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Heavy metals originating from vehicular emissions and other anthropogenic sources pose one of the main environmental health
risks in urban areas. (e assessment of metal bioaccumulation in selected species of synanthropic organisms allows evaluating
their bioavailability and the transfer along food chains in urban ecosystems. An overall view of the results achieved in Siena on
urban ecosystems shows that the mean Cd, Cu, Pb, and Zn concentrations in biological crusts covering urban walls (0.66, 34, 65,
and 184 μg·g−1 d.w.) are higher than the respective concentrations in tree leaf litter (0.19, 9.5, 9.2, and 38 μg·g−1 d.w.) and topsoil
(0.40, 44, 34.2, and 102 μg·g−1 d.w.). Furthermore, the epilithic moss Tortula muralis accumulated much higher levels of Cd, Cu,
Pb, and Zn (0.34, 65, 17.6, and 106 μg·g−1 d.w.) than epiphytic lichens (0.22, 11.6, 2.1, and 47.3 μg·g−1 d.w.) or the holm oak live
foliage (0.15, 14, 1.51, and 26.5 μg·g−1 d.w.), respectively. However, analyses of the soft tissues of Papillifera papillaris, a snail
dwelling on stone walls, show that metals deposited on urban walls are scarcely bioavailable. Papillifera accumulates (and transfers
to the next trophic level) amounts of Cd, Cu, Pb, and Zn (1.7, 171, 1.1, and 71 μg·g−1 d.w., respectively) that are comparable or
inferior to those found in a ground-dwelling snail (3.3, 88, 2.0, and 880 μg·g−1 d.w.) and two earthworm species (2.0–4.4, 18–23,
1.4–2.2, and 356–594 μg·g−1 d.w.) from the same urban green area.

1. Introduction

Between now and 2050, the world’s urban population is
expected to increase by 2.5 billion people, with about 66% of
the global population residing in urban areas [1]. (is con-
tinued growth poses significant challenges for policy-makers,
practitioners, and scientists to ensure environmental quality
and human welfare. Among the possible measures to address
these challenges, a prominent role is played by the multiple
ecological services provided by urban ecosystems that con-
tribute to the well-being of residents through the reduction of
local air pollution, noise, heat waves, and flooding [2, 3]. Lead,
Cd, Zn, Cu, and other heavy metals released from vehicular
traffic, domestic heating, and other anthropogenic sources are
among the most common pollutants in urban environments
[4]. (e ecological and health risks posed by these are often
assessed through the exposure of sentinel species in the
laboratory (e.g., [5]) or in urban areas (e.g., [6]). However,
these approaches oversimplify the complexity of the processes

involved in the metal uptake in urban ecosystems and the
results can be significantly different from those achieved by
field investigations [7].

Biotic communities in urban ecosystems are chronically
exposed to a complex mixture of atmospheric pollutants,
which have a variable composition in space and time and can
cause additive or synergistic biological effects [8]. In addition,
the time exposure in laboratory experiments and microcosms
(usually a few weeks) may be too short to evaluate the actual
bioaccumulation and the potential transfer of metals to higher
trophic levels [9]. Because of the changing physico-chemical
properties of metals in different substrata (in wet and dry
atmospheric deposition, in soils, etc.) and the mutable
physiological conditions of exposed organisms (diet, age,
metabolic rate, and reproductive state), the bioavailability,
uptake, and bioaccumulation of metals are dynamic processes
[10]. Recent studies analyzing the possible correlations be-
tween metal bioavailability estimated chemically in urban
soil and the amount actually accumulated in soil fauna
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(e.g., [11, 12]) have found that the metal content in different
soil fractions does not allow to predict its bioaccumulation. As
discussed by Pauget et al. [11], the chemical analysis of soil
only informs about the easiness of metal leaching by weak
extractions (i.e., the environmental availability) and not about
the actual bioavailability and/or bioaccumulation, which also
depend on the physiological traits and conditions of the target
organisms [13]. (us, although the basic ecophysiological
data and life-history traits of many species of organisms in
urban ecosystems are not well-known, and soil pollutants and
biotic communities most often have a patchy distribution
[14], the analytical determination of internal concentrations
of metals in representative samples of appropriate plant and
animal species is the most suitable approach to assess the
bioavailability of persistent pollutants and their potential
transfer along food chains. (is information is very useful for
assessing ecological and health risks deriving frommetals and
for formulating goals for the protection of the urban envi-
ronment in terms of ecosystem services [15]. Several species of
lichens, mosses, higher plants, soil invertebrates (mainly
earthworms and snails), birds, or small mammals are quite
common in urban environments. (ese organisms have
a suitable biomass for the analysis of pollutants, they are
rather easy to sample, accumulate persistent atmospheric
pollutants, and have been widely used as biomonitors inmany
cities (e.g., [16–23]).

In Siena, a small medieval city in central Italy, where the
main source of metal pollution is vehicular traffic, several
studies have been conducted on the metal accumulation in
soils, lichens, tree leaves, earthworms, and land snails from
urban parks and avenues (e.g., [16, 24–29]). Vegetated walls
are rather common in Siena as in many other urban envi-
ronments, and these vertical structures are colonized by
primary producers (cyanobacteria, algae, cryptogams, and
higher plants), a variety of primary consumers (molluscs,
isopods, millipedes, and ants), and their predators, such as
firefly larvae, spiders, scorpions, lizards, birds, and small
mammals. Marbles, limestones, and bricks in these artificial
ecosystems have a more homogenous composition than
minerals in soils, and our preliminary results indicate that
biological crusts, epilithic mosses, and molluscs from these
ecosystems are very sensitive indicators of metal deposition
in the urban environment [21, 29]. (rough an overall
evaluation of the results of previous environmental in-
vestigations carried out in Siena and those deriving from
ongoing research, this review aims to evaluate and compare
the metal bioavailability in urban soil and vegetated walls,
their accumulation in primary consumers, and the possible
transfer along the food chains.

2. Materials and Methods

2.1. Study Area and Methodology. (e urban area of Siena
(Tuscany, 55,000 inhabitants) is located in a hilly area (el-
evation between 300 and 350m); the old town centre has
narrow, winding streets, and vehicular traffic is concentrated
mainly in ring-roads around the medieval walls. (e climate
is sub-Mediterranean with an average annual temperature of
13.9°C and an average annual rainfall of about 750mm·yr−1.

(e prevailing winds are from S and NNW, and the climate
and topographic characteristics favor the dispersal of at-
mospheric pollutants, which are mainly released from ve-
hicular traffic and domestic heating. Except for tropospheric
O3, that sometimes in summer reaches above 120 μg·m−3,
concentrations of pollutants are low to moderate: in 2016 the
annual average was 38, 21, and 13 μg·m−3 for NO2, PM10, and
PM2.5, respectively [30].

(is review focuses on the elemental composition of
several environmental matrices from Siena urban area and
control stations (soil, litter, epiphytic lichens, holm oak live
foliage, earthworms, and land snails from green areas and
roadside; biological crusts, epilithic mosses, and shells, soft
tissues, and excreta of stone-dwelling snails from vegetated
walls). Details on the collection, preparation, and analysis of
biotic and abiotic samples are reported in previous works
[25–29]. In short, representative samples of soil, biological
crusts, unwashed lichen thalli, moss shoots, and tree leaves
(of comparable size and age) were air-dried, homogenized,
and sieved to <250 μm. Earthworms and snails were rinsed
with water and placed in plastic Petri dishes containing filter
paper to remove gut contents; samples of snail excreta and
shells were also collected. Analytical determinations of Al,
Cd, Cr, Cu, Fe, Mn, Ni, Pb, and Zn concentrations were
performed after digestion of samples with HNO3 and H2O2
(in Teflon bombs using aMilestone Ethos 900 microwave lab
station) with graphite furnace atomic absorption spec-
trometry (GF-AAS), inductively coupled plasma emission
spectrometry, or ICP-mass spectrometry. As a rule, the
precision of the analytical determinations estimated through
repeated analysis of the same samples was <7.5% for all
elements. (e accuracy was checked by concurrent chemical
digestion and analysis of standard reference materials and
recoveries ranging from 82% to 116%, depending on the
element and nature of sample. All metal concentrations are
expressed in μg·g−1 dry weight.

2.2. Calculation and Statistical Analyses. (e normal dis-
tribution of analytical results was ascertained by using the
Shapiro-Wilks W test; for normally distributed data, the
statistical significance (at 5% level) of differences between
datasets was determined by the parametric Student’s t-test;
and for nonnormally distributed data by the nonparametric
Mann-Whitney U test. (e correlations between metal
concentrations in earthworm and snail tissues and those in
soils, biological crusts, and epilithic mosses were determined
by Spearman’s correlation test (p< 0.05). Regression ana-
lyses were used to investigate the relationships between the
two different food chains.

3. Results and Discussions

3.1. Metal Bioavailability and Bioaccumulation in Urban
Green Areas. Soils in Siena have a sandy-loam texture, pH
values >7.4, and high CaCO3 concentrations (up to 32.5%)
[27]. Soil samples collected at a distance of 2–4m from roads
usually have higher mean content of Ba, Cd, Cu, Pb, Sb, and
Zn than those from control areas and differences are
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statistically highly significant (p< 0.01), especially for Pb
and Sb [16, 27]. (e highest metal concentrations are usually
recorded in areas with slow traffic (especially near traffic
lights, crossroads, and roundabouts), indicating that fuel
combustion, brake, clutch, and tire-wear are the main
sources of metal pollution in urban soils. In the last decades,
atmospheric deposition of metals in the urban environment
has been investigated by using thalli of the epiphytic lichen
Flavoparmelia caperata as quantitative biomonitors
[16, 24, 25]. Due to the resuspension of soil and road dust
particles by vehicular traffic, the concentrations of lithophilic
elements such as Al, Cr, Fe, Mn, as well as those of metals
released by anthropogenic sources (e.g., Cd, Cu, Pb, and Zn)
were generally higher in urban lichens than in control
samples (Table 1). However, the differences for the latter
elements were not always statistically significant (p< 0.05).
Unpublished data from student practicals indicate that, in
the last 30 years, only Pb among all metals analysed showed
markedly and significantly lower concentrations (from 50 to
about 2 μg·g−1 d.w.) in the lichens of Siena.

Unlike lichens, which have no roots and are dependent
on atmospheric depositions for water and nutrients, trees
absorb most elements essential for their metabolism from
soil; however, their leaves intercept airborne gaseous and
particulate pollutants. Due to the widespread occurrence of
holm oaks in many Italian urban environments,Quercus ilex
leaves have been extensively used as quantitative bio-
monitors of metal deposition (e.g., [26, 31–33]). Leaf
samples from Siena green areas and avenues show generally
higher average concentrations of several metals than in
extraurban maquis (Table 1); however, such differences are
statistically significant (p< 0.05) only for Al, Fe, and Pb.
During the last two decades, the average content of metals
did not change significantly in urban Q. ilex leaves, except
for a continuous decrease of mean Pb concentrations (from
13 μg·g−1 d.w. over the 1990s to nearly 1 μg·g−1 d.w. in 2011);
the average Cu and Zn concentrations decreased by about
50% up until 2001, then remained fairly constant. In the
urban area of Siena, variations in spatio-temporal metal
deposition patterns in leaves of Q. ilex have roughly mir-
rored those in epiphytic lichens. (ey both showed essen-
tially greater bioaccumulation of metals in areas with rather
intense and slow traffic and a net temporal decrease in Pb
concentrations, probably due to the introduction of un-
leaded fuel in Italy. Because the historic centre of Siena has
been a restricted traffic area since 1965, andmost vehicles are
concentrated in roads around the old city walls, average
metal concentrations in urban soils, lichens, or holm oak
leaves are generally lower than in other Italian urban en-
vironments (Figure 1) (e.g., [34–36]). Despite the low levels
of metal contamination, by estimating the biomass of Q. ilex
leaves [26], the Al, Cd, Cr, Cu Fe, Pb, and Zn burden was
found to be from 1.8 to 2.6 times higher in an urban park
than in an extraurban stand. (us, urban trees play an
important ecological service in Siena through the in-
terception of airborne metals. Furthermore, by analyzing the
litter and topsoil in urban and extraurban holm oak stands, it
was found that Cd, Cu, Pb, and Zn concentrations were
16–55% higher in urban samples than in extraurban ones

(Table 1) [26]. (e sclerophyllous litter produced by Q. ilex
has a very slow decomposition rate, resulting in a thick,
complex, and structured humus [37], and in the urban
environment, a large proportion of metals deposited by dry
deposition, leaf fall, stem flow, and throughfall waters be-
come stored in the organic horizon of soil. As emphasized by
Setälä et al. [38], the sinking of C and other essential and
nonessential elements in soils beneath trees is a very im-
portant and often disregarded ecological service of urban
green areas.

To evaluate the bioavailability of metals in Siena urban
soil under holm oak, we recently determined metal con-
centrations and bioaccumulation factors (BAF; the ratio of
the element concentration in the organism and in the litter
or topsoil) in the epigean earthworm Dendrobaena cognettii.
Earthworms are a major component of the soil biota and for
their stationary mode of life, adequate biomass for analytical
determinations and ability to accumulate metals, they are
considered among the most reliable biomonitors of metals in
soils (e.g., [39]). Moreover they represent an important route
for the transfer of potentially toxic metals to higher trophic
levels, because they are food sources for carabid beetles,
birds, and small mammals. Among the metals analysed inD.
cognettii tissues (Al, Cd, Cr, Cu, Fe, Mo, Mn, Ni, Pb, Sb, Sr,
and Zn), we found BAF >1 only for Cd and Zn, whereas for
other potentially toxic metals values were much lower
(Figure 2; Table 1).

Dendrobaena cognettii is a litter-dwelling and non-
burrowing species, but other earthworm species inhabit the
topsoil or the subsoil, or build deep vertical burrows. Soil is
a very complex polyphasic matrix and earthworms be-
longing to different ecological categories can help evaluate
the metal bioavailability in different soil horizons. Nannoni
et al. [27] compared metal concentrations in soils and tissues
of Nicodrilus caliginosus (an earthworm dwelling in hori-
zontal burrows in the upper 20–25 cm of soil) sampled in
urban, peri-urban, green urban, and nonurban areas of Siena
municipality, and they found that the metal body burden in
worms increased with increasing soil metal contamination
[27]. Cadmium, Cu, Pb, Sb, and Zn concentrations were
usually higher in earthworms from urban and peri-urban
sites than in samples from nonurban areas; BAF median
values were in the same range as those calculated for D.
cognettii (Cd� 11.2, Zn� 5.9, Cu� 0.49, and Pb� 0.03).
Although comparisons between the two species are made
difficult by their different ecophysiological characteristics,
the higher Cd and Pb concentrations in the litter-dwellingD.
cognettii than in the subsurface soil-dwelling N. caliginosus
in the same urban green areas suggest a different bio-
availability of metals in different soil horizons. Data on the
chemical availability of metals in soil, determined by se-
quential extraction procedures, did not always agree with
metal accumulation in N. caliginosus tissues, especially for
essential elements such as Cu and Zn, and for Cd [12].
Regardless of the bioavailable amount of Cu and Zn in soils,
earthworms efficiently regulate internal concentrations by
actively modulating their elimination and uptake rates
[10, 40]. Possible toxic effects of the nonessential Cd are
minimized (within certain exposure intervals) by binding
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the metal to the isoform 2 of metallothionein (MT-2) [40] or
by storing Cd in phosphate-rich structures in the chlor-
agogenous tissue [41]. Both detoxification processes con-
tribute to a low elimination rate of Cd and its consequent
bioaccumulation [40]. Earthworms can detoxify Pb by
storing it in waste amorphous granules, which are kept in the
inert form within coelomic cells or are excreted through the
segmental nephridia [42].

Like earthworms, land snails and slugs are large, move
only short distances, can take metals via the gastrointestinal
tract and the integuments, and represent an important route
for the transfer of potentially toxic elements to higher trophic
levels, because they are preyed upon by many urban animals.

Under chronic exposure to metals, such as that occurring in
urban green areas, detoxification processes of snails involve
a storage strategy for Cd [43] and the bioaccumulation of Cd,
Cu, Pb, and Zn (e.g., [44]). However, unlike earthworms, land
mollusks feed on plant material and their chemical compo-
sition mainly reflects the metal uptake from food, by skin
contact and also through respiratory organs [45]. A pre-
liminary survey on the elemental composition of soft tissues
of the litter-dwelling snail Pomatias elegans from an urban
park in Siena showed higher mean Cd, Cu, Pb, and Zn
concentrations than in individuals of the same species and
size range from extraurban sites (Table 1). (ese snails ac-
cumulated higher Cu and Zn concentrations and slightly
lower Cd and Pb concentrations than the litter-dwelling
earthwormD. cognettii from the same park (Figure 2; Table 1).

3.2. Metal Deposition and Bioavailability in Urban Vegetated
Walls. Vegetated walls are common structures in many
urban environments and these artificial ecosystems can host
a variety of primary producers and consumers. Like epi-
phytic lichens on tree trunks, organisms living in these
vertical spaces are exposed to air pollutants frommobile and
stationary sources. We began environmental studies on
urban and control green walls in Siena [21] assuming that
these ecosystems are more suitable than horizontal green
areas for the assessment of metal deposition and bio-
availability in urban environments. Marble, limestones, or
bricks have a much more homogenous composition than
soil and previous environmental surveys showed that the
chemical composition of black crusts from historical
buildings and monuments reflects temporal changes in at-
mospheric pollutant patterns and can help shed light on
their sources (e.g., [46]). Samples of biogenic crusts, the
moss Tortula muralis, and a small land snail (Papillifera
papillaris) specialized in dwelling on stone surfaces, frac-
tures, and interstices were collected from the same wall
stones and bricks in the city and control sites. In general,

Table 1: Mean Cd, Cu, Pb, and Zn concentrations (µg·g−1± SD) in biotic and abiotic matrices from Siena urban green areas (U) and
extraurban control sites (C).

Cd Cu Pb Zn
Quercus ilex live foliage (U)a 0.15± 0.07 14.0± 0.15 1.51± 0.16 26.5± 2.2
Quercus ilex live foliage (C)a 0.06± 0.03 7.80± 2.33 0.59± 0.07 13.5± 0.9
Flavoparmelia lichen (U)b 0.22± 0.04 11.6± 5.0 2.10± 0.81 47.3± 10.2
Flavoparmelia lichen (C)b 0.09± 0.02 7.21± 2.35 1.12± 0.45 32.4± 6.7
Quercus ilex litter (U)a 0.19± 0.07 9.5± 0.9 9.2± 2.7 38± 21.3
Quercus ilex litter (C)a 0.16± 0.12 4.3± 0.3 7.0± 0.6 27± 10.1
Topsoil (0–3 cm) (U)a 0.40± 0.36 44.1± 18.2 34.2± 19.8 102± 45
Topsoil (0–3 cm) (C)a 0.25± 0.11 15.0± 13.3 24.8± 18.8 54.3± 18.5
Soil (0–20 cm) (U)c 0.16± 0.08 39.0± 11.3 54.2± 17.5 90.7± 31.6
Soil (0–20 cm) (C)c 0.15± 0.03 23.2± 1.1 23.0± 7.8 77.6± 9.0
Dendrobaena cognettii earthworm (U)d 4.42± 0.50 12.7± 2.2 3.21± 0.8 356± 77
Dendrobaena cognettii earthworm (C)d 2.22± 0.86 14.0± 5.6 1.15± 0.48 324± 87
Nicodrilus caliginosus earthworm (U)c 2.01± 1.03 22.8± 6.7 1.40± 0.38 594± 188
Nicodrilus caliginosus earthworm (C)c 1.90± 0.71 13.8± 3.9 1.20± 0.43 479± 170
Pomatias elegans snail (U)d 3.32± 0.92 88.1± 24.7 1.98± 0.64 880± 23
Pomatias elegans snail (C)d 1.67± 0.34 58.1± 19.3 1.05± 0.42 714± 186
Data sources: a[26]; bunpublished; c[27]; d[49].
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Figure 1: Average metal concentrations ±SD (μg·g−1 d.w.) in soil,
epiphytic lichens, and holm oak live foliage from Siena and other
urban areas in Italy (data sources: Palermo [34]; Montecatini [35],
Florence [36]).
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samples more exposed to the metal emission from vehicular
traffic had significantly higher average Cd, Pb, Zn, and Cu
concentrations than those from control walls (Table 2).
Comparisons between the mean elemental composition of
abiotic and biotic matrices from urban green areas (Table 1)
and vegetated walls (Table 2) (Figure 2) showed higher mean
Cd, Pb, and Zn concentrations in biological crusts than in the
litter or topsoil under holm oak canopy; the epilithic moss T.
muralis accumulated much higher levels of Cd, Cu, Pb, and
Zn than epiphytic lichens or holm oak leaves. However,
despite the metal accumulation in mosses, soft tissues of the
stonewall-dwelling P. papillaris, purged of the gut content,
had slightly higher Cu concentrations and lower Cd and Zn
concentrations than the litter-dwelling Pomatias elegans from
urban parks (Figure 2; Tables 1 and 2). Mosses accumulate
a large amount of barely bioavailable metals through the
entrapment of soil and rock dust particles [47], and their
shoots are seldom consumed by vertebrate or invertebrate
herbivores [48]. Probably, the small snail P. papillaris mainly
eats algae, microfungi, or higher plants. (e chemical com-
position of excreta (feces) indicates that through mechanical
scraping of stones and fractures, this snail ingests large
amounts of lithophile elements such as Al, Cr, or Fe, which
are scarcely absorbed in the gastrointestinal tract. (e snail
feces contain relevant Pb concentrations (mean� 30.4±
12.8 μg·g−1 d.w.) indicating that the bioavailability of this
metal is negligible and/or Pb is easily excreted by snails.

4. Conclusions
Exposure to heavy metals originating from emissions of
vehicles, domestic heating, and other anthropogenic sources
is a major environmental/health hazard in urban areas.

Green areas such as parks, gardens, and avenues contribute
to the well-being of residents through multiple ecological
services such as the reduction in local air pollution, noise,
heat waves, and flooding and are very useful to assess
spatio-temporal variations of metal deposition, bio-
availability, and transfer along food chains. (e results of
past and ongoing research in biotic and abiotic matrices
from Siena urban ecosystems show that Cd, Cu, Pb, and Zn
are among the most widespread metal pollutants and they
are mainly released by vehicular traffic. Although levels of
environmental contamination are lower than those usually
reported for other cities, the outcomes of metal bio-
availability in Siena soils and vegetated walls and their
accumulation in earthworm and snail tissues may have
application in other urban contexts. While confirming that
epiphytic lichens and Q. ilex leaves are reliable biomonitors
of spatio-temporal variations in deposition patterns, our
surveys showed that litter and topsoil under holm oak trees
are important metal sinks. (e analysis of earthworms is
probably one of the most reliable approaches to evaluate
metal bioavailability in polluted soils and potential envi-
ronmental health risks. Our research in Siena shows that
earthworm tissues accumulate Cd and Zn above all, and the
differing elemental compositions found in litter-dwelling
(D. cognettii) and soil-dwelling species (N. caliginosus)
seem to indicate that these organisms can be used to
evaluate the metal bioavailability in different soil horizons.
Unlike earthworms, land snails feed on live or dead plant
material, and individuals of P. elegans sampled in urban
green areas showed higher concentrations of Cd, Cu, Pb,
and Zn in their tissues than snails of the same species and
size collected in extraurban sites. Zinc, Cu, and Cd seem to

P. papillaris

Moss

Crusts

Litter

P. elegans

D. cognettii

Topsoil

N. caliginosus

Subsoil
Cd Pb ZnCu

Figure 2: Comparisons between average Cd, Cu, Pb, and Zn concentrations in the different environmental matrices from the urban park and
vegetated walls in Siena. Values are reported as % of the highest metal concentration in all matrices (all data sources as for Tables 1 and 2).
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be the most abundant metals transferred from snails to
secondary consumers.

(e elemental composition of biological crusts, mosses,
and snails from vegetated walls showed that these envi-
ronmental matrices are reliable and sensitive biomonitors of
metal deposition in urban environments. Although bi-
ological crusts and epilithic mosses accumulate very high
concentrations of metals, the metal accumulation in soft
tissues of a stone-wall dwelling snail (P. papillaris) was not
significantly higher than in other snail species living in the
soil of urban parks and gardens. (e analysis of P. papillaris
feces showed an efficient excretion of Pb, Al, Fe, Cr, and Ni.
(us, Cd and Cu are the metals of greatest concern for P.
papillaris predators. For a better understanding of soil metal
transfer along urban food chains, future research should
involve other invertebrates such as isopods, which are very
common in urban environments and graze on fungal hyphae
(very efficient accumulators of soil metals), and the non-
destructive sampling and analysis of tissues from lizards,
birds, and small mammals living in our cities.
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