 ±
0.02

46.4 ±
3.33

7_M 1900 ±
324 0.5 ± 0.2 0.13 ±

0.03
3.36 ±
0.42

3.66 ±
0.15

9.68 ±
1.11

0.05 ±
0.03

1.59 ±
0.19

0.18 ±
0.01

2.23 ±
0.57

10.9 ±
4.03

1.32 ±
0.16

0.43 ±
0.11

0.74 ±
0.05

20.4 ±
1.12

8_M 1833 ±
542

0.15 ±
0.07

0.33 ±
0.04

2.75 ±
0.82

8.43 ±
1.44

9.97 ±
0.97

0.07 ±
0.04

1.34 ±
0.33

0.29 ±
0.02

2.96 ±
0.11

3.7 ±
0.74

0.85 ±
0.11

0.53 ±
0.11

0.6 ±
0.16

20.4 ±
1.91

BL_M 1810 ±
73 0.2 ± 0.1 0.12 ±

0.01
2.64 ±
0.07

3.81 ±
0.16

4.92 ±
0.5

0.04 ±
0.02

1.24 ±
0.03

0.17 ±
0.01

1.19 ±
0.07

2.05 ±
1.41

0.22 ±
0.01

0.39 ±
0.07

0.5 ±
0.02

11.4 ±
0.59
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This result seems in contradiction with previous findings [18] in which the authors measured
element contents in the same moss transplanted in bags and in Quercus ilex leaves, acting as short
and long-term accumulators, respectively. They found that holm oak leaves showed contents about
10 folds those measured in the moss and concluded that the different exposure time could justify
this difference. In the present work, instead, a higher content of elements was observed in the moss,
irrespective of the different exposure time (sensibly higher in black locust leaves); this discrepancy
could depend on the different leaf traits and properties of the two vascular plants. Quercus ilex indeed
has numerous stellate trichomes and rough cuticle, likely providing large surfaces suitable for PM
entrapment and adsorption [26]. Robinia pseudoacacia leaves (Figure 2) are instead quite smooth, both
on abaxial (lower) and adaxial (upper) surfaces (Figure 2a,c), which show 10–13 trichomes per mm2,
and a uniform, thinly ornamented waxy cover (Figure 2b,d).Atmosphere 2020, 11, x FOR PEER REVIEW 7 of 12 
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These features probably do not facilitate PM retention; it is worth noting that the leaves observed
were collected at the end of vegetative season and their surfaces—having not undergone any chemical
treatment—appeared clean, without particles. Accordingly, Al, an element considered a marker of soil
resuspension, was significantly lower in R. pseudoacacia compared to moss, suggesting a scarce ability
to entrap soil particles. In most of the tested sites, the only elements showing a significantly higher
content in R. pseudoacacia were Mo—always one order of magnitude higher—and Zn (Table 1). Both
elements are micronutrients and their higher concentration found in black locust leaves could be due
to absorption via roots.

Hypnum cupressiforme was largely used in previous biomonitoring surveys, showing a marked
capacity to intercept and retain PM, even after short exposure periods. Di Palma et al. [9] carried out a
study focused on PM abundance and characterization on H. cupressiforme leaves; they found a particle
number in 100,000 µm2 leaf surface (10 areas, 100 × 100 µm) from hundreds to thousands, according
to the different Countries (Austria, Italy and Spain) and land uses (agricultural, urban, industrial) of
the exposure sites. In the same moss, it was observed that PM is tightly attached to leaf surface and
difficult to remove [10]. These results can be related to the cell wall properties of this species, rich in
carboxylic and phenolic groups, binding cations, including metals [12,13].

As for the possible pollution sources of the other accumulated elements, Ce and Pb are considered
as markers of vehicular traffic for the emissions related to fuel, analytic converters, or the abrasion of
engine components [27,28]. Furthermore, Y is an element attributable to residues from diesel engine
thermal coatings (yttrium-stabilized zirconia) emitted by motor vehicles [29,30].

Arsenic can be linked to both natural (volcanic activity and erosion of volcanic rocks of Vesuvius and
Phlegrean fields) and anthropogenic sources connected to agriculture (i.e., phytopharmaceuticals) [31].
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Copper-based fungicides and bactericides are routinely used in agricultural practices; also,
mineral and organic fertilizers are generally enriched in this element, representing a possible source of
contamination when they are over-used [32].

PM of natural/crustal origin (i.e., containing Al, Ce, and La) can be the source of these elements in
moss and black locust leaves; the lanthanides Ce and La are freed into soil by the weathering of rocks and
minerals, but are also drawn from REE-containing phosphate fertilizers and insect-fungicides [33,34].

Cu, Ni, Pb, Sb and Zn can be found in dusts from wastes and residues of industrial manufacturing
processes, as well as in exhaust and non-exhaust emissions linked to heavy duty vehicles (for example,
diesel engine, brake wear emissions, erosion of asphalt and concrete-paved roads) [9,30].

Molybdenum is a micronutrient taken up by living organisms through nutrition; its concentration
in the environment may rise due to anthropogenic activities, like coal combustion, municipal sewage
sludge and industrial or mining operations [35].

The marked differences observed between the two biomonitors affect the total elemental load
(Figure 3), which was always higher in H. cupressiforme than in R. pseudoacacia, indicating that most of
the elements accumulated are of atmospheric origin.
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This difference is also evident in the baseline materials, i.e., those collected in proximal natural
environments; in fact, the literature reports that in background areas, the average elemental content in
the leaves of vascular plants is far lower than in mosses, sometimes with the difference approaching
one order of magnitude [36]. This depends on the fact that moss chemical composition is much more
affected by lithogenic elements (as Al, Fe, Ti) and atmospheric long-range transport. Moreover, this
result suggests that leaf traits, including surface features and texture, are of paramount importance in
the entrapment ability of airborne pollutants, especially those linked to PM. Besides, the normalized
elemental load also focuses a substantial homogeneity of the study area in terms of element uptake
(Figure 3), with baseline contents (from plant material collected in pristine areas) lower than all the
tested sites.

3.2. Deposition Fluxes

Based on a formula previously developed and used to assess PAH flux in moss and lichen
transplants [24], deposition fluxes (Table 2) were calculated for the first time for metal(loid)s in moss
and black locust. This parameter confirms the general trend observed for the contents, with higher
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values in moss compared to R. pseudoacacia; however, some elements—i.e., micronutrients Mo and Zn,
and Cr—showed a higher deposition flux in R. pseudoacacia.

Table 2. Daily flux (µg/m2 d) of the target elements in R. pseudoacacia and H. cupressiforme. For Cr, Mo,
Se and Zn flux values are higher in Robinia leaves; for all other elements except As flux is higher in the
moss. For the elements BDL or lost during the exposure fluxes were not calculated.

Al As Cd Ce Cr Cu Hg La Mo Ni Pb Sb Se Y Zn

1_R 25.25 0.0224 0.0017 0.0640 0.1852 0.7239 0.0039 0.0457 0.1167 0.0281 0.1554 0.0073 0.0421 0.0123 2.37
2_R 16.83 0.0421 0.0008 0.0396 0.3143 0.4442 0.0048 0.0171 0.2144 0.0295 0.1041 0.0098 0.0281 0.0064 2.07
3_R 36.47 0.0337 0.0008 0.0794 0.2525 0.5011 0.0036 0.0382 0.1504 0.0393 0.1658 0.0104 0.0337 0.0143 1.61
4_R 16.85 0.0309 0.0008 0.0076 0.2666 0.7694 0.0008 0.0059 0.2034 0.0617 0.0157 0.0031 0.0196 0.0019 2.96
5_R 36.20 0.0253 0.0008 0.0115 0.2385 0.5578 0.0017 0.0051 0.2183 0.0337 0.0544 0.0036 0.0281 0.0024 2.11
6_R 15.19 0.0084 0.0008 0.0476 0.2231 0.7269 0.0028 0.0463 0.3026 0.0589 0.0463 0.0126 0.0084 0.0114 5.34
7_R 14.02 0.0309 0.0008 0.0415 0.2273 0.5825 0.0028 0.0244 0.2006 0.0673 0.0730 0.0199 0.0224 0.0098 2.64
8_R 8.41 0.0463 0.0045 0.0272 0.2525 0.5710 0.0023 0.0185 0.2149 0.0281 0.0755 0.0253 0.0196 0.0061 3.29

BL_R 8.61 0.0084 - 0.0072 0.2151 0.6086 0.0041 0.0055 0.0635 0.0168 0.0183 0.0006 0.0206 0.0019 1.54
1_M 98.17 0.0265 0.0024 0.2295 0.0218 1.2339 0.0017 0.1233 0.0106 0.0899 0.5802 0.1061 0.0135 0.0449 1.62
2_M 98.17 0.0265 0.0029 0.2077 - 1.4291 0.0016 0.1186 0.0189 0.0841 0.8030 0.1190 0.0135 0.0512 1.15
3_M 62.90 0.0529 0.0006 0.2089 - 1.1075 0.0004 0.1162 0.0183 0.0664 0.8924 0.1184 0.0135 0.0373 0.97
4_M - 0.0000 - 0.0137 - 0.5155 0.0019 0.0039 0.0077 0.0723 0.1863 0.0755 - 0.0077 1.57
5_M 51.14 0.0176 0.0053 0.1330 0.0159 1.0858 0.0023 0.0721 0.0165 0.2016 0.8001 0.0978 - 0.0507 15.23
6_M 139.32 0.0000 0.0006 0.3529 - 0.7036 0.0027 0.1738 0.0124 0.0899 0.4179 0.1643 0.0135 0.0851 6.17
7_M 15.87 0.0529 0.0029 0.1254 - 0.8383 0.0014 0.0627 0.0024 0.1840 1.5602 0.1948 0.0076 0.0419 1.58
8_M 4.11 - 0.0376 0.0184 0.8154 0.8900 0.0037 0.0186 0.0218 0.3133 0.2904 0.1113 0.0253 0.0180 1.58

This could depend on the chemical form and bioavailability in the environment of these elements;
in fact, for black locust, two ways of uptake do exist—via roots by absorption, and via leaves by
deposition on the leaf surface and entrance through stomata. Therefore, moss confirms its ability to
accumulate inorganic pollutants through the interception and retention of PM, taking advantage of
the enhanced surface to mass ratio (SLA) and the peculiar cell wall properties [13], differently from
R. pseudoacacia, in which only the elements bioavailable in the soil show better fluxes.

4. Conclusions

This work, investigating the metal uptake ability in native black locust and moss bags,
evidenced a different behavior of the two species. Specifically, our results confirm that mosses
are powerful bioaccumulators of airborne elements; instead, black locust leaves show a reduced
element accumulation. Unlike with H. cupressiforme and other vascular plants used in biomonitoring
studies, R. pseudoacacia exhibits a limited ability to intercept and retain particulate matter, likely due to
leaf traits and micromorphology with scarce trichomes and smooth leaf surface. Therefore, the choice
of the right species for the target pollutants must consider the leaf traits and surface micromorphology
and properties; under these respects, black locust showed a limited performance, despite the wide
distribution of this tree in temperate and impacted environments. Hence, if the aim of the survey is the
evaluation of atmospheric inputs, the moss-bag approach represents the winning choice; otherwise,
if the objective of the study is collecting information from the whole environment, vascular plants
can be more reliable. All the investigated sites show similar environmental contributions, suggesting
that the studied area is largely homogeneous, and the major inputs are represented by agricultural,
productive and transport activities. Despite the higher sensitivity of the moss, the two biomonitors
display a similar environmental impact over the entire study area; the different sensitivity affects
element accumulation and flux—generally higher in the moss. Finally, the deposition flux can be
considered a proxy for the inter-comparability of different species used in biomonitoring, and even
between biomonitors and bulk deposimeters.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4433/11/2/148/s1,
Table S1, title: Geographical coordinates of exposure and collection sites; Figure S1: Satellite view of the target
sites selected in Campania Region (southern Italy). Image obtained by Google Earth Pro 2020.
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