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A B S T R A C T

We have studied the metal air pollution trends in a medium-sized Spanish city suffering from traffic emission
using in-situ lichen Xanthoria parietina as a bioindicator. The large scale sampling included 97 samples from ur-
ban, metropolitan and remote control areas of Granada that were analyzed by Inductively Coupled Plasma-Mass
Spectrometry. Enrichment factor of Sb exhibited severe anthropogenic enrichment, whereas Cu and Sb showed
significantly higher median values in the urban areas with respect to metropolitan areas. Additionally, bioaccu-
mulation ratios of V, Cr, Ni, Cu, Zn, Cd, Sb, and Pb —associated to exhaust and non-exhaust traffic emissions—
enabled us to delineate hot spots of metal(loid) accumulation in the main accesses to the city, characterized by
dense traffic and copious traffic jams. To distinguish non-exhaust emissions, we studied the spatial distribution
of the Cu:Sb ratio —a tracer of brake wear— highlighting the surroundings of the highway and the main traffic
accesses to the city likely due to sudden hard braking and acceleration during frequent traffic jams. Our study
shows that the metal(loid) contents in lichens are excellent proxies for non-exhaust traffic emissions and that
their contribution to the metal(loid) air pollution in Granada is more significant than previously thought.

© 2020

1. Introduction

Airborne particulate matter (PM) – aerosols – form part of the at-
mosphere. At the global level, the majority of the PM is of natural ori-
gin (~98%) as opposed to anthropogenic origin (~2%) (Gieré and
Querol, 2010). However, the portion of anthropogenic PM signifi-
cantly increases in urban areas and the chemical signature of anthro-
pogenic PM is distinct from the natural PM, which has a negative im-
pact on air quality and, subsequently, on human health (Grobéty et
al., 2010). The fine fractions of PM (<10 μm and <2.5 μm) tend
to be concentrated in anthropogenic pollutants posing higher toxic-
ity, and they are also more harmful to human beings as they may
reach the lungs and deposit in the trachea-bronchial or alveolar region
(Oberdörster et al., 2005; Pope and Dockery, 2006; Schlesinger
et al., 2006; Valavanidis et al., 2008; Zereini et al., 2012). For
instance, the World Health Organization (WHO) acknowledges atmos-
pheric pollution as the major source of pollution exposure to humans
(WHO, 2018), and the International Agency for Research on Cancer
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(IARC) of WHO classifies outdoor air pollution as carcinogenic to hu-
mans (Group 1) (IARC, 2013). Typical trace elements in polluted air,
such as Cd, Cr, Pb, and Hg, are known to be toxic to humans (Tchoun-
wou et al., 2012), As, Be, Cd, Ni, and Cr (VI) are classified as carcino-
genic, and Sb2O2 as potentially carcinogenic (Group 2 B) according to
IARC (IARC, 1989; 2012). Furthermore, a recent publication alerts on
the short-term mortality attributed to the PM pollution in Spain (Ortiz
et al., 2017). These authors call for urgent implementation of measures
designed to reduce PM concentrations of anthropic origin in cities where
the principal emission source is road traffic.

Anthropogenic PM may derive from diverse sources, including con-
struction and demolition actions, traffic, industrial and mining activi-
ties, metal smelting, waste incineration, and combustion of fossil fuels
and biomass (Gieré and Querol, 2010). Traffic emissions are one of
the major sources of PM in urban environments. Traffic exhaust fumes
have been recognized as a pollution source and are well-contemplated in
the environmental legislation, but research interest in non-exhaust emis-
sions is growing fast. The contribution of brake wear, tire wear, and road
pavement wear, as well as re-suspension of road dust (non-exhaust traf-
fic emissions), to the atmospheric PM accounts for equally as much as
exhaust emissions and their share is estimated to increase in the future
(Amato et al., 2014; Grigoratos and Martini, 2015; Pant and Har-
rison, 2013).

The epiphytic lichens are commonly used as bioindicators of atmos-
pheric metal pollution because they are long-lived perennial organisms

https://doi.org/10.1016/j.envpol.2020.114482
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where photobionts and fungi live in a delicate balance that makes them
sensitive to environmental variations. Their prolonged exposure time to
environmental factors, lack of cuticles or stomata and the absence of
mechanisms of excretion make them behave like aerosol bioaccumu-
lators, particularly of metals (Hale, 1979; 1983). The amount of the
metals accumulated in the lichen thallus proportionally represents their
presence in the atmosphere. In the case of epiphytic species, the thal-
lus acts as a vehicle for transmitting the particles by direct deposition
from the air —specifically from the fog, rainwater, gaseous adsorption,
or from various types of aerosols. Hence, they serve as valid instruments
and proxies to assess the air quality and the potential contamination
sources of metals (Conti and Cecchetti, 2001; Brunialti and Frati,
2014). Lichens have been successfully used in the evaluation of metal
pollution in urban areas in many countries (Brunialti and Frati, 2007;
Giordano et al., 2013; Demiray et al., 2012; Salo et al., 2012;
Scerbo et al., 1999, 2002; Vannini et al., 2019). Despite the fre-
quent use of lichens as bioindicators of air pollution around the world,
studies of the trace elements in lichens as pollution biomonitors are rare
in Spain.

Larger Spanish cities, such as Madrid, Barcelona, and Bilbao, fre-
quently suffer from low air quality but occasionally also medium-sized
cities like Granada surpass the national air quality guidelines (Ministry
for Ecological Transition, 2019). A “beret of pollution” —as the lo-
cals call the pollution layer— due to traffic emissions is often observed
covering the city of Granada. The present study focuses on the assess-
ment of the air pollution by metal(loid)s (Al, V, Cr, Mn, Co, Ni, Cu, Zn,
Rb, Sr, As, Cd, Sn, Sb, Ba, Tl, Pb, Th, U) in the urban areas of Granada.
There is no previous data on the distribution of metal(loid) air pollution
over the city and the surrounding metropolitan area, hence this study is
complementary to the national air quality monitoring. We present the
results of a large scale study of metal(loid)s concentration in the Xantho-
ria parietina in urban and semiurban areas of the city Granada. X. pari-
etina is one of the few nitrophilic and toxitolerant lichen species com-
patible with the atmosphere of the interior of cities and hence suitable
for bioaccumulation-based monitoring of traffic emissions in an urban
environment. Our study also shows the usefulness of lichens to monitor
the impact of non-exhaust emissions on the metal(loid) distribution in
an urban environment and to unveil hot spots of exhaust and non-ex-
haust traffic contamination.

2. Materials and methods

2.1. Description of the study area

The city of Granada is located in a sedimentary basin composed
of neogenic-quaternary sediments surrounded by mountains of the
Cordillera Bética. The geographical location of the city in a depression
and generally slow wind speed hinders the renewal of air and enhances
the effect of thermic inversion during the winter season. This geogra-
phy prolongs the effect of atmospheric aerosol sources, which makes
Granada one of the Spanish cities with the highest levels of air pollution.
Mediterranean pluviseasonal-oceanic climate prevails in Granada and is
characterized by a mean annual temperature of 15.7 °C and mean an-
nual precipitation of 352 mm (www.aemet.es). The night frosts are fre-
quent during the cold winters, and summers are typically dry and very
hot with maximum temperatures exceeding 40 °C. Southerly wind direc-
tion prevails in the city though it varies along the day. Bioclimatically,
the city is located on the upper mesomediterranean, low dry, belt (Ri-
vas-Martínez and Rivas-Sáenz, 2018).

Sierra de Huétor (roughly 10 km from Granada), Valle de Lecrín
(20 km), and Río Cacín (30 km) were selected as control areas as they
preserve a good state of conservation far-off from traffic pollution. Sierra
de Huétor, also part of Cordillera Bética, is mainly composed of lime-
stones of the Alpujárride complex and part of the Maláguide complex.
The Sierra de Huétor was declared a Natural Park by the Junta de An-
dalucía in 1989, and the park is part of the Natura 2000 Network under
the designation of Special Conservation Area (ZEC) and Special Protec-
tion Area for Birds (ZEPA). In Valle de Lecrín micaschist and calcare-
ous micaschist dominate, whereas the basement of the Río Cacín is com-
posed of sandy limestone.

With ca. 232.000 inhabitants and little over half a million when con-
sidering the whole metropolitan area, Granada is a relatively small city
in comparison to other Spanish cities. There are no large industries,
metal mining or smelting activities near the city of Granada. The ceased
Montevives and the active Escúzar mines of celestite (SrSO4) are located
10 and 20 km Southwest of the city of Granada, respectively.

The national air quality monitoring network in Granada consists
of three urban observation stations (Granada—North, Congress
Palace—center and Armilla—periurban station; Fig. 1). Additionally,
there is

Fig. 1. A) Google Earth© image (November 2019) of the city of Granada and its metropolitan area. Red dots show lichen sampling locations. B) Schematic map of Granada city (red area)
and its metropolitan area (grey), showing the location of the air quality stations (stars), and the main highways, secondary roads, and streets. (For interpretation of the references to color
in this figure legend, the reader is referred to the Web version of this article.).

http://www.aemet.es
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one monitoring station maintained by the University of Granada at the
Instituto Interuniversitario de Investigación del Sistema Tierra en An-
dalucía (IISTA-CEAMA).

2.2. Sampling

In this contribution, we will refer to the city of Granada and its met-
ropolitan area as the urban and semiurban areas, respectively. We col-
lected 94 lichen samples in green areas, public parks, playgrounds and
bike lanes from the urban and semiurban areas (Fig. 1A, Supplemen-
tary Table S1). In an urban environment a regular sampling grid is
not feasible. We surveyed all green areas of the city as potential sam-
pling sites, and care was taken to obtain as dense and representative
sampling as possible. As control samples, we collected lichen composite
samples in three remote areas (Sierra de Huétor, Río Cacín, and Valle
de Lecrín) located >10 km from Granada. Small villages and roads are
located close to these control sites. The approximate distances of sam-
pling sites to the streets, secondary roads and highway are provided in
Supplementary Table S1.

As in most cities, there are low abundance and diversity of eligible
epiphytic lichen species in the city of Granada (Muñoz-Ibáñez, 2001).
We chose Xanthoria parietina because it is a ubiquitous, easy to sample,
and a toxitolerant species with a large surface that captures and accu-
mulates high quantities of atmospheric pollutants. The whole thalli of
lichens were carefully removed from the tree trunks using plastic knife
and gloves and collected in metal-free plastic vials. Depending on the
availability, we sampled one to six lichen thalli from the same tree trunk
to assure enough sample material. In a few cases, we collected lichens
in adjacent trees where lichens were scarce. Lichen sampling was chal-
lenging in the center of the Granada urban area where green areas are
small and scarce. In most cases, lichen samples were collected >1.5 m
above the ground to avoid potential influence of soil contamination, and
a few were taken between 1 and 1.5 m due to the absence of lichens in
the upper parts of the trunk.

2.3. Sample preparation and analysis

Prior to the analysis, the samples were cleaned manually, and dried
at 55 °C in an oven for 24 h, then ground and homogenized with a pestle
in an agate mortar. Subsequently, they were frozen at −28 °C, re-ground
until attaining an optimal grain size reduction and lyophilized using a
Telstar LyoQuest. The sample digestion and analyses followed the pro-
cedure described elsewhere (Parviainen et al., 2019). Briefly, 50 mg
of lichen powder were digested in a mixture of HNO3 and HF acids
(tri-distilled using a Savillex DS-1000 distiller) in closed Anton-Paar
high pressure bombs during 20 h, and then slowly evaporated (<60 °C)
in metal-free graphite hot plates within ISO-5 vertical flow cabins at the
Andalchron ultra-clean lab facilities of the Instituto Andaluz de Ciencias
de la Tierra (Granada, Spain). The concentration of Al, V, Cr, Mn, Co, Ni,
Cu, Zn, Rb, Sr, As, Cd, Sn, Sb, Ba, Tl, Pb, Th, and U, were measured in
diluted nitric acid solutions by Inductively Coupled Plasma-Mass Spec-
trometry using an Agilent 8800 ICP-MS/MS at the Andalchron facilities
(Instituto Andaluz de Ciencias de la Tierra, Granada) by external calibra-
tion using standard solutions traceable to NIST. Chemical blanks were
used to monitor the elemental contributions during the digestion and
analytical procedure. For quality control, we analyzed aliquots of CRM
BCR-482 (Lichen; Institute for Reference Material and Measurements of
the European Commission) and IAEA-336 (Lichen; International Atomic
Energy Agency). The results of analyses of these two CRMs are provided
in the Supplementary Table S2 and demonstrate an excellent accuracy
and reproducibility of certified values for most metal(loid)s, including
Sb.

2.4. Statistical analysis and maps

The statistical analysis of the lichen data was performed using the
software IBM SPSS Statistics (v. 24). Normality of the dataset was eval-
uated by the Kolmogorov-Smirnov test. Based on this test, non-paramet-
rical statistical tools were used, including Spearman's correlation and
Mann-Whitney U test (significance level α = 0.05). For the statistical
analysis, outliers for Cr, Co, Ba, and Pb in the sample GL83 were elimi-
nated because they were anomalously high.

The Enrichment Factor (EF) was calculated to evaluate the terrige-
nous vs. anthropogenic origin of metal(loid)s in lichens by using concen-
trations of the elements of interest (E) and the proposed value for Alu-
minum (Al) in the Earth's crust (Rudnick and Gao, 2003):

EF values < 10 are considered as terrigenous, whereas EF val-
ues > 10 are considered to be impacted by anthropogenic activity. The
bioaccumulation ratio (B-ratio) for each element in lichens was calcu-
lated after Cecconi et al. (2019) by dividing the measured element con-
centrations (alteration) by the median concentrations of the lichen con-
trol samples (naturality). Considering that the control samples consist
only of three samples (Sierra de Huétor, Valle de Lecrín, and Río Cacín)
and there are no Spanish national databases of lichens, we made also an
evaluation of the B-ratio using the species-specific background element
concentrations (BECs) for X. parietina in Italy (Cecconi et al., 2019)
and for comparison we also used the minimum value measured in our
dataset. The Italian BECs for Cr, Ni, Cu, Zn, As, Cd, and Pb were ob-
tained using the peripheral parts of the thalli. Following Cecconi et al.
(2019), we used a five-class scale for the interpretation of the pollution
level using B-ratios based on the percentile thresholds (25th, 75th, 90th
and 95th): Class 1 (Absence of bioaccumulation); Class 2 (Low bioaccu-
mulation); Class 3 (Moderate bioaccumulation); Class 4 (High bioaccu-
mulation); and Class 5 (Severe bioaccumulation). We used the ArcMap
(v. 10.5) software for the drawing of the elemental distribution maps

3. Results

3.1. Trace element concentrations in lichens

For the evaluation of the results, we classified lichen samples into ur-
ban (city of Granada), semiurban (Metropolitan area), and control areas
(remote areas > 10 km). The full chemical data set is provided in the
Supplementary Table S3; Table 1 summarizes the data from the dif-
ferent investigated areas, whereas Fig. 2 presents boxplots for the whole
data set. The highest maximum concentrations of all measured elements
are observed in the urban and semiurban areas. The urban areas host the
maximum values of almost all elements except for Sr and Tl that have
the highest maximum values in the semiurban area. Similarly, the high-
est mean and median values of nearly all elements were encountered
in the urban and semiurban areas, except for Mn and Cd that display
the higher values in the control areas. Moreover, according to the Mann
Whitney U test, the difference was significant for Cr, Co, Ni, Zn, Sr, Sn,
Sb, and Th. When comparing the urban and semiurban areas, Cu, Sn, Sb,
and Tl were significantly higher in the urban core.

The EF values of the majority of the elements analyzed in lichens in
urban and semiurban areas did not exhibited anthropogenic enrichment
(<10). However, Ni, Zn, Cd, and Pb exhibited enrichment in few sam-
ples, whereas Sb was the only element that exhibited exceptionally high
enrichment with EF values up to >300 in the urban environment (Sup-
plementary Fig. S1).

Our study shows that the highest trace element concentrations in X.
parietina are found in the urban core and close to the highway — near
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Table 1
Summary table of lichen chemistry (mg/kg) with Min., Max., Mean, Median, Standard deviation (SD) for Al, V, Cr, Mn, Co, Ni, Cu, Zn, Rb, Sr, As, Cd, Sn, Sb, Ba, Tl, Pb, Th, and U for urban, semiurban and control areas.

Al V Cr Mn Co Ni Cu Zn Rb Sr As Cd Sn Sb Ba Tl Pb Th U

Urban Min 559 2.1 3.1 29 0.28 1.9 6.2 28 5.0 5.6 0.45 0.035 0.032 0.11 12 0.018 1.2 0.27 0.080
area Max 13,400 26 53 192 3.2 193 97 187 28 186 6.0 0.52 13 42 91 0.14 308 2.4 0.93

Mean 4200 12 13 74 1.4 12 24 63 14 57 1.6 0.12 2.3 7.2 46 0.065 20 0.85 0.40
Median 3460 11 11 63 1.4 6.4 19 60 14 52 1.5 0.073 1.8 2.0 43 0.061 13 0.69 0.37
SD 2450 5.0 7.6 34 0.65 26 15 25 4.7 32 0.79 0.12 2.0 12 17 0.026 37 0.42 0.19

Semiurban Min 1080 7.2 5.3 43 0.92 4.0 11 41 6.0 24 1.1 0.036 0.017 0.15 26 0.047 4.0 0.35 0.25
area Max 7220 19 15 170 2.4 11 21 97 21 377 2.8 0.23 3.2 33 69 0.15 24 1.6 0.67

Mean 3960 12 10 75 1.4 6.7 16 57 14 70 1.7 0.088 1.0 4.0 44 0.088 12 0.88 0.41
Median 3860 12 10 69 1.5 6.7 16 52 13 45 1.6 0.067 1.1 1.1 44 0.084 12 0.83 0.39
SD 1840 3.6 2.3 32 0.35 1.5 3.0 14 3.7 78 0.41 0.054 0.93 10 12 0.029 5.6 0.29 0.12

Control Min 1030 5.0 4.6 36 0.63 2.1 7.5 29 7.4 12 0.62 0.042 0.16 0.10 20 0.031 3.1 0.36 0.14
area Max 1450 9.4 6.8 115 1.0 4.9 18 42 11 20 1.5 0.25 0.34 0.37 26 0.056 22 0.47 0.29

Mean 1240 7.2 5.7 75 0.83 3.5 13 35 9.3 16 1.0 0.15 0.25 0.24 23 0.044 12 0.41 0.22
Median 1240 7.2 5.7 75 0.83 3.5 13 35 9.3 16 1.0 0.15 0.25 0.24 23 0.044 12 0.41 0.22
SD 298 3.1 1.5 56 0.29 2.0 7.6 9.1 2.7 6.0 0.59 0.15 0.13 0.19 4.0 0.018 13 0.076 0.11
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Fig. 2. Boxplots in a logarithmic scale for the analyzed elements in lichen X. parietina in
Granada.

the main accesses to the city of Granada— where daily dense traffic and
copious traffic jams occur (Fig. 3). Spearman's correlations exhibit that
the Sb concentrations in X. parietina in Granada have a positive and good
correlation with Cr and Cu (>0.63), whereas V, Cr, Ni, As, Ba, and Pb
are wellcorrelated (>~0.70) (Table 2). Elements such as Co, Tl, Th,
and U —with relatively low concentrations— also correlate well with
the last group of trace elements (especially, with V, Cr, and As). On the
other hand, concentrations of Zn, Sr, Cd, and Sn do not exhibit correla-
tion with other analyzed trace elements in our study. Based on these ob-
servations and the potential toxicity of some of the elements, we chose
V, Cr, Ni, Cu, Zn, Sr, As, Cd, Sn, Sb, and Pb for further evaluation of
bioaccumulation of trace elements in lichens. Some of these elements
can also be used as tracers of metal(loid) pollution (Iijima et al., 2008;
Pant and Harrison, 2013; Sternbeck et al., 2002; Thorpe and Har-
rison, 2008; Varrica et al., 2013).

3.2. Bioaccumulation of trace elements

The comparison of B-ratios based on the median of the control sam-
ples, minimum value of our dataset and the Italian BECs, confirmed that
the results were very similar, showing the same trace element accumula-
tion tendencies only with slight variation in some points from one class
to another. Hence, we used the median of the control samples for calcu-
lation of the B-ratios (Fig. 3).

The B-ratios for X. parietina revealed that the areas suffering from
moderate, high, and severe trace element bioaccumulation are found in
the urban area, whereas, with a few exceptions, the semiurban areas
have B-ratios representing low or absence of bioaccumulation (Fig. 3).
However, there is no specific pattern in the trace element distribution in
the urban core, but the B-ratios reveal hot spots with metal bioaccumu-
lation in lichens (Fig. 3). Two central samples, one near the Congress
Palace National air quality station and another ca. 1 km to the northeast,
exhibit moderate to severe bioaccumulation for all metal(loid)s. In Fig.
3, hot spots are surrounded by ellipses to display the spatial distribution
of bioaccumulation tendencies. The B-ratios of Sb exhibit high and se-
vere bioaccumulation close to the highway bordering the Granada urban
areas and moderate bioaccumulation in the urban core. Vanadium, Cr,
Ni, Cu, and Zn exhibit moderate to severe bioaccumulation in the main
accesses and the city center, whereas As and Pb have slightly more dis-
persed distribution. Cadmium presents the highest B-ratios in the south-
ern parts of the Granada urban areas. Strontium exhibits severe bioaccu-
mulation in two sampling points in the semiurban areas, although high
and severe B-ratios are also observed in the urban core.

4. Discussion

4.1. Distribution and sources of metal(loid) air pollution in Granada

The air quality in Spain is evaluated according to European Com-
mission Directives for NO2, SO2, CO, O3, benzene (C6H6), PM10, PM2.5,
Pb, Ni, As, Cd, and polycyclic aromatic hydrocarbons (Directive). In
Granada, nitrogen oxides (NO, NO2, NOx), O3, and PM (PM10 and PM2.5)
constitute the most significant pollutants, whereas the concentrations
of metal(loid)s evaluated in PM remain below threshold values (20, 6,
5, and 0.5 ng/m3 for Ni, As, Cd, and Pb, respectively) (Ayuntamiento
de Granada, 2017; Ceballos et al., 2018; Ministry for Ecologi-
cal Transition, 2019). According to the annual reports of the air qual-
ity in Granada, the Granada-North monitoring station (Fig. 1B) records
the highest levels of NO2 and PM (Ayuntamiento de Granada, 2017;
Ministry for Ecological Transition, 2019). The predominant wind
direction from South may transport airborne PM from southern parts of
the city and the metropolitan area to the northern parts of the city of
Granada.

Principal sources of NO2 are domestic heating and exhaust fumes of
traffic emission (Ministry for Ecological Transition, 2019). Further,
domestic heating, dense traffic, road dust, re-suspension of cortical ma-
terial, and air masses —which transport suspended dust from the Saha-
ran desert— are the primary sources of PM impacting the air quality
of Granada (Titos et al., 2014). Traffic emissions from direct exhaust
fumes and non-exhaust PM, derived from brake and tire wear and re-
suspension of road dust, are the major contributions to PM in Granada
(Titos et al., 2014). In recent years, traffic restrictions to private car
circulation and reorganization of the public transport system in the cen-
ter of the city of Granada have reduced traffic emissions. According to
Titos al. (2015), black carbon emissions and PM10 decreased signifi-
cantly in the urban core in 2014 as a consequence of the new public
transport organization. However, the air quality of Granada is still very
low compared to other Spanish cities with similar environmental charac-
teristics because the geography of Granada —located in a confined basin
and depression surrounded by mountains— hinders the renewal of the
air masses over the city. This geography enhances the accumulation of
air pollution derived from the sources mentioned above.

Several studies have identified different sources of air pollution
based on PM chemistry. The sources of non-exhaust traffic emissions can
be divided into those caused by abrasion of brakes (Cr, Cu, Ba, Sb, Zn,
and Pb pollution), tires (Cu, Cd, Ba, Zn and Pb), and street and road
pavements abrasion (Fe, Ti, Li, Ni, Rb and Sr) (Horemans et al., 2011;
Pant and Harrison, 2013 and references therein; Sternbeck et al.,
2002; Thorpe and Harrison, 2008 and references therein; Titos et
al., 2014; Querol et al., 2007). Although the metal composition of
brake lining and tires may substantially vary according to the manufac-
turer, Cu and Sb are considered reliable tracers of brake wear contam-
ination, whereas Zn is associated with tire wear (Iijima et al., 2008;
Sternbeck et al., 2002; Thorpe and Harrison, 2008; Varrica et al.,
2013; Querol et al., 2007). Diverse metal composition, including Fe,
Cr, Cu, Zn, Mn, Pb, Ni, Ba and Cd, is also associated with exhaust emis-
sions from diesel combustion (Agarwal et al., 2011; Coufalík et al.,
2019; Shukla et al., 2017). Additionally, V and Ni concentrations are
commonly ascribed to fuel oil (Querol et al., 2007; Turunen et al.,
1995). In Granada, V and Ni are attributed to diesel combustion emis-
sions (Horemans et al., 2011), but they are also related to regional
re-circulation pollution (Titos et al., 2014). Furthermore, according to
Titos et al. (2014), Sr, sulfate and crustal elements (mainly Ca and Mg)
are attributed to the celestite mines. It is therefore apparent that many
metal(loid)s in PM originate from multiple sources, and fingerpointing
a reliable and definite source of pollution based on the metal(loid) con-
tent may be challenging.
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Fig. 3. Bioaccumulation ratios (B-ratios) of X. parietina samples for Cr, Ni, Cu, Zn, Sr, As, Cd, Sn, Sb, Pb, and V in the urban and semiurban areas of Granada. The ellipses indicate hot
spots of metal bioaccumulation.

The B-ratios of X. parietina exhibit different distribution patterns
for trace elements in Granada but several systematic trends can be in-
ferred. The B-ratios of V, Cr, Ni, Cu, Zn, As, Cd are moderate to se-
vere in main accesses to the urban areas. In Fig. 3, we have delineated
these areas, which are characterized by high traffic density, suffering

from copious traffic jams. The sampling sites have a close distance to
the streets (>10–50 m), whereas the distance to the circular highway
may vary up to several hundred meters. Cadmium differs from this
distribution pattern and has particularly high B-ratios in the southern
parts of the city. Lead also has a more dispersed distribution pattern



UNCORRECTED PROOF
Table 2
Spearman's correlation for concentrations of Al, V, Cr, Mn, Co, Ni, Cu, Zn, Rb, Sr, As, Cd, Sn, Sb, Ba, Tl, Pb, Th, and U in X. parietina.

Al V Cr Mn Co Ni Cu Zn Rb Sr As Cd Sn Sb Ba Tl Pb Th U

Al 1.000
V 0.377 1.000
Cr 0.482 0.811 1.000
Mn 0.514 0.565 0.554 1.000
Co 0.480 0.865 0.862 0.648 1.000
Ni 0.303 0.674 0.795 0.510 0.744 1.000
Cu 0.435 0.543 0.730 0.398 0.688 0.574 1.000
Zn 0.222 0.455 0.517 0.422 0.555 0.495 0.551 1.000
Rb 0.507 0.567 0.486 0.504 0.541 0.477 0.299 0.385 1.000
Sr 0.234 0.213 0.144 0.268 0.237 0.116 0.257 0.355 0.179 1.000
As 0.343 0.824 0.728 0.553 0.765 0.579 0.553 0.597 0.459 0.314 1.000
Cd 0.211 0.584 0.419 0.315 0.538 0.300 0.354 0.578 0.431 0.243 0.553 1.000
Sn 0.249 0.298 0.449 0.348 0.349 0.340 0.439 0.242 −0.008 0.179 0.288 0.050 1.000
Sb 0.468 0.374 0.629 0.321 0.587 0.436 0.632 0.441 0.212 −0.023 0.311 0.272 0.476 1.000
Ba 0.652 0.738 0.780 0.685 0.819 0.634 0.707 0.451 0.500 0.416 0.673 0.314 0.393 0.486 1.000
Tl 0.461 0.815 0.693 0.568 0.838 0.606 0.428 0.372 0.606 0.198 0.687 0.516 0.122 0.348 0.687 1.000
Pb 0.300 0.693 0.563 0.385 0.595 0.440 0.493 0.306 0.361 0.295 0.561 0.501 0.224 0.315 0.591 0.554 1.000
Th 0.734 0.745 0.708 0.637 0.709 0.538 0.504 0.376 0.606 0.286 0.672 0.373 0.269 0.361 0.795 0.693 0.583 1.000
U 0.349 0.789 0.633 0.550 0.696 0.547 0.540 0.493 0.399 0.436 0.842 0.438 0.348 0.254 0.716 0.604 0.652 0.716 1.000
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and may be affected by the long-term Pb pollution and its recirculation
in the PM. As mentioned earlier, V, Cr, Cu, Zn, Ni, Cd, and Pb, are all
ascribed to exhaust and non-exhaust traffic emissions. Therefore, evalu-
ating the source of these metals in lichens is challenging, but based on
these observations hot spots of traffic emissions can be identified. The
severe bioaccumulation of Sr in the semi-urban areas may occur due to
the vicinity (2–3 km) of the Montevives celestite mine, even though high
and severe B-ratios are also observed in urban areas of Granada.

Considering that V, Cr, Cu, Zn, Ni, Cd, and Pb have multiple sources
from both exhaust and non-exhaust traffic emissions, Sb as a clear tracer
of brake wear is discussed in more detail. The B-ratios of Sn and Sb
rise near the highway and the main accesses to the city, and Sb lo-
cally exhibits bioaccumulation in the NE part of the city. The lichen
samples with moderate to severe B-ratios of Sb are again located close
to the streets (>10–50 m). The high EF values of Sb in the urban ar-
eas (Fig. S1) indicate anthropogenic enrichment and the elevated B-ra-
tios suggest that non-exhaust traffic emissions are the potential sources
of Sb pollution, principally derived from brake wear (Iijima et al.,
2008; Sternbeck et al., 2002; Thorpe and Harrison, 2008; Var-
rica et al., 2013). We investigated the distribution of Cu:Sb ratio in
X. parietina as a potential proxy for non-exhaust pollution due to brake
wear. Low Cu:Sb in PM is considered as non-exhaust pollution indica-
tor with values of 5:1 —much lower than the natural ratio of 125:1 in
the Earth's crust— indicating severe brake wear pollution (Sternbeck
et al., 2002; Thorpe and Harrison, 2008). The Cu:Sb ratios for the
mean concentrations of PM in the local air quality station of the Uni-
versity of Granada (IISTA-CEAMA) are 7:1 and 8:1 for PM1-10 and PM1,
respectively (Titos et al., 2014). These ratios are similar to those cal-
culated for lichen samples in the northern and southern parts of Granada
that are in close distance from the highway and in the main accesses to
the city indicating hot spots of dense traffic (Fig. 4). The distribution
of Sb may depend on traffic density, as well asdriving habits including
speed and braking intensity. Low Cu:Sb ratios are also detected in the
NE Granada, an urban area with steep streets. As this area does not suf-
fer from dense traffic, the low Cu:Sb ratios may be due to frequent hard
braking during circulation in steep streets. The impact of tire wear can-
not be evaluated in detail due to the disperse sources of metals charac-
teristic (Cd, Cu, Zn, and Pb) of tire composition. Nevertheless, the high
B-ratios of Zn imply the highest tire wear in the main accesses and the
city center.

There are numerous sampling points in the urban areas that show
absence or low bioaccumulation of the analyzed metal(loid)s. The sam-
pling distance to the streets may influence on the low B-ratios, even
though most of the samples were collected to less than 10–50 m from
the streets (only 9 samples had 60–80 m distance). Additionally, traffic
density is assumed to play an important role in the metal(loid) bioaccu

Fig. 4. Cu:Sb ratio of 5:1 in PM is used as an indicator of brake wear. Here the division
was made for Cu:Sb < 5:1, 5:1 to 10:1 and < 10:1 for lichen samples.

mulation. The absence or low bioaccumulation may also be due to the
percentile-based classes according to which merely ca. 9 samples out
of 94 are classified as suffering from high or severe bioaccumulation.
For instance, compared with the maximum Sb concentration of 3.5 mg/
kg (mean 0.18 mg/kg) ascribed to traffic emissions in Izmir (Turkey;
Yenisoy-Karakaş and Tuncel, 2004), in our study the values ranging
from 0.11 to 3.3 mg/kg are ranked in the categories of absence or low
of bioaccumulation. Hence, the R-ratios give a relative indication of the
severity of metal bioaccumulation.

These findings may be of interest to the decision makers. Local gov-
ernment has recently reduced the speed limit of the circular highway
from 100 to 90 km/h in order to reduce air pollution. This measure may
work for reducing NO2 emissions but to reduce metal(loid) air pollution
other measures ought to be explored. Based on the results of our study,
metal(loid) air pollution is partially derived from non-exhaust emissions
and subsequent generation of PM in the air. Reducing traffic jams and
moderating the harsh driving style may be partial solutions to decreas-
ing non-exhaust traffic metal(loid) air pollution in PM in Granada and
the metropolitan area.

4.2. Comparison of lichen chemistry in other urban areas

Previous studies using lichens as bioindicators in urban areas have
identified metal accumulation (e.g. Cr, Cu, Ni, Zn, Pb) due to traffic
air pollution. For instance, elevated Zn and Pb concentrations in trans-
planted lichen Pseudovernia furfuracea in Viterbo, Italy, are associated to
traffic emission (Guidotti et al., 2009), whereas Cu and Pb concentra-
tions in P. furfuracea are ascribed to vehicle emissions in urban areas of
Naples, Italy (Sorbo et al., 2008). Here we compare the concentrations
of traffic-related metal(loid)s in X. parietina elsewhere to samples in our
study. In urban areas of the Livorno and Pisa provinces (Italy), X. pari-
etina samples (peripheral parts) exhibit the highest concentrations for Cr
(1.2–102 mg/kg, mean 10 mg/kg in Livorno), Ni (0.9–75 mg/kg, mean
7.4 mg/kg), Zn (11–206 mg/kg, mean 42 mg/kg), and Pb (1.1–8.6 mg/
kg, mean 7.4 mg/kg) due to traffic emission pollution without direct
impact of industrial activity (Scerbo et al., 1999, 2002). These au-
thors reported lower values for V (0.1–8.3 mg/kg, mean 3.1 mg/kg), As
(0.12–14 mg/kg, mean 1.7 mg/kg), and Cd (0.037–0.31 mg/kg, mean
0.10 mg/kg) in Livorno (Scerbo et al., 1999). The mean concentra-
tions of V, Cr, Ni, Zn, and Pb in these Italian urban areas are lower
than in urban areas of Granada in our study, whereas As and Cd have
similar mean values. X. parietina in the urban areas of Kocaeli Province
(Turkey) —with mixed influence of traffic and industrial emissions—
contains V (3.0–15 mg/kg), As (0.60–3.4 mg/kg), Cd (0.18–1.2 mg/kg),
Cu (8.0–26 mg/kg), Pb (8.0–132 mg/kg) (Demiray et al., 2012). The
contents of V, Cu, Ni, As, Pb in Kocaeli are lower than those in Granada,
while their Zn content shows relatively higher maximum value.

Although Sb is a highly toxic and potentially carcinogenic trace el-
ement, it is rarely reported in studies of lichens as pollution bioindica-
tors and only a few studies highlight that Sb is a traffic-related pollutant.
According to Yenisoy-Karakaş and Tuncel (2004), traffic emissions
are the main contributors to the bioaccumulation of Sb (0.031–3.5 mg/
kg, mean 0.18 mg/kg) and Pb (0.28–170 mg/kg, 4.2 mg/kg) in X. pari-
etina in the city of Izmir, Turkey. These values are much lower than
those we report in X. parietina from Granada. Furthermore, Cr (mean
1.4 mg/kg), Cu (7.6 mg/kg), Sb (0.52 mg/kg), and Zn (42 mg/kg) in
Punctelia borreri in Siena, Italy, are ascribed to traffic pollution (Paoli
et al., 2013). However, these concentrations are not comparable to
our results due to the different species studied. Transplanted Evernia
prunastri in Siena showed enrichments in Cu, Cd, and Sb due to traf-
fic-related metal pollution nearby a busy road (Vannini et al., 2019).
Surprisingly, X. parietina in Granada has more elevated Sb concen-
trations than those in X. parietina in the highly industrialized
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city of Huelva, Spain (0.29–34 mg/kg, 3.6 mg/kg) (Parviainen et al.,
2019). The advantage of Sb lies in that it allows the discrimination of
brake wear as a pollution source, whereas other traffic related metals
(e.g. Cr, Cu, Ni, Zn, Pb) have multiple sources from both exhaust and
non-exhaust traffic emissions.

5. Conclusions

According to national air quality monitoring and other previous PM
studies, the city of Granada is one of the most air polluted cities in Spain
where the main pollutants, NO2 and PM, are mainly derived from out-
dated domestic heating and exhaust fumes of traffic. Our study describ-
ing metal(loid)s in lichen X. parietina in urban and semiurban areas of
the city of Granada shows that the lichen chemistry is a valid proxy for
biomonitoring of traffic pollution —particularly non-exhaust pollution—
that provides a large-scale spatial coverage and is complementary to air
quality monitoring stations. Our study clearly shows that metal(loid)
concentrations in lichens in the urban core are significantly higher than
in the metropolitan area due to higher traffic density. The B-ratios re-
veal, as well, the hot spots of metal emissions in places with frequent
traffic jams. Compared with similar studies of X. parietina in urban areas
affected by traffic-related pollution elsewhere, X. parietina in Granada
exhibits higher concentrations of V, Cr, Cu, Ni, As, Sb, and Pb. Our study
highlights the bioaccumulation of Cr, Cu, Ni, Zn, Cd, Pb —associated
with traffic emissions in general— and Sb —associated with non-exhaust
traffic emissions— in lichens in urban areas near high-traffic streets. An-
timony is especially enriched in close distance to the highway and the
main accesses to the city with dense traffic and exhibits low Cu:Sb ratios
indicating brake wear as a major source of metal(loid) pollution. The
habit of speeding up and braking in traffic jams in these locations may
be the reason for low Cu:Sb ratios. Hence, in order to improve the air
quality and to reduce metal(loid) air pollution, the non-exhaust emis-
sions should as well be taken into consideration in the decision mak-
ing of traffic regulations. We encourage more large-scale biomonitoring
studies in other Spanish cities suffering from traffic emissions to estab-
lish general guidelines to minimize exhaust and non-exhaust metal(loid)
air pollution.
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