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ARTICLE INFO ABSTRACT

Keywords: Tree barks are increasingly used as biomonitors of airborne pollutants. However, many authors stress the poor
Airborne mercury comparability of the results achieved in different studies. This drawback is mainly caused by a poor under-
Biomonitoring standing of the critical sampling parameters to be considered. To minimize the biases that could be introduced
Tree barks during sampling, in this study the barks of Pinus nigra J.F. Arnold from thirteen sites were investigated in the
zzlﬁlsphng parameters abandoned Mt. Amiata mercury (Hg) mining district (Southern Tuscany, Italy) and surroundings. The influence

of some sampling and analyzing parameters on Hg content was critically assessed. At each site, a total of eight
bark samples were taken from a single tree at two heights (70 cm and 150 cm from soil) and at four different
sides of the trunk, corresponding to the four cardinal directions; a composite soil sample was also collected.
Mercury contents in barks range from 0.1 to 28.8 mg/kg, and are correlated with soil Hg contents (1-480 mg/
kg), indicating that barks record both gaseous Hg concentrations in air, and wind-transported Hg-bearing par-
ticulate. For each tree, samples at 70 cm and 150 cm show Hg contents of the same order of magnitude, even if
values for 150 cm are slightly less dispersed, possibly because barks at 70 cm are more influenced by random soil
particles. There is no statistically significant dependence of Hg content on direction and tree age. Simulated rain
events cause a negligible loss of Hg from barks. Results suggest that a convenient sampling practice for Pinus
nigra is to collect a bark slice (typically 1-2 mm) within the outermost 1.5 cm layer.

1. Introduction

Heavy metals (HM) monitoring receives a growing importance in
the recent scientific literature due to the adverse effects of these ele-
ments on environmental quality. As a consequence, new methods for
HM observation and quantification in the environment are constantly
sought. Methods based on the use and installation of sophisticated in-
struments in the field may be expensive and/or complicated. By con-
trast, biomonitoring can be generally sustained with low expenditures
and in regions that lack conventional monitoring networks.
Biomonitoring is indeed perceived by the general public as more reli-
able than monitoring accomplished by technical devices (cf. Burger
et al., 2007), which are generally positioned on site for relatively short

periods, and may be subjected to failures.

Among different biological indicators, tree tissues still have a rela-
tively small niche when compared to other more widely used sub-
strates, such as mosses and, in particular, lichens (Leavitt and Clair,
2015, and references therein). Costagliola et al. (2017) recently dis-
cussed the pros and cons of the use of lichens versus tree barks. The
major disadvantages in the use of lichens are the slow regeneration
rates, the irregular and patchy distribution, and the relatively weak
tolerance to mycophytotoxic pollutants (Berlizov et al., 2007).

An alternative and complementary methodology is represented by
tree barks. Tree barks are excellent adsorbents of airborne pollutants,
including toxic metals (Panichev and McCrindle, 2004; Baltrénaité
et al., 2014; Chrabaszcz and Mréz, 2017; Costagliola et al., 2017; Kang
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et al.,, 2019), consequently affecting their biogeochemical cycle (see
Yang et al., 2018 for Hg investigation). In addition, they are usually
available in large amounts and the sampling is generally facilitated by a
straightforward species identification, sample treatment, and ubiquity
of some genera, which makes it possible to cover large areas.

In spite of these potential advantages, until recently the use of tree
barks for environmental monitoring is not widespread, even if growing
in number. The lack of an unanimously accepted sampling protocol,
and the scarce knowledge of the critical sampling parameters to be
considered limit their application. As recently stressed by Cosma et al.
(2016) and Rajfur (2019), bark can represent a promising long-term
biomonitor for contamination, but only if a proper sampling strategy is
established. Indeed, data reproducibility is deemed scarce due to dif-
ferent sampling protocols (e.g., Lodenius, 2013). For other biomoni-
toring substrates, like mosses, many efforts were made to produce
unified sampling protocols, which are periodically revisited (Fernandez
et al., 2015). By contrast, for barks each researcher follows his/her own
procedure, which is designed upon the specific circumstances. The use
of barks as a biomonitoring substrate is now mature enough to establish
a harmonized protocol. This issue is strategic for any further develop-
ment in considering bark for biomonitoring studies and as a reservoir
for airborne metals (Chiarantini et al., 2016).

The present study does not pretend to fulfill the goal of a complete
protocol. The aim is to provide some basic suggestions, derived from
the experience developed by this research group (Chiarantini et al.,
2016, 2017; Costagliola et al., 2017) on the Hg distribution and spe-
ciation in barks of Pinus nigra J.F. Arnold from the Mt. Amiata area
(Tuscany, Italy). The employment of pine bark species is motivated by
the following: i) evergreen species are expected to accumulate higher
Hg contents than deciduous species (Yang et al., 2018); ii) bark mor-
phology allows to select and analyze specific slices at known depth from
the bark-air interface (Chiarantini et al., 2016); iii) the selected species
is quite widespread in the study area. Specifically, the study is focused
on the critical assessment of some sampling parameters that may in-
fluence Hg concentration in barks, including: sample thickness, sam-
pling height from the ground, tree age, orientation with respect to the
prevailing wind directions, and rain effect. The Mt. Amiata district re-
presents a key area to investigate the parameters that may affect Hg
content in barks. In the recent past, this region was one of the most
important mining districts for Hg in the world (Rimondi et al., 2012),
and hosts a diffuse and widespread anomaly of Hg. Implications for a
more generalized use of tree barks as biomonitors of airborne pollutants
are discussed.

2. Methods

2.1. Sampling campaign

In this work, barks of Black Pine (Pinus nigra J.F. Arnold) trees in the
Mt. Amiata region (Southern Tuscany, Italy) and the underlying soils
were sampled in July 2016. In this area two industrial activities, past
Hg mining (discontinued in the 1980s) and ongoing geothermal energy
production, affect local atmospheric Hg levels (Ferrara et al., 1998;
Loppi, 2001; Vaselli et al., 2013; Rimondi et al., 2015; Cabassi et al.,
2017); the second source is deemed definitely subordinate (Benvenuti
and Costagliola, 2016; Lattanzi et al., 2019). Airborne Hg occurs in this
area (as elsewhere) as both particulate and gaseous phase including
gaseous elemental Hg - GEM or simply Hg®, and, less commonly, oxi-
dized compounds — GOM (Chiarantini et al., 2016, 2017).

We selected thirteen sampling sites, seven next to the mining area of
Abbadia San Salvatore (shortly, Abbadia, the main Hg mine of the Mt.
Amiata region), and six in local reference areas not directly affected by
mining works (Fig. 1a and b).

For each site, we collected one sample of soil and eight bark spe-
cimens from a single tree. Soils were collected as composite samples
(three splits from random locations around the tree), out from the tree
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Fig. 1. Satellite image (from Google Earth) of the study area (a) and magnifi-
cation of the Abbadia San Salvatore area (b) with location of sampling sites of
this study (red symbols). The location of samples described by Chiarantini et al.
(2016) is shown by green symbols.

canopy, after removal of tree litter on the first 10 cm of depth. Tree age
could possibly influence Hg accumulated in tree barks. Hence we
decided to sample trees whose ages were precisely known by local
forest rangers. The number of tree barks employed for site character-
ization is variable among different studies (e.g., Yang et al., 2018;
Navratil et al., 2017; Suchara and Sucharovd, 2008; Sanjo et al., 2004),
and may require standardization in future studies. In this specific study,
many sample sites are located within the town limits or in other in-
habited areas, where we could find only a single tree of known age. We
decided therefore to sample just one single plant per location. Barks
may trap Hg as a gaseous species from the surrounding atmosphere, or
as particulate. Local soil dust is the most likely contribution to parti-
culate (Chiarantini et al., 2016, 2017); in principle, this contribution
should be more important for the bark portion closest to soil, and de-
pendent on local wind directions. For this reason, barks were collected
at two different heights, 70 and 150 cm, and in the four cardinal di-
rections for each height, for a total of 104 bark samples. We decided to
exclude heights higher than 150 cm height to favour easy and fast bark
sampling by handpicking, which is an useful requisite for extensive
biomonitoring campaigns. Sample thickness is an important parameter
to be considered. Several studies demonstrated that the concentration
of chemical species across bark thickness is uneven (Chiarantini et al.,
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2016; Cosma et al., 2016; Birke et al., 2018; Peckham et al., 2018).
Specifically, Chiarantini et al. (2016) found that the maximum Hg
content in Pinus nigra barks is recorded within the first 1.5 cm from the
surface. Aglietti (2017) reports that in thicker (~3 cm) samples Hg
concentration is indeed lower than in the first 1.5 cm. The outer bark of
Pinus genus typically consists of easily split layers, having a thickness of
some mm.; for this study, 1 or 2 of these layers within the first 1.5 cm
from the bark surface were sampled.

Bark samples were identified according to a pre-defined grid,
whereby lower case a (e.g., all) refers to samples collected within the
Abbadia former mining and smelting site (Fig. 1b), and capital A (e.g.,
A3) is associated to samples collected outside this area (Fig. 1a). The
sample label is completed by a letter corresponding to the cardinal
point, and by a number (i.e., 70 or 150) indicating the height of sam-
pling (e.g., A3-N70).

As recalled before, in the Mt. Amiata district the local Hg back-
ground is typically high for several km? (Rimondi et al., 2012 and re-
ferences therein). The natural matrices affected by this anomaly include
soils, water and air. It could be thus conceivably assumed that each tree
positioned in this area is exposed to a diffuse Hg source (cf. McLagan
et al., 2019). As a consequence: a) the Hg concentration in air and soils
surrounding the tree is not strongly dependent upon direction; b) minor
punctual Hg sources (i.e., vehicular traffic, incinerators, etc.), which
may have some relevance in areas comparatively less polluted than the
Mt. Amiata district (e.g., urban areas), are not able to influence the
general concentration of Hg in air (as both particulate and gaseous Hg),
since they represent a minor contribute. With these premises, any
variations of the Hg concentration in barks is expected to be primarily
the result of direction-dependent transport of Hg (as both Hg® and Hg
particulate) from the source to the receptor (bark), rather than de-
pendent upon the spatial distribution of the Hg anomaly around the
receptor. Accordingly, the Mt. Amiata district is the ideal place where
any effect of wind direction on bark composition could be measured,
minimizing possible biases due to pollutant source area and its geo-
metry and the relative position of the receptor.

2.2. Analytical methods

Soils were air dried at room temperature for approximately one
month. About 1 kg of material was disaggregated, homogenized, and
sieved to < 2 mm; this fraction was selected in accordance with Italian
regulations for HM analysis in soil (D.Lgs. 152/06). The sieved fraction
was then pulverized and analyzed for Hg. Low-Hg (< 10 mg/kg)
samples were directly analyzed by means of the thermal decomposition
technique using USEPA method 7473 on a Milestone DMA-80. Soils
with high Hg concentration (> 10 mg/kg) exhibited high analytical
variability using the DMA, likely due to the well-known “nugget effect”
associated with the analysis of small sample masses of highly con-
taminated soils (Kocman et al., 2006). To minimize this effect, a larger
mass of sample (1 g) was digested in a sand bath with aqua regia (HCl/
HNOs; 3:1) and analyzed by inductively coupled plasma optical emis-
sion spectroscopy (ICP-OES, Perkin Elmer Optima 8000 instrument)
equipped with a hydride generator (Perkin Elmer B0507957). Two of
these “high Hg” samples were processed in duplicate to evaluate
method precision, which was < 15%. The analytical accuracy, checked
against DOLT4, TORT3 (DMA) and CCRMP STDDS-1 (ICP-OES) inter-
national standards, was < 5% and < 10% for thermal and acid diges-
tion analysis, respectively.

The sampled bark slices were shredded with a ceramic knife,
homogenized by mixing, and split into two portions; one was used for
determining water loss at 110° C until a constant weight was achieved
(Chiarantini et al., 2016), and the other for Hg analysis by thermal
decomposition (DMA-80). To estimate the analytical precision, three
replicate analyses of the same slice were routinely performed; results
were generally reproduced within 15-20% of the average value. Ac-
curacy was evaluated using international standards (DOLT3, TORT3),
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and was within 10%. All analytical results for barks are presented on a
dry weight (dw) basis, recalculated as reported by Chiarantini et al.
(2016).

To measure the possible effects of Hg leaching by rainwater, two
samples of barks selected at different heights and/or orientations from
ten sampling stations showing low (0.2-0.3 mg/kg), moderate
(1-1.7 mg/kg), high (6.7-9.6 mg/kg), and extreme (> 10 mg/kg) Hg
content were subjected to a leaching test. In the test, about 0.2 g of
crushed bark was mixed with 25 ml of deionized water (equilibrated
with atmospheric CO,) for 24 h, with a bark/water ratio of about 1:125
by weight. Considering that barks of the Pinus species have a density of
about 0.4 g/cm3 (Mile and Smith, 2009), this ratio in volume corre-
sponds to about 1:50. Leached solutions were measured for Hg via
USEPA method 1631 on a MERX-T autoanalyzer (Brooks Rand, Seattle,
USA). Background Hg contamination in leaching bottles was negligible,
ranging from 0.13 to 0.17 ng/L (n = 3), well below measured samples
(> 10 ng/L). Ongoing precisions and recovery samples spiked with
known amounts of Hg were run during the analytical run and recovery
ranged from 96.8 to 109% (n = 5).

2.3. Meteorological data and Hg air concentrations

The total yearly amount of rain at Abbadia is about 650 mm, and
the rainiest month is November, with about 80 mm precipitation. No
significant precipitation occurred in the seven days preceding sampling.

Wind direction data were collected from records (period
2014-2016) of the station of Abbadia San Salvatore-Laghetto Verde
(TOS 11000114) of the regional meteorological network (www.sir.
toscana.it). Based on these data, the wind rose in the study area is re-
ported in Fig. S1. Prevailing winds come from the W direction (280°),
while subordinate directions are from NE (40°) and SE (140°).

The study area was surveyed for GEM concentrations by means of a
portable analyzer Lumex RA-915 (Vaselli et al., 2013, 2017; Cabassi
et al., 2017). A few of those measurement points were close to sampling
sites of this study. More recently, McLagan et al. (2019) reported GEM
air concentrations in the area estimated from passive sampler analysis.
All barks considered in the present study are located in proximity of a
passive sampler (maximum distance 20 m), and sampling occurred
when the passive samplers were in place. Therefore, we assume that
GEM concentrations reported by McLagan et al. (2019) for the closest
sampler to each of our sampling sites represent a reasonable approx-
imation of air concentrations at the specific time and site of bark
sampling. Table 1 reports the values considered for this study.

2.4. Statistics

By taking into account the structure of the database, characterized
by the Hg concentrations (mg/kg) and different controlling factors
given by the dissimilar heights and cardinal directions of sampling, a
non-parametric (distribution free) analysis of variance was used. The
Kruskal-Wallis H-Test for One-way Analysis of Variance (ANOVA) by
ranks is a frequently used nonparametric test when it is necessary to
determine if three or more independent samples belong to the same or
different populations (Siegel and Castellan, 1988; MacFarland and
Yates, 2016). The choice was motivated by the limited number of data
for each group and by the presence of skewness in the frequency dis-
tribution of the chemical variable. It is necessary to stress here that this
procedure should be applied under the hypothesis of independence of
the samples, a condition that appears to be sustainable in our experi-
ment.

We employed a robust regression as an alternative to least squares
regression to evaluate dependence structure between variables, espe-
cially when data include outliers or skewness (a frequent condition in
our study), and when model assumptions (normal distribution, homo-
scedasticity, etc.) are not fulfilled (cf. Varmuza and Filzmoser, 2009).
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Table 1

Ecological Indicators 112 (2020) 106110

Mercury concentrations of soils and barks in the study area, and age of sampled trees. Hg® contents in air are also reported. "Data from McLagan et al. (2019).

Sample ID Tree age (years) Height (cm) Hg in bark (mg/kg dw) Hg in soil (mg/kg) Hg’ in air range "
N S E w (ng/m%)

A3 80 70 1.5 1.4 1.2 1.1 4 1.68-1.84
150 1.5 2.3 1.7 1.4

A5 60 70 0.2 0.2 0.3 0.2 2 2.09-2.53
150 0.1 0.1 0.2 0.1

Al12 70 70 1.2 2.7 2.9 1.7 4 2.06-2.69
150 1.5 1.6 1.8 1.5

A19 100 70 11.9 13.6 15.2 14.4 66 3.82-4.24
150 12.8 20.0 11.4 18.6

A26 80 70 12.1 11.4 8.8 8.5 72 14.5-29.8
150 12.9 13.2 9.9 11.7

A33 67 70 1.6 1.3 1.8 1.7 4 2.67-3.26
150 1.0 0.7 1.2 0.5

A37 100 70 0.5 1.8 0.9 2.2 1 1.86-2.07
150 0.7 0.8 0.7 1.4

A48 60 70 0.4 0.5 0.3 0.4 1 2.03-3.03
150 0.4 0.2 0.3 0.1

all 100 70 28.8 7.1 14.9 9.8 480 9.86-15.7
150 7.4 6.6 7.1 8.9

al3 100 70 14.5 20.7 4.1 14.1 186 16-17.9
150 21.3 21.8 19.2 15.8

a2l 100 70 9.4 5.8 8.0 1.9 97 11.6-17.8
150 8.1 7.3 7.9 7.0

a22 150 70 4.4 11.2 8.4 6.0 66 7.48-14.8
150 5.8 8.1 8.8 6.7

a49 100 70 11.8 9.1 12.3 8.8 163 24.7-116
150 9.9 11.0 11.6 10.4

3. Results and discussion
3.1. Soils

Total Hg in soils is comprised between 1 and 480 mg/kg (Table 1),
i.e. much higher than the average abundance of Hg in the Earth’s crust
(20 to 60 pg/kg; Kabata-Pendias and Mukherjee, 2007) and in soils
from different world regions (50-500 pg/kg; Kabata-Pendias and
Pendias, 2001; Wang et al., 2012). In agreement with previous soil data
(Rimondi et al., 2012, 2014; Chiarantini et al., 2016; Protano and
Nannoni, 2018), these results confirm the presence of a diffuse Hg
anomaly centered around the Mt. Amiata district.

As expected, the highest concentrations generally occur close to the
town of Abbadia, where the principal mines and the metallurgical
plants were located (Rimondi et al., 2015). According to Rimondi et al.
(2014) and Protano and Nannoni (2018), at Abbadia Hg in soil gen-
erally occurs in volatile form (presumably, Hg"), or as highly insoluble
compounds such as sulphides (HgS, cinnabar and metacinnabar). Or-
ganic-bound Hg may also be present (Protano and Nannoni, 2018).
More soluble Hg compounds, such as HgCl, and HgO, were also iden-
tified (Rimondi et al., 2014). Their abundance is particularly significant
in correspondence of the calcines, where such Hg compounds formed
during retorting, or later in secondary processes (Rimondi et al., 2014).
All samples for this study were collected at a distance > 50 m from
remaining calcine piles, therefore we believe that in the sampled soils
the main Hg species are Hg® and HgS.

3.2. Barks

Total Hg in barks varies between 0.1 and 28.8 mg/kg dw (Table 1).
These concentrations are similar and even higher than those measured
by Chiarantini et al. (2016) in the same area, thus confirming that Pinus
nigra barks can accumulate large quantities of Hg. Arnold et al. (2018)
and Peckham et al. (2018) report much lower (~0.01 mg/kg) con-
centrations in Pinus nigra barks exposed to environments where Hg
concentrations in air and soil were lower than those typical of the Mt.
Amiata area (see also further discussion). Published Hg concentrations

in barks of pine (Suchara and Sucharova, 2008; Martin et al., 2013;
Navratil et al., 2017) and other species (e.g., Obrist et al., 2009;
Rykowska and Wasiak, 2011; Yang et al., 2018) are usually well below
1 mg/kg, except for values up to 1.18 mg/kg reported by Schulz et al.
(1999) for Pinus sylvestris L.

The overall distribution of the Hg concentration in barks (average of
the eight values for each tree) from different sites follows that of soils
(Fig. 2): the highest values are all centered close to the former Abbadia
mine and smelting site, whereas lower Hg contents are observed in the
reference areas, north and south of the town. The site all is a notable
exception to this trend, since Hg in bark is apparently low (11.3 mg/kg
dw as average value) compared to the extreme Hg content observed in
the related soils (480 mg/kg; Table 1). However, we remark that along
the N direction, up to 28.8 mg/kg dw Hg are found at the 70 cm height
(Table 1), representing the highest value of the entire dataset, hence in

20 7 T T T /£ d T
$all
15 OA19 .
)
£
> ] A all
£ OA26 Oad9 %
o 10 -
I
X
s a2 4
S Lo %)a21
5 _
R reference sites
(A3,A5,A12,A33,A37, A48)
0 /L .
T . T . 7A bd T
100 400 500

Soil Hg (mg/kg)

Fig. 2. Correlation of Hg in barks (average of the eight values for each tree) vs.
Hg in soil at the same site.
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Fig. 3. Plot of bark Hg contents (average of the eight values for each tree) vs.
estimated tree age (numbers next to symbols indicate Hg contents in the cor-
responding soils in mg/kg).

agreement with the underlying soil. It is likely that this subsample is
particularly impacted by particulate Hg due to soil resuspension (see
below).

This distribution is also roughly consistent with estimates of Hg®
concentration in air (Table 1): with the exception of sample A19, all
barks with Hg contents =7 mg/kg come from areas where Hg con-
centration in air is =7.5 ng/m?; for lower Hg air concentrations, Hg
contents in bark are always < 2 mg/kg. We compared the Hg con-
centration in barks (average of the eight values for each tree) with the
age of the trees. Fig. 3 indicates that correlation of Hg contents in barks
with tree age is not statistically significant (R> = 0.26; p > 0.05).
Specifically, trees with different ages grown on soils with similar Hg
contents have also similar contents in barks; conversely, trees with the
same age grown on soils with different Hg contents also show different
contents in barks. These results suggest that the time required by barks
to collect Hg from the surrounding environment is appreciably shorter
than tree age. We tentatively suggest that the time required by Pinus
nigra barks for (dynamic) equilibration with the surrounding environ-
ment is in the order of few years.

The comparison between barks sampled at different heights from
the ground (70 cm and at 150 cm) and with different orientation with
respect to the cardinal points is presented in the boxplots of Fig. 4. It
appears that most of the data are overlapping, and sampling height and
different cardinal direction apparently do not affect the Hg concentra-
tion. This explorative result is confirmed by the application of the
Kruskal-Wallis and median tests (Siegel and Castellan, 1988;
MacFarland and Yates, 2016), whose results allow us to accept the null
hypothesis of no differences (p > 0.05) in the action of the controlling
factors.

The relationship between the different cardinal directions from
which the samples were collected for a given height of sampling was
further investigated by checking the results of robust linear regression
(cf. Varmuza and Filzmoser, 2009). Results are reported in Table S1 and
S2.

Almost systematically, the correlation between sample height and
cardinal direction (estimated by R?) is slightly better for samples picked
up at a height of 150 cm with respect to those positioned at 70 cm
(Table S1). In addition, the equations of the linear model for the sam-
ples at 150 cm have a small intercept (less or equal to the detection
limit), and a slope close to unity. The correlations observed for the
samples at 70 cm of height are significant, but lower than those ob-
served for the samples positioned at 150 cm. Considering now wind
directions, the wind rose at Abbadia (Fig. S1) indicates that the main
windward direction is west, and the main downwind directions are
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south and north. The Hg concentration of the samples picked up on the
west side of the trees at 150 cm is however well correlated with the Hg
content of barks collected on the north and south side of the tree trunks
(Table 1). These features point out that at 150 cm the Hg content in
barks is virtually unaffected by sample orientation, even in an area
where wind directions are rather focused as at Abbadia. The effect of
prevailing winds at Abbadia contributes to generate a broadly elliptical
shape of the isoconcentration curves of Hg in air presented by McLagan
et al. (2019), with an E-W oriented major axis. Our results indicate that
Hg content in barks is unaffected by this overall trend. This feature
further simplifies bark sampling procedure, since samples may be
picked up without a particular care to cardinal points. By contrast, a
drawback is that barks appear poorly effective in recognizing pollutant
provenance.

As previously noted, Chiarantini et al. (2016) suggested a correla-
tion between Hg in soils and barks in the Mt. Amiata area. Such a
correlation was also observed elsewhere (Suchara and Sucharova, 2008;
Martin et al., 2013; Navratil et al., 2017). In Fig. 5 the robust correla-
tion between the concentration of Hg in soils and barks for the two
different sampling heights adopted in the present study is shown. The
correlation is higher for the samples collected at 70 cm height
(R? = 0.86) with respect to the same data set at 150 cm (R®> = 0.78).
The same scheme is maintained if data are transformed by using the
natural logarithm (R? equal to 0.84 versus 0.75, respectively; not
shown). This result suggests that the Hg concentrations in bark samples
at 70 cm could be more influenced by local soil contribution, including
particle resuspension and/or re-emission of gaseous Hg, accordingly to
the decreasing vertical Hg gradient measured by Feigis et al. (2019)
with passive Hg samplers deployed at different heights over polluted
soil.

The concentration of pollutants in barks is expected to vary from the
phloem toward the bark surface. For pollutants that are generally
poorly bioavailable, such as in the case of Hg, the fraction that is de-
posited on the bark surface normally largely exceeds the systemic
fraction (Siwik et al., 2010). As demonstrated by Rimondi et al. (2014)
and Protano and Nannoni (2018), the Hg speciation in solid materials
(calcine, sediments, soil) at Abbadia includes several phases; insoluble
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Fig. 5. Correlation between Hg in soils and average values of bark sampled at 70 (a) and 150 (b) cm.

species (cinnabar and metacinnabar) are common in sediment and soil.
Chiarantini et al. (2017) found that Hg sulphides are indeed the most
abundant phases on the bark surface, where Hg® sporadically has been
reported. From the outermost bark layer to deeper layers, there is an
increase of the organic-bound fraction (thiol-containing molecules or
tannins). As previously noted, this change in speciation from the surface
toward the inner bark layers is accompanied by a change in Hg con-
centration, which is maximum within the first 1.5 cm from the surface,
and then decreases (Chiarantini et al., 2016; Aglietti, 2017). Therefore,
sampling thickness should be explicitly taken into account when using
barks for biomonitoring. In agreement with Aglietti (2017), we suggest
taking a bark slice within the first 1.5 cm from the surface. In the case of
Pinus Nigra, whose bark may be easily split in thin layers having a
thickness of some mm., we suggest sampling one or two such layers
within the first 1.5 cm.

3.3. Leaching tests

The results from leaching tests (Table 2) showed Hg concentrations
in water ranging from 10.4 to 309 ng/L, with more contaminated bark
corresponding with higher Hg concentration in leach water. But when
evaluated on the basis of Hg mass leached relative to Hg mass in bark
(dw), greater leaching was associated with less contaminated bark. The
percent of Hg in bark leached to water was ~1.4% for lightly con-
taminated bark, 0.4-0.6% for moderately contaminated bark, and

Table 2
Leaching data for selected bark samples. *Average of the two heights for each
sample.

Sample Location Leached Hg (ng/L) Leached Hg to bark Hg (%)*

A5 E150 10.4 0.9
N70 15.2

A48 E70 26.5 1.4
W70 34.7

A37 N70 33.2 1.4
E150 187

A33 N150 52.4 0.6
W70 46.6

A3 W150 26.5 0.4
E70 46.2

Al2 W150 78.3 0.4
S150 46.8

a22 S150 14.1 0.2
W70 216

a49 S150 173 0.2
w70 190

A26 N150 196 0.2
w70 150

al3 W150 309 0.2
E70 95.4

~0.2% for highly contaminated bark. Results indicate that surface bark
could release low amounts of Hg to the surrounding environment
during precipitation events, and that the amounts lost are negligible
compared to the mass of Hg stored in bark tissue. On the other hand,
our experiments do not consider mechanical removal by rain of pre-
viously adsorbed particulate (Catinon et al., 2012), which could en-
hance Hg release from bark. Therefore, we support the suggestion by
those authors that bark sampling for monitoring airborne contaminants
is best performed in dry seasons. It should be noted that we cannot
exclude that some Hg’ originally trapped in barks could have been re-
volatilized from the organic substrata as reported for barks of some
deciduous trees (Hanson et al., 1997), eventually promoted by sunlight
irradiation.

4. Conclusions

The results of this study confirm previous data on the ability of Pinus
nigra bark to accumulate significant amounts of Hg, reflecting local soil
and air concentrations. Since barks accumulate different forms of air-
borne Hg (both Hg® and particulate Hg), they represent a long term
proxy for cumulate Hg exposure. A critical assessment of sampling
parameters indicates that measured concentrations are essentially in-
dependent of tree age and wind direction. The maximum concentra-
tions are found in the outermost bark layers; as a practical guideline for
this species (Pinus nigra J.F. Arnold) we suggest taking a slice within the
first 1.5 cm from the surface.

There is a broad consistency between bark samples taken at dif-
ferent heights (70 and 150 cm), but those taken at 150 cm show less
variability in relation to sampling orientation, possibly because samples
at lower height are more affected by random soil particles or Hg® re-
emission by soils. Leaching tests suggest that rain should not sig-
nificantly affect Hg concentration in bark, when (as it happens at Mt.
Amiata) Hg speciation is dominated by insoluble phases.
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