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Abstract: Washed and unwashed Arundo donax L. (A. donax) leaves were analyzed for elements, and
results were compared with element concentrations detected in river water and particulate matter (PM)
Samples were collected along a river in an urban and industrial hot spot of Central Italy, where element
concentrations show relevant spatial gradients both in air and river water. The aim of this study is to
identify the role of the two environmental matrices on leaves composition. Element concentrations of
washed and unwashed leaves were compared to differentiate between the superficial deposition and
the uptake into leaf tissues of elements. Water-soluble and -insoluble element concentrations were
measured in PM10 samples collected on membrane filters by using innovative high spatial resolution
samplers. The comparison among leaf and atmospheric concentrations of PM10 elements showed
a similar trend for Ni, Mo, Cr, Ti, and Fe, which are reliable tracers of the PM10 contribution by
steel plant and vehicular traffic. Soluble species appeared to be mainly bounded into leaf tissues,
while insoluble species were deposited on their surface. On the other hand, element concentrations
detected in washed A. donax leaves were poorly correlated with those measured in river water
samples. The obtained results proved that A. donax leaves can be used as reliable biomonitors for the
evaluation of the atmospheric concentrations of some PM10 elemental components.

Keywords: air quality; biomonitoring; particulate matter; leaf deposition; source tracer

1. Introduction

Arundo donax L., commonly known as giant reed, is a tall perennial grass of the family Poaceae,
typical of riparian areas and characterized by great productivity, growing up to 10 cm per day in
optimal conditions [1,2]. Numerous studies had underlined the potential of this species for the
phytoremediation of contaminated waters and soils due to its tolerance to high concentrations of heavy
metals, such as Cd, Cr, and Ni [3], and to its ability to absorb and bioaccumulate contaminants. In
particular, A. donax turns out to be characterized by a root > leaf > stem translocation pattern [4], with
the belowground biomass (roots and rhizomes) as the main bioaccumulation organs [5–7]. These
characteristics make this species suitable to be used as bioindicator of heavy metal pollution of
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water and soil. Therefore, A. donax provides an alternative to the traditional sampling and analytical
procedures applied to this task [8].

On the other hand, numerous studies underlined the potential of biomonitoring to assess airborne
particulate matter (PM) pollution [9–11]. In this context, urban trees and shrubs leaves are often
proposed as efficient and low-cost passive biomonitors for PM [12–14], since they are able to affect
dispersion and deposition of airborne particles [15]. In particular, the evaluation of chemical and
physical characteristics of particles deposited on leaves can be used to achieve information about
the role and the impact of anthropogenic PM emission sources [16,17]. In fact, these characteristics
can be directly influenced by the type of emission process and source [18,19]. PM is an extremely
heterogenous mixture of airborne solid particles and liquid droplets, varying in size, shape, chemical
composition, solubility, toxicity, and origin [20]. It is considered one of the most relevant air pollutants
in terms of human health effects [21–23]. In particular, PM10 (particles characterized by aerodynamic
diameters ≤10 µm) includes particles that are able to interact at different levels with human respiratory
system and to induce negative health effects [24,25]. PM10 mass concentration is used as an air-quality
indicator, but to date, exceedances of guideline levels set for PM10 are still frequent in many urban and
industrial areas (such as the daily limits of 50 ng m−3 for PM10 mass concentrations set by 2008/50/EC).

Dry deposition of PM on leaves is a complex and dynamic process, being influenced both
by species-specific characteristics of vegetation and chemical-physical characteristics of airborne
particles themselves [26,27]. To date, due to the high complexity of dry deposition processes and the
heterogeneity of PM10, the achievement of a complete characterization of leaf-deposited particles is
difficult to obtain. Numerous analytical procedures have been applied for the achievement of this task,
but it is still uncertain which procedure is the most efficient. One of the main sources of uncertainty is
connected to the leaf-washing procedure, being still unsure whether this step should be carried out.
In fact, the efficiency of leaf washing together with the chemical and physical characteristics of the
particles can influence their encapsulation in leaf structures (waxes layer or stomata pores) [28,29].
These factors can affect the efficiency of any analytical procedure applied in the characterization of
leaf-deposited particles.

This study is aimed at evaluating the influence on element concentrations of A. donax leaves
of two types of environmental contaminations to which plants are exposed: atmospheric PM10 and
river water pollution. To this aim, A. donax leaves, PM10 sampled filters, and river water samples
were collected in parallel at sites impacted by different pollution sources. Element concentrations
determined in the three matrices were compared. Washed and unwashed leaves were analyzed and
compared to differentiate between superficial deposition and uptake into leaf tissues of PM10 elements.
Furthermore, due to the hyper-accumulation ability of this riparian species, element concentrations
detected in A. donax leaves were compared with those measured in river water samples. This was
aimed at evaluating to what extent river-water contamination can affect leaves elemental composition.

2. Materials and Methods

2.1. Study Area and Sampling Sites

The study was carried out in Terni city, an urban and industrial hot spot of Central Italy. The choice
of Terni was mainly driven by the presence of intense local emission sources. This study area is
characterized by typical urban sources such as vehicular traffic and domestic heating and by a power
plant for waste treatment and an extensive steel plant, occupying about 158 ha (Figure 1). Due to its
peculiar geomorphological and meteorological conditions, Terni basin is characterized by high PM10

mass and element concentrations, which make this area one of the most critical for human health in
Central Italy [30–35]. In addition, these emission sources determine very relevant spatial variations
of element concentrations in both PM10 and river water, making this area particularly suitable for
studying correlations among biomonitors and environmental conditions. Six sampling sites (TE1,
TE2, TE3, TE4, TE5, and TE6) were individuated along the river Nera and chosen for the collection of
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A. donax leaves and river-water samples. TE1 is located near the power plant in the western part of the
city; TE2 and TE3 are near the main trafficked streets of the city center; and TE4, TE5, and TE6 are sited
around the steel plant, in the eastern part of the city (Figure 1, Table 1). In particular, TE6 is located
upstream from the wastewater systems for the treatment of the steel plant effluents.
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Figure 1. Sampling sites of A. donax leaves and river-water samples along the river Nera in Terni
(Central Italy) and air-quality station “Prisciano” controlled by ARPA Umbria (regional agency for
environmental protection): Highlighted are the main PM10 anthropogenic emission sources present in
the study area.

Table 1. Latitude and longitude of the six sampling sites in Terni.

SAMPLING SITES LATITUDE LONGITUDE
TE1 42◦33′43.84” N 12◦35′47.18” E
TE2 42◦33′22.27” N 12◦38′21.02” E
TE3 42◦33′25.29” N 12◦38′47.81” E
TE4 42◦33′58.02” N 12◦39′24.08” E
TE5 42◦33′40.12” N 12◦39′27.33” E
TE6 42◦34′13.53” N 12◦40′11.41” E

2.2. Arundo donax Leaves and River Water Samples Collection and Preparation

A. donax leaves and river-water samples were collected monthly at the six sampling sites (Figure 1)
from March to July 2017. For each site, 3 plants were selected and 6 leaves were collected from each
plant for a total of 18 leaves collected each month. Leaves were detached at least a week after the
last rainfall event from the same internode (second-last from the top of the stems) in order to avoid
the youngest leaves and to ensure longer exposition time to both river water and PM10 atmospheric
pollution. Furthermore, leaves were collected at a height comparable to that of PM10 active samplers
(about 2 m from the ground). Leaves samples were then stored at −18 ◦C in paper bags to avoid external
contamination. A. donax leaves collected northeast of the Terni basin (42◦38’25.95” N, 12◦48’34.98” E),
far from the direct impact of anthropogenic emission sources, were used as background samples.
Half of the collected leaves were washed thoroughly three times with 250 mL of deionized water
(produced by Arioso UP 900 Integrate Water Purification System) for 5 min by using a rotating mixer
(Rotator, Glas-Col, USA). The dry weight calculation (30 replicates) was carried out by oven drying 1 g
of fresh leaves at 60 ± 2 ◦C until constant weight. Washed and unwashed leaves collected monthly
at each site were then pulverized by grinding in a mill with Teflon balls, and the obtained powders
were homogenized and weighed (analytical balance Gibertini Europe 60; Gibertini Elettronica Srl,
Milan, Italy). Subsequently, three replicates of about 30 mg of each sample (homogenized powders of
washed or unwashed leaves collected monthly at each site) was subjected to a microwave-assisted
acid digestion (Ethos Touch Control with Q20 rotor, Milestone, Bergamo, Italy). The acid digestion
was carried out for 30 min at 180 ◦C by using a HNO3/H2O2 mixture (2:1, v/v; 2 mL of ultrapure
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concentrated HNO3 67%, Promochem, LGC Standards GmbH, Wesel, Germany; 1 mL of H2O2 30%,
Promochem, LGC Standards GmbH, Wesel, Germany). The digested solutions were then diluted to
100 mL of deionized water. Since all the sampled plants were in close proximity to the river and the
root system was often in direct contact with the river water (frequent overflowing of the river), each
month, about 50 mL of river water was collected at each sampling site for a total of 30 water samples.
River water samples were taken from 10 to 15 cm below the water surface, according to American
Public Health Association (APHA), 1998 [36].

2.3. PM10 Samples Collection and Preparation

PM10 was sampled monthly on Teflon membrane filters (PTFE membranes, 37 mm diameter,
2 µm pore size, PALL Corporation, Port Washington, New York, NY, USA) from March to July
2017 at 23 monitoring sites spread over the Terni basin by using innovative and very-low volume
(0.5 l min−1) PM10 active samplers (High spatial resolution sampler—HSRS, Fai Instruments, Fonte
Nuova, Italy). The localization and the geographical coordinates of the 23 PM10 sampling sites as well
as the characteristics of the used HSRS are deeply described in Massimi et al. 2017 and Massimi et al.
2019 [11,31]. The collected monthly PM10 membrane filters were subjected to a chemical fractionation
procedure, previously optimized and validated [37,38], useful for separating the water-soluble and
insoluble fraction of each PM10 elemental component, thus increasing its selectivity as a source
tracer [11,39,40]. Firstly, after removing the supporting polymethylpentene ring from each membrane
filter, PM10 filters were extracted in 10 mL of deionized water for 30 min at 25 ◦C by using an ultrasonic
bath (Proclean 10.0 ultrasonic cleaner, Ulsonix, Germany) and were then filtered on cellulose nitrate
filters (0.45 µm pore size, Merck Millipore Ltd., Billerica, MA, USA). Secondly, both the membrane
and cellulose nitrate filters were acid digested for 30 min at 180 ◦C in the microwave oven by using
the HNO3/H2O2 mixture (2:1, v/v) previously described. The digested solutions were then diluted to
50 mL with deionized water.

2.4. ICP-MS Analysis

The collected river water samples and all the acid-digested solutions were filtered with syringe
filters (25 mm diameter, 0.45 µm pore size, GVS Filter Technology, Morecambe, England, UK) before
instrumental analysis. The concentrations of 16 elements (Ba, Cd, Cr, Cs, Cu, Fe, Li, Mn, Mo, Ni,
Pb, Rb, Sb, Sn, Sr, and Ti) were determined in all the samples (river-water samples, water-extracted
and acid-digested PM10, and washed and unwashed A. donax leaves) by a quadrupole inductively
coupled plasma mass spectrometer (ICP-MS, model 820-MS; Bruker, Bremen, Germany) equipped
with a glass nebulizer (0.4 mL min−1; Analytik Jena AG, Jena, Germany). External matrix-matched
standard calibration curves were performed for all the analyzed elements in the 1–500 µg L−1 range by
serially diluting standard stock solutions (1000 ± 2 mg L−1; Exaxol Italia Chemical Manufacturers Srl,
Genoa, Italy). To control the nebulizer efficiency, yttrium and rhodium were set at 5 µg L−1 as internal
standards for all measurements and were prepared from standard stock solutions (1000 ± 2 mg L−1;
Panreac Química, Barcelona, Spain; Ultra Scientific, North Kingstown, RI, USA; Merck Millipore Ltd.,
Billerica, MA, USA). The values of blanks, subjected to similar sample preparation and analytical
procedures, were deducted from all measurements, and the limits of detection (LODs; Supplementary
Material S1; Tables S1.1–S1.3) were set at 3 times the standard deviation (Std Dev) of 10 replicate blank
determinations. Standard deviations of the replicates were all below 20%. The used instrumental
conditions and the performance of the method are detailed in Astolfi et al. 2018 [41].

2.5. Data Elaboration

Concentrations of the 16 elements derived from the three replicate analyses of washed and
unwashed leaves, collected monthly at each site, were averaged in order to obtain a single monthly
value. This was aimed at properly comparing leaves element concentrations with results from the
chemical analysis of PM10 samples (one filter sampled monthly for each site). The concentrations



Atmosphere 2020, 11, 226 5 of 17

determined in the washed and unwashed A. donax leaves were divided by the dry weight of each
sample (ng mg−1). Then, monthly element concentrations were averaged for each monitoring site
(Supplementary Material S2; Tables S2.1 and S2.2). The averaged element concentrations detected in
washed leaves were subtracted to the unwashed ones to evaluate the elemental amount superficially
deposed on leaves (SD in ng mg−1). Element concentrations (µg l−1) were determined in river water
samples collected at each site for each of the 5 collection months (three replicates of 10 mL). Also,
for river water samples, results obtained from the three replicates analyses were averaged to obtain
one monthly result relative to each site. Then, monthly element concentrations were averaged for
each monitoring site, and these are reported in Supplementary Material S2 (Table S2.3). The element
concentrations of the water-soluble and -insoluble PM10 were divided by the air volume sampled
on each PM10 membrane filter (ng m−3). Total concentrations were calculated as the sum of the two
solubility fractions. Since the A. donax leaves were collected at different sites with respect to the PM10

samples, ordinary kriging (OK, spherical semivariogram model) interpolation [42,43] was applied
to the PM10 soluble, insoluble, and total element concentrations monthly determined at the 23 PM10

sampling sites. Then, these concentrations were averaged over the 5 months collection period in
order to estimate their concentrations (Supplementary Material S2; Tables S2.4 and S2.5) at the leaves
collection sites (TE1, TE2, TE3, TE4, TE5, and TE6).

2.6. Statistical Analysis

Normal distribution of data was tested by using the Kolmogorov–Smirnov test. Then, paired t-tests
were used to assess the statistical significance of the differences between mean values of each element
detected in unwashed and washed leaves. Pearson correlation was used to assess the correlations
between SD results and element concentrations in the water soluble and insoluble fraction of PM10;
washed leaves element concentrations and the element concentrations in the two fractions of PM10;
and washed leaves and river water element concentrations. Statistical analyses were carried out using
IBM SPSS Statistics 25 software (IBM Corp., Armonk, NY, USA).

2.7. Scanning Electron Microscopy (SEM) Analysis of PM10 Samples

PM10 sampling on polycarbonate membranes (PCTE membranes, 37 mm diameter, 0.8 µm pore
size, Sterlitech Corporation, Kent, Washington, USA) was carried out for three days, from 2 to 4 March,
by using two HSRS working in parallel at the air-quality station “Prisciano”. The station is located at the
eastern side of the city (42◦34’20.30”N 12◦40’44.23”E) in proximity to the steel plant, and it is controlled
by the regional agency for environmental protection (ARPA Umbria) (Figure 1). Small portions of each
polycarbonate membrane were cut, fixed to aluminum stubs by self-adhesive carbon disks (TAAB,
12mm diameter), and coated with an ultrathin carbon layer in a vacuum evaporator (108 Carbon A;
Scientific Instruments Ltd., Cressington, England, UK). Micrographs of each sample were acquired
by a high-resolution field emission scanning electron microscopy (HR-FESEM; model AURIGA; Carl
Zeiss Microscopy GmbH, Jena, Germany) equipped with an energy dispersive spectrometer for X-ray
microanalysis (XEDS; model QUANTAX; Bruker Italia S.r.l., MI, Italy). Micrographs were acquired
through the use of backscatter electron detector (BSD) at magnification ranging from 25,000× to
600,000× and at working distance (WD) ranging from 9.6 mm to 12.4 mm.

3. Results and Discussion

3.1. Element Concentrations in Arundo donax Leaves

Figure 2 reports the concentrations of elements associated to the steel plant emission (Cr, Fe, Mo,
Ni, and Ti) in unwashed and washed leaves. All these elements showed a marked concentration
gradient in both washed and unwashed leaves, indicating that the measured concentrations are
sensitive to environmental concentrations. A similar trend was found for all the considered elements,
with higher concentrations at sites surrounding the steel plant.
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Figure 2. Comparison between averaged concentrations (ng mg−1) of (a) Cr, (b) Fe, (c) Mo, (d) Ni, and
(e) Ti detected in unwashed and washed leaves at the six sites: p-values obtained by applying paired
sample t-test (* p<0.05; ** p<0.001) and standard deviations calculated between monthly concentrations
are reported.

Cr, Ni, and Ti showed higher concentrations (ng mg−1) in leaves collected at TE5 and TE6
(Figure 2a,d,e), which are the sites closest to the steel plant. Furthermore, for these elements,
concentrations in unwashed leaves were significantly higher than those in washed leaves. This means
that a major part of the measured concentrations in unwashed leaves is probably due to superficial
deposition of atmospheric particles. PM10 particles containing these elements are known to be emitted
at high concentrations by the steel plant [31]. Chromium is usually used to increase the steel resistance
to chemical oxidation, and nickel is used to increase the steel strength, ductility, and toughness.
Titanium is used in steelmaking for deoxidation, grain-size control, carbon and nitrogen control,
and stabilization [44]. The variation among the selected sites, observed for the leaf deposition of these
elements, underlined the impact of the steel plant and proved the reliability of A. donax leaf deposition
results for the individuation of the steel plant tracers.

In Figure 2b, we can observe that Fe concentrations (ng mg−1) detected in unwashed leaves were
higher at the sampling sites TE3, TE5, and TE6. Also, in this case, concentrations were significantly
higher in unwashed leaves. Iron is the principal component of stainless steel, and higher deposition
values in A. donax leaves collected at TE5 and TE6, which are the closest sites to the steel plant, confirmed
its attribution to emissions from the steel plant. However, Fe is also a well-known tracer for vehicular
traffic, being related to the mechanical abrasion of brakes and vehicle components [30,45,46]. The
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increase of Fe concentration at TE3, located near the city center, is mainly related to its emission from
the close busy roads. Therefore, the trend of Fe leaf deposition underlined the impact of two different
emission sources: steel plant (at TE5 and TE6) and vehicular traffic (at TE3).

Higher concentrations of molybdenum (Mo) were found at the same sites (TE5 and TE6) as for
Cr, Ni, and Ti, highlighting the impact of the steel plant. In fact, Mo is typically used as secondary
components to improve the resistance of stainless steel [44]. However, Mo concentrations in washed
and unwashed leaves were very similar, indicating that this element is deeply bound to the leaves
(Figure 2c). This difference may be due to a different uptake process (i.e., root absorption from water or
soil) or to the different chemical and/or physical characteristics of atmospheric particles deposited on
leaves. Further details on these issues can be obtained by comparing the element concentrations in
leaves with those found in atmospheric PM10 and river-water samples.

3.2. Comparison between Leaf Deposition and PM10 Element Concentrations

To evaluate the potential of this biological approach, based on the evaluation of PM10 deposition
on A. donax leaves for the assessment of the impact of the PM10 emission sources, we compared
the elements superficial deposition on leaves (SD) with the spatially resolved atmospheric element
concentrations detected in the PM10.

From Figure 3, we can observe that, for most of the identified steel plant tracers (Cr, Fe, Ni, and
Ti), the SD showed a similar trend to total concentrations in PM10 (Figure 3). For these elements,
the difference between unwashed and washed concentrations in A. donax leaves seems then to be
reliably representative of their atmospheric concentrations. In the case of Mo, much poorer correlations
between SD and PM10 concentrations were found (Figure 3c). For this element, we also reported the
comparison between PM10 and washed leaves concentrations (Figure 3d), which showed a much
higher correlation. In order to investigate the different behavior of Mo with respect to the other steel
plant tracers, we considered the solubility and the morphological characteristics of particles emitted by
the steel plant.
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Figure 3. Comparison between averaged superficial deposition (SD) results (ng mg−1) and
concentrations in the water-soluble, insoluble, and total fraction of PM10 (ng m−3) of (a) Cr, (b) Fe, (c) Mo,
(e) Ni, and (f) Ti: comparison between averaged Mo concentrations in washed leaves (ng mg−1) and in
the water-soluble, insoluble, and total fraction of PM10 (ng m−3) (d). Standard deviations calculated
between monthly SD values, washed leaves, and PM10 interpolated concentrations are reported.

Indeed, dimensions and morphological characteristics of airborne particles have proven to be
able to influence the deposition of PM10 on leaves and its interaction with leaf tissues [26,47,48]. For
this reason, we carried out SEM analyses on PM10 sampled on polycarbonate membranes through
HSRS working near the steel plant (Figure 4).
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From Figure 4, we can observe the micrograph (Figure 4a) with the respective EDX spectrum
(Figure 4b) of a particle containing the basic stainless-steel components: Cr, Ni, and Fe. This steel
particle is coarse (up to 5 µm in diameter) and is characterized by an irregular, angular, and sharp
morphology. The peculiar dimension and morphology of this and other analyzed coarse particles with
the same chemical composition seems to be related to mechanical-abrasive emission processes. On the
other hand, in Figure 4c, we can observe a fine particle (with diameter smaller than 1 µm) containing
Mo and being spherical in shape, which is the typical morphology of airborne particles formed by
high temperature processes [49,50]. Even though these two types of particles are emitted by the same
emission source (steel plant), they appeared to be characterized by different dimension and morphology,
revealing the presence of two different emission processes (high temperature and mechanical-abrasive
processes). The different physical characteristics of these particles may be considered responsible for
the different behavior observed in Figures 2 and 3. In particular, coarse particles containing Cr, Fe,
and Ni seem to have been deposited on the leaf surfaces, making it easy to wash them off and to
detect significant differences between washed and unwashed leaves. On the other hand, fine particles
containing Mo could be more likely encapsulated into the wax layer or stomata pores situated on the
leaf surface, making it more difficult to wash them out from the leaves [28,29]. This can result in the
lowest difference between unwashed and washed leaves, detected for molybdenum concentrations. In
Figure 3 we also reported water-soluble and -insoluble fractions of each element in PM10. As it can
be noted, Cr, Fe, Ni, and Ti are almost exclusively present as insoluble species, while Mo is mainly
present in the water-soluble fraction. Besides the small dimensions of particles containing Mo, the
different behavior observed for this element may be due to the higher solubility of species containing
Mo that might be then directly absorbed by the leaf surface.

Table 2 reports Pearson’s correlation coefficients (%) calculated between elements superficially
deposited on leaves or bounded to leaf tissues (washed leaves) and their concentrations in the
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water-soluble and -insoluble fractions of PM10. In general, the highest positive correlations were found
between concentrations in the insoluble fraction of PM10 and SD of Cr, Fe, Ni, Mn, Ti, and Zn. Most of
these elements (Cr, Ni, Fe, and Ti) are tracers of the steel plant; as already shown, particles containing
these elements are mainly characterized by coarse dimensions. Mn is also well correlated to SD; this
element is also known as a source tracer for steel-producing processes [51,52], but it is also used as tracer
of non-combustive emissions from vehicular traffic [18,53]. This source produces particles scarcely
soluble and belonging to the coarse dimensional fraction of PM as well [54]. It is then reasonable to
hypothesize that coarse and insoluble particles are deposited on leaf surface and easily washed out
during the leaf washing step. For this kind of PM contribution, the determination of SD may constitute
a reliable biomonitoring procedure. In the case of Mo, as already pointed out, a good correlation
was found between washed leaves and the soluble fraction of PM10. Mo is present in PM10 mainly
as soluble species belonging to the fine fraction; these characteristics promote a stronger interaction
with leaf structure, and washing procedure is not able to detach Mo-containing particles. A positive
correlation was found also between washed leaves and insoluble Ni. In this regard, it is worth noting
that fine particles containing Ni were also individuated through SEM analysis (Supplementary Material,
Figure S1). These particles are probably released by the same high-temperature process but contain
Ni as insoluble species. The correlation between washed leaves and Ni may indicate that the uptake
into leaf tissues is mainly driven by physical interaction of small particles with wax layer and stomata
pores. In particular, dimensions of A. donax stomata pores are reported to be 23.2 ± 1.7 µm for length
and 9.7 ± 1.2 µm for width [55]. Even if particles encapsulation in leaf structures is reported to be
a relevant mechanism for particles ≤ 10.6 µm, this process results in being dominant especially for fine
particles ≤ 2.6 µm [28,29]. Correlations between SD results and PM10 element concentrations were
much lower for all the other analyzed elements and tracers of other PM sources with emissions lower
than that of the steel plant. For example, correlations were poor for water-soluble Cd, Cs, Rb, and Tl,
which have been identified as reliable tracers for biomass burning in the Terni basin [56,57] and as weak
for insoluble Cu and Sn, which are well known as rail network and vehicular traffic tracers [11,31,58,59].
SD of atmospheric elements can be then considered reliable only for the evaluation of the impact of
strong PM sources (steel plant and vehicular traffic).

3.3. Comparison between River Water Samples and A. donax Leaves Elemental Content

To evaluate the potential influence of river-water pollutants on the elemental composition of
leaves, where heavy metals adsorbed by roots can be stored and transferred [60,61], we analyzed the
element concentrations of water samples (Figure 1). Since metals adsorbed by roots are expected to
be included in leaf tissues, element concentrations in river water were compared with the element
concentrations in washed leaves (Figure 5). It is worth underlining that some of the analyzed elements
are known to be micronutrients for this riparian species. In this context, low concentrations of Cu are
known to be relevant for plant growth and development, while Mn and Zn are connected to enzymatic
processes, playing essential metabolic roles [8,62,63].

The steel plant tracers (Cr, Fe, Mo, Ni, and Ti), previously individuated for PM10, showed their
maximum concentrations in the river water samples collected at TE5 (Figure 5). On the contrary, high
concentrations were not found at TE6, where high concentrations in A. donax washed leaves were
found instead. Indeed, wastewater systems for the treatment of the effluents from cold and hot rolling
sections of the steel plant are located in the southern part of the steel industry plant, at close proximity
to TE5 [64]. We can thus hypothesize that the higher concentrations of Cr, Fe, Mo, Ni, and Ti at TE5
water samples are related to local disposal of steel plant wastewater in the Nera river. Due to the heavy
metal hyper-accumulation ability of this riparian species [65,66], high concentrations of these steel
plant tracers in washed leaves may be then due to the influence of river-water contamination. The very
relevant differences at TE6 (still strongly affected by emissions from the steel plant) underlined the
lower reliability of leaves for the evaluation of the river heavy-metal contamination.
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We also calculated Pearson’s correlation coefficients between element concentrations detected in
river-water samples and washed leaves (Table 3). Correlations were in general much lower than those
related to PM10 concentrations. The highest correlation between these two datasets was found for
Cd; this result could be explained by considering the hyper-accumulation and translocation abilities
of A. donax toward Cd [67]. However, in this set of measurements, Cd showed a low variability in
both river water and washed leaves (Supplementary Material S2; Tables S2.2 and S2.3), and this is
reasonably the main reason for the significant correlation found. Then, the use of this riparian species
seems to have a low reliability for the evaluation of the concentration in the river water.
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Table 2. Pearson’s correlation coefficients calculated between SD and washed leaves element concentrations and their concentrations in the water-soluble and
-insoluble fractions of PM10: Mean monthly concentrations at each site were included in the elaboration (N=30). Positive linear correlations (Pearson’s coefficient>0.8)
between the two variables are reported in red.

Pearson’s Ba Cd Cr Cs Cu Fe Li Mn Mo Ni Pb Rb Sb Sn Sr Ti

SD/Water soluble PM10 −0.06 0.31 0.74 0.31 −0.39 0.49 0.62 0.77 0.78 0.77 0.21 0.00 −0.65 0.34 −0.56 0.79
SD/Insoluble PM10 −0.12 0.22 0.87 0.38 −0.08 0.93 0.25 0.92 0.16 0.95 −0.79 0.12 −0.74 0.53 −0.62 0.93

Washed leaves/Water soluble PM10 0.01 0.18 0.49 0.10 0.08 0.31 0.67 0.73 0.90 0.63 0.02 0.51 0.45 −0.43 0.19 0.17
Washed leaves/Insoluble PM10 −0.59 0.24 0.59 −0.14 0.18 0.02 −0.03 0.75 0.35 0.82 0.55 −0.08 0.43 −0.66 0.21 0.01

Table 3. Pearson’s correlation coefficients calculated between river water and washed leaves element concentrations: Mean monthly concentrations at each site were
included in the elaboration (N=30). Positive linear correlations (Pearson’s coefficient>0.8) between the two variables are reported in red.

Pearson’s Ba Cd Cr Cs Cu Fe Li Mn Mo Ni Pb Rb Sb Sn Sr Ti
Washed leaves/ River Water 0.38 0.81 0.76 0.18 0.34 0.53 −0.20 −0.55 0.17 0.71 −0.10 −0.35 0.06 −0.20 −0.44 −0.23
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4. Conclusions

For the first time, in this study, we were able to compare the different influence of PM10 atmospheric
pollution and river contamination acting in parallel in the study area of Terni on the elemental content
of A. donax leaves.

Thanks to the availability of newly developed PM10 samplers (HSRS), spatially resolved element
concentrations were detected in PM10 samples and compared to SD results. This was helpful to
evaluate the reliability of this biomonitoring approach, based on the utilization of leaves and the
chemical characterization of leaf deposed PM, for the evaluation of atmospheric element concentrations.
The good correlations between SD results and atmospheric PM10 concentrations of Cr, Fe, Ni, Mn, Zn,
and Ti confirmed the reliability of these results for the evaluation of the impact related to intense local
emission sources.

On the other hand, in our study, washed leaves and river-water element concentrations were
poorly correlated, underlying a lower efficiency of this biological approach for the evaluation of the
river contamination.

These preliminary results encourage further investigations on the utilization of this riparian
species, largely distributed in urban areas of Italy, for future studies on PM leaf deposition. It also
encourages its application as a low-cost alternative for the monitoring of atmospheric PM and its
elemental components.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4433/11/3/226/s1,
Table S1.1: limits of detection (LODs) of the concentrations (µg/L) detected in river water samples of the analyzed
elements, set at 3 times the standard deviation (SD) of 10 replicate blank determinations, Table S1.2: limits of
detection (LODs) of the concentrations (µg/L) detected in PM10 samples, of the water-soluble and insoluble fraction
of the analyzed elements, set at 3 times the standard deviation (SD) of 10 replicate blank determinations, Table S1.3:
limits of detection (LODs) of the concentrations (µg/L) detected in washed and unwashed A. donax leaves of the
analyzed elements, set at 3 times the standard deviation (SD) of 10 replicate blank determinations, Table S2.1:
mean values and standard deviations calculated between monthly values of element concentrations detected in
unwashed A. donax leaves at the six monitoring sites, Table S2.2: mean values and standard deviations calculated
between monthly values of element concentrations detected in washed A. donax leaves at the 6 monitoring sites,
Table S2.3: mean values and standard deviations calculated between monthly values of element concentrations
detected in river water samples at the six monitoring sites, Table S2.4: mean values and standard deviations
calculated between monthly values of interpolated concentrations of water-soluble fraction of PM10 elements at
the six monitoring sites, Table S2.5: mean values and standard deviations calculated between monthly values of
interpolated concentrations of insoluble fraction of PM10 elements at the six monitoring sites, Table S2.6: mean
values and standard deviations calculated between monthly values of interpolated concentrations of the total
fraction of PM10 elements at the six monitoring sites, Table S3: Certified values for the SRM 1515 (apple leaves)
used and accuracy obtained by SRM (ng mg−1). Figure S1: SEM micrograph (a) and respective EDX spectrum (b)
of a steel particle (Fe, Ni and Cu) sampled near the steel plant.
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