
BIOMONITORING OFATMOSPHERIC POLLUTION: POSSIBILITIES AND FUTURE CHALLENGES

Noelia Domínguez-Morueco1,2 & Sofia Augusto1,3 & Laura Trabalón4
& Eva Pocurull4 &

Francesc Borrull4 & Marta Schuhmacher1,2 & José L. Domingo2 & Martí Nadal2

Received: 30 July 2015 /Accepted: 13 October 2015 /Published online: 22 October 2015
# Springer-Verlag Berlin Heidelberg 2015

Abstract The levels of 16 polycyclic aromatic hydrocarbons
(PAHs) were determined in 8 passive air samples (PAS) and 6
lichen transplants (Ramalina fastigiata) deployed for a period
of 2 months in different zones of Tarragona County
(Catalonia, Spain), an area with an important number of chem-
ical and petrochemical industries. The accumulated amount of
the sum of the 16 PAHs ranged between 1363 to 7866 ng/
sample in air samples. The highest concentration was found in
the neighborhood of Puigdelfí (village of Perafort), in the vi-
cinity of a big oil refinery and well under the potential influ-
ence of the petrochemical emissions. In lichen samples, the
sum of the 16 PAHs ranged between 247 and 841 ng/g (dry
weight), being the greatest value also observed in Puigdelfí.
Data on the levels and profiles of PAHs in both passive mon-
itoring methods were compared. A significant positive linear

correlation was found between the concentrations of low mo-
lecular weight PAHs in lichens and the amounts accumulated
in passive air samples (R=0.827, P<0.05), being especially
significant the correlation of 4-ring PAHs (R=0.941, P<0.05).
These results strongly suggest that lichens can be used to
monitor gas-phase PAHs, providing data that can be quantita-
tively translated into equivalents for air.
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Introduction

Polycyclic aromatic hydrocarbons (PAHs) are a large group of
organic compounds with two or more fused aromatic rings
(Jaward et al. 2004; Nadal et al., 2004a; Wang et al. 2010;
Xia et al. 2013). PAHs are products of incomplete combustion
processes of natural (e.g., volcanoes, forests fires, and grass-
land combustion) or anthropogenic origin (e.g., incineration,
power generation, domestic heating, vehicles emissions, and
industrial activities) (Jaward et al. 2004; Wang et al. 2010;
Estellano et al. 2012). Therefore, the environmental PAH bur-
dens are expected to be different depending on the proximity
of emission sources. In recent years, the toxic character of
PAHs has been recognized (Estellano et al. 2012). Hence,
the United States Environmental Protection Agency
(USEPA) developed a list of 16 priority PAHs (Bohlin et al.
2010;Wang et al. 2010; Choi et al. 2012; Harner et al. 2013), 7
of them being classified as probable human carcinogens under
the B2 group (Leung et al. 2015). Other agencies, such as the
International Agency for Research on Cancer (IARC), have
also classified some PAHs as carcinogens or possible carcin-
ogens to humans. Among them, benzo[a]pyrene (BaP) has
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been identified as one of the most toxic (Bohlin et al. 2010;
Xia et al. 2013).

Petrochemical industries have been pointed out as one of
the most important anthropogenic sources of PAHs (Nadal
et al. 2011). One of the largest chemical and petrochemical
industrial complexes in Southern Europe is located in
Tarragona County (Catalonia, Spain) (Nadal et al. 2004a,
2009). This area is composed of a total of 33 companies,
including a big oil refinery, as well as a number of chemical
and petrochemical industries. In addition, the presence of a
highway and several roads with heavy traffic has a notable
impact on the local environment (Nadal et al. 2004a, b).
Since 2002, a large multicompartmental environmental mon-
itoring program has been carried out by analyzing PAHs as
well as other chemical pollutants in soil and vegetation sam-
ples from different areas of Tarragona County (Nadal et al.
2004a, b, 2007, 2009, 2011; Schuhmacher et al. 2004).

The need to monitor the occurrence of PAHs in air has led
to the development of a large range ofmethods and devices for
sampling (Zabiegała et al. 2010). Passive air samplers (PAS)
with polyurethane foam (PUF) have become a viable alterna-
tive to commonly used active air sampling equipment since
those devices are cheaper, smaller, simpler to handle, and they
do not require electricity and maintenance (Mari et al. 2008).
These characteristics assist the deployment in remote areas
and the simultaneous collection of samples at different loca-
tions and/or scales (Pozo et al. 2004; Bohlin et al. 2008;
Zabiegała et al. 2010; Estellano et al. 2012; Vilavert et al.
2013, 2014).

At the same time, the use of lichens (symbioses of fungi
and algae) as bioindicators has proved to be very useful for the
evaluation of environmental levels of PAHs (Augusto et al.
2013a; Loppi et al. 2015). Lichens are one of the most used
organisms to monitor atmospheric deposition of several pol-
lutants (Augusto et al. 2013a). They are easy to sample, while
they allow monitoring of a large number of sampling sites and
several pollutants within the same matrix (Augusto et al.
2010). In the past, PAHs accumulated in lichens have been
compared with those measured in the particulate-phase of air
by using filters from active air samplers (Augusto et al.
2013b). However, a valid comparison between PAHs in li-
chens and those in the air gas-phase is still missing. Very
recently, Loppi et al. (2015) tried to overcome this gap, estab-
lishing a correlation between the levels of six PAHs measured
in passive air samplers and those analyzed in lichen trans-
plants of Evernia prunastri. The correlation between PAHs
in lichens and in the gas-phase of air is crucial to optimize
the use of lichens to monitor these compounds. Therefore, it is
fundamental to understand whether other species of lichens
are also related to airborne PAHs and lichens can be broadly
applied for environmental monitoring.

The aim of this study was to determine the air levels of 16
PAHs from different areas of Tarragona County, Spain by

means of passive sampling devices. Furthermore, the PAH
levels and profiles in lichen transplants (Ramalina fastigiata)
were correlated with those measured in air. Finally, the tem-
poral trends of PAHs in air samples were determined by com-
paring current data with previously reported results.

Materials and methods

Sampling

A total of eight passive air samplers and eight lichen trans-
plants were deployed for a period of 2 months (November 26,
2014–January 26, 2015) in different areas of Tarragona
County, Spain. The distribution of the sampling sites was as
follows: two samples were deployed under the potential influ-
ence of the petrochemical complex, which includes a big oil
refinery (Puigdelfí=P1 and Constantí=P2); two samples close
to a zone of chemical industries (La Laboral=C3 and La
Canonja=C4); two samples in urban areas (Tarragona=U5
and Vila-Seca=U6); and two samples in background sites,
30 km away from the area of influence of all the suspected
sources of contamination (Cambrils=B7 and Torredembarra=
B8) (Fig. 1). Sampling sites were located at less than 2 km
from the considered pollution sources.

Passive air samplers

PAS containing polyurethane foam (PUF) discs were pur-
chased from Newterra (Beamsville, ON, Canada) (diameter
14 cm; thickness 1.2 cm; surface area 360 cm2; density
0.035 g cm−3). Prior to use, PUFs were precleaned by
Soxhlet extraction for 24 h by using dichloromethane
(DCM) (purity 99.5 %, Scharlab, S.L., Sentmenat, Spain).
Subsequently, they were dried in a vacuum desiccator, stored
in precleaned brown glass jars, and sealed with high density
polyethylene caps (Bohlin et al. 2008; Pozo et al. 2009). Once
in the field, PUF discs were inserted in the PAS.

Lichen transplants

Lichens of the fruticose species Ramalina fastigiata (Pers.
Ach.) were collected in November 2014 in mountains of
L’Albiol (ca. 30 km to the north of the sampling area).
Healthy R. fastigiata thalli of about 2–4 cm long were collect-
ed from the available phorophytes, notably from pine and oak
trees, and transplanted within 48 h to the same eight sampling
sites as PAS. Transplants consisted of nylon bags of 15×
15 cm filled with approximately 5 g of lichens, which were
hung in handrails of monitoring stations or home balconies.
After 2 months of exposure, transplants were collected, stored
in brown glass bottles, protected from sunlight, and
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immediately stored at 4 °C. All samples (transplants after ex-
posure and background samples) were analyzed for PAHs.

Chemical analysis

PAHs in PUFs were extracted using an accelerated solvent
extraction (ASE) 200 (DIONEX, Sunnyvale, USA) through
loading the sampled filters into 33 mL extraction cells. The
solvent used for foams was DCM (99.9 % pure, supplied by
Prolabo, VWR Spain). ASE was conducted with a 6-min pre-
heat time, a static time of 6 min, an extraction temperature of
120 °C, an extraction pressure of 1500 psi, two subsequent
cycles, a purge time of 120 s, and a flushing volume of 100 %.
The extracts obtained were evaporated to about 1 mL using an
R-114 rotary evaporator (Büchi, Flawil, Swiss). Before the
evaporation step, 400 μL of dimethylformamide was added
to prevent loss of analytes. Prior to the chromatographic anal-
ysis, internal standards (IS) (d8-naphtalene, d10-acenaphthene,
d10-phenanthrene, d12-chrysene, and d12-perylene) were
added, and analytes were again dissolved in 1 mL of DCM.

The 16 USEPA priority PAHs, namely naphthalene, ace-
naphthylene, acenaphthene, fluorene, phenanthrene, anthra-
cene, fluoranthene, pyrene, benzo(a)anthracene, chrysene,
benzo(b)fluoranthene, benzo(k)fluoranthene, benzo(a)pyrene,

indeno(1,2,3-c,d)pyrene, dibenzo(a,h)anthracene, and
benzo(g,h,i)perylene, were determined and quantified in the
extracts by gas chromatography/mass spectrometry (GC/MS)
by means of a QP2010 Ultra System (Shimadzu Corporation,
Tokyo, Japan). The chromatographic separation was carried
out on a ZB-50 analytical column (50 % phenyl-
dimethylpolysiloxane, 30m×0.25mm id; 0.25 μm film thick-
ness) from Micron Phenomenex (Torrance, California, USA).
For the analysis, a volume of 1 μL of the sample extract was
injected in splitless mode, with a column rate of 1 mL/min.
The compounds were quantified by a target ion using internal
standard calibration and identified by retention times and
qualifier ions. To calculate extraction recoveries, two PUFs
were spiked with 20 μL of a 0.1 mg/L standard solution,
one before and one after the extraction, being afterward ana-
lyzed. In addition, a blank PUF was also analyzed, and the
peak signals were subtracted from the above. The extraction
recoveries were calculated by comparing the peak area ration
(analyte versus IS) of the two analysis, being ranged between
66 and 116 %, for benzo(k)fluoranthene and acenaphthylene,
respectively (Table S1). The instrumental linear range was
between 1, 5, 10, or 20 μg L−1 and 1000 or 5000 μg/L, de-
pending on the analyte. In all cases, determination coefficients
(r2) were higher than 0.99 except for indeno(1,2,3-c,d) pyrene
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that was 0.98. The limits of detection (LODs) and the limits of
quantitation (LOQs) were estimated from the instrumental
signal and taking into account extraction recoveries. For
LODs, a signal/noise ratio of three was considered, while
LOQs were fixed to the lowest instrumental calibration point.
Thus, LODs ranged from 0.3 to 5 ng/PUF, while LOQs ranged
from 1 to 20 ng/PUF (Table S1).

PAHs in lichen samples were extracted using the
Soxhlet method, as described by Augusto et al. (2010).
Approximately 2 g of lichen sample was extracted in a
Soxhlet for 24 h with 300 mL of acetonitrile (99.8 %
pure, Optigrade supplied by Promochem, Germany).
After extraction, the extracts were concentrated by rota-
ry vacuum evaporation and cleaned up in a florisil col-
umn (aolid phase extraction cartridges, Extrabond
Florisil 2 g, 12 mL, supplied by Scharlab S.L.) with
30 mL of acetonitrile as eluting solvent. Then, the ex-
tracts were evaporated and concentrated with a gentle
stream of purified N2 to 1 mL. The 16 USEPA priority
PAHs in the lichen extracts were also quantified by GC/
MS using a gas chromatograph (Hewlett-Packard
G1099A) coupled with a mass spectrometer (Agilent
MSD5973). An HP-5MS 5 % phenyl methyl siloxane
capillary column (30 m, 0.25 mm id, 0.25 μm film
thickness) (Agilent 19091S-433) was used for separating
the PAHs. For the analysis, a volume of 1 μL of the
sample extract was injected in splitless mode, with a
column rate of 1.4 mL/min. The masses monitored by
the detector were set as follows: from 40 to 600 m/z.

PAHs in lichen samples were quantified by a target ion
using internal standard calibration and identified by retention
times and qualifier ions. Recoveries were achieved by spiking
a portion of lichen with a solution of the 16 USEPA PAHs and
with d10-fluorene prior to extraction. Recovery percentages
differed according to individual PAHs, ranging between 56
and 151 %. The instrumental linear range was between 0.6,
1 or 5 and 500 μg/L, depending on the analyte. Determination
coefficients (r2) were higher than 0.98, except for naphthalene
(r2=0.82) and acenaphthylene (r2=0.96). LODs ranged from
0.5 to 5 ng/g, while LOQs ranged from 1 to 20 ng/g
(Table S1).

Data analysis

For the calculations, those PAHs presenting levels below the
LOD or LOQ were assumed to have a concentration equal to
one half of the LOD or LOQ. Pearson linear correlation coef-
ficients between lichens and air passive samplers were calcu-
lated for each PAH ring group, low molecular weight (LMW),
and high molecular weight (HMW) PAHs, as well as for the
total of the 16 PAHs. Significant correlations were displayed
in scatterplots.

Results and discussion

Levels of polycyclic aromatic hydrocarbons in air samples

The total amount of the 16 USEPA priority PAHs (Σ16PAHs),
as well as that of each individual congener, in different areas
of Tarragona County (Catalonia, Spain) measured between
November 2014 and January 2015 are summarized in
Table 1. Most international studies using passive air samplers
translate concentrations measured in PUF into equivalents for
air. For that purpose, published calibrations between PAH
concentrations measured by active samplers and PAS are gen-
erally used (Shoeib and Harner 2002; Harner et al. 2013).
Because calibrations tend to vary to some extent depending
on the number of factors, such as wind intensity, rainfall, or
temperature, this procedure may envisage results. For this rea-
son, as well as because this study was aimed at establishing
the validity of lichen transplants, amounts of PAHs accumu-
lated in the PUFs instead of air equivalent concentrations were
used.

Air PAH levels ranged from 1363 to 7866 ng/sample, with
a mean value of 3414 ng/sample. These values are consistent
with a preliminary survey conducted in this area in winter of
2013 (Domínguez-Morueco et al. 2014), in which PAH levels
found in PAS deployed for 2 months ranged from 670 to
7530 ng/sample (Table 2). In addition, these levels are in
agreement with other international studies. Data on PAHs in
air measured by means of PAS published in recent years in the
scientific literature are summarized in Table 2. Estellano et al.
(2014) found an accumulation of PAHs of 2724–6222 ng/
sample at four locations in urban and suburban sites of
Puglia region (Italy), while Harner et al. (2013) found a range
of 525–6300 ng/sample in the atmosphere of the Alberta oil
sands (Canada). Similar levels were also reported by Kennedy
et al. (2010) in South Australia (2169–7033 ng/sample).
Contrastingly, other authors have found relatively higher
amounts of PAHs in a number of countries (e.g., India,
Korea, Mexico, and Sweden) (Bohlin et al. 2008; Choi et al.
2012; Cheng et al. 2013). In turn, the studies conducted by
Estellano et al. (2012) in the Tuscany region, Italy, or the ones
by Bohlin et al. (2008) in Lancaster, UK, reported lower PAH
values in PAS than those currently found in Tarragona County
(Table 2).

A seasonal pattern of PAHs in air was found. Airborne
concentrations found in this study, performed in winter (mean
temperature 9 °C; range 3–15 °C), were notably higher than
PAH amounts observed in summer of 2014 (mean temperature
24 °C) in the same area under study (unpublished data) when
levels ranged 2396–4743 ng/sample (Table 2). Seasonal dif-
ferences have been largely reported in the scientific literature,
with higher concentrations of PAHs typically found in cold
seasons (Delhomme and Millet 2012; Jyethi et al. 2014).
Furthermore, this pattern also agree with data on PAH
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concentrations in air obtained by means of active sampling
devices in Tarragona County (Ramirez et al. 2011), as well
as with other international studies (Kennedy et al. 2010;Wang
et al. 2010; Chen et al. 2011; Estellano et al. 2014).

The highest Σ16PAH amount (7866 ng/sample) was ob-
served in the sampling point P1, corresponding to the neigh-
borhood of Puigdelfí (village of Perafort). This value is very
similar to that found in the village of Vilallonga del Camp, a
very close town, in the 2013 campaign, when a PAH amount
of 7530 ng/sample was found (Domínguez-Morueco et al.
2014). Both sampling points are situated in the vicinity of a
big oil refinery and well under the potential influence of pet-
rochemical emissions. This fact agrees with the results from
other international monitoring studies, in which a certain in-
crease of PAHs have been associated to the presence of chem-
ical industries (Pozo et al. 2012).

Phenanthrene was the predominant hydrocarbon in air,
with a mean contribution of 49 % of the total (range 43–
54 %). Moreover, relatively high contributions were also not-
ed for acenaphthylene and fluoranthene (mean contribution of
16 and 10 %, respectively). The profile observed in this study

was consistent with the results reported by other authors who
showed a predominance of 3- and 4-ring PAHs (Bohlin et al.
2008; Choi et al. 2012; Pozo et al. 2012; Estellano et al. 2012,
2014). Since they are predominantly present in the gas-phase,
LMW PAHs may be more easily captured by the PAS. In
contrast, PAHs with 5–6 benzene rings have a higher molec-
ular weight and lower volatility, tending to remain in the
particulate-phase (Choi et al. 2012; Estellano et al. 2012;
Pozo et al. 2012).

Polycyclic aromatic hydrocarbon levels in lichen
transplants

Lichens were transplanted from a background site to eight
different locations of Tarragona County, grouped into four
areas: chemical, petrochemical, urban, and background.
Unfortunately, from the eight transplants deployed in the field,
two (P2 and U6) were missing at the end of the sampling
period. The concentrations of individual PAHs and Σ16PAHs
measured in lichen transplants after 2 months of exposure are

Table 2 Summary of PAH levels in PAS (in ng/sample) found in the scientific literature

SUM of
PAHs
(ng/sample)

Number
of PAHs

Number of
samples

Exposure
period (months)

Date of exposurea Site

Min Max

Current study 1363 7866 16 8 2 Nov 2014–Jan 2015 (winter season) Tarragona, Spain

Unpublished data 2396 4743 16 8 2 Jun–July 2014 (summer season) Tarragona, Spain

Domínguez-Morueco
et al. (2014)

670 7530 16 3 2 Oct–Dec 2013 (winter season) Tarragona, Spain

Estellano et al. (2014) 2724 6222 10 4 2–5 Jan–Apr 2009 (winter season) Puglia region, Italy

919 5460 Apr–Jun 2009 (spring season)

1524 4042 Jun–Sep 2009 (summer season)

4273 14,903 Sep 2009–Feb 2010 (autumn season)

Harner et al. (2013) 652 3784 16 18 1 Nov–Dec 2010 (winter season) Alberta, Canada

525 6300 2 Dec 2010–Feb 2011 (winter season)

Cheng et al. (2013) 6480 54,800 15 50 1 Dec 2006–Jan 2007 (winter season) Kolkata, Mumbai and Chennai,
India

Choi et al. (2012) 3396 13,120 13 20 ≈2 Jan–Feb 20011 (winter season) Ulsan, Korean Peninsula

Estellano et al. (2012) 99 965 10 19 2–5 Apr–July 2008 (spring season) Tuscany region, Italy

Kennedy et al. (2010) 1030 2612 16 8 2 July–Aug 2007 (winter season) Western Australia, Australia

177 734 Jan–Feb 2007 (summer season)

338 4565 12 July–Aug 2007 (winter season) Queensland, Australia

71 2118 Jan–Feb 2007 (summer season)

2169 7033 12 July–Aug 2007 (winter season) South Australia, Australia

257 1592 Jan–Feb 2007 (summer season)

Bohlin et al. (2008) 5060 14,720 13 46 2 Mar–Apr 2006 (winter season) Mexico City, Mexico

1242 11,040 Gothenburg, Sweden

– 1104 Lancaster, UK

aWinter and summer seasons according to the country
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displayed in Table 1. The analysis allowed the quantitation of
14 out of the 16 USEPA PAHs.

Σ16PAH concentrations in lichens after exposure varied
between 247 ng/g (for the urban site U5) and 841 ng/g (for
the petrochemical site P1), with an average of 480 ng/g.
Preexposed lichens revealed a concentration of 307 ng/g.
After being transplanted from a presumably background area
to an exposed area, the lichens are expected to become
enriched or depleted according to pollutant loads existent in
the exposed area. In our case, four transplants became
enriched for Σ16PAHs, while the remaining two were
depleted.

Although the first studies using lichens to measure PAHs
were published some time ago (Carlberg et al. 1983), only
until recently lichens have started to be used as routine mon-
itors of PAHs. In the past, most studies were based on the use
of native lichens to estimate the environmental concentrations
of PAHs (Studabaker et al. 2012). In contrast, only few studies
report the use of lichen transplants in areas where native li-
chens could not be found (Table 3).

PAH concentration ranges obtained in lichens transplanted
to the area of Tarragona County are in accordance with other
studies (Table 3). In order to establish a valid comparison, the
obtained values were divided by the exposure period (number
of months). Therefore, the cumulative effect over time is
neglected, and comparisons between studies can be conducted
with a high degree of reliability. The range of PAH levels in
lichens sampled in Tarragona is in the high part of the range in
comparison to data from Italy, the country where lichens have
been more extensively used for the monitoring of PAHs. In
Tarragona County, the maximum PAH concentration was
420 ng/g per month, while the greatest level in Italy was found
in an Italian industrial area, reaching 344 ng/g per month
(Table 3). Notwithstanding, it must be highlighted that differ-
ent lichen species were used in each study, the number of
quantified PAHs was different, and sampling was performed
in different years and seasons. For example, concentrations of

Σ16PAHs measured in native lichens (Parmotrema
hypoleucinum) collected in the southwest of Portugal in a
petrochemical industrial area similar to Tarragona were found
to decrease by a factor of ten during the summer season (from
a maximum of 556 ng/g in winter to a minimum of 58 ng/g
during summer) (Augusto et al. 2013b). This strong variation
was significantly correlated with climate factors, such as tem-
perature, relative humidity, and wind speed. These parameters,
together with the use of different lichen species and the exis-
tence of different pollution sources in each study, may con-
tribute to differences in PAH concentrations observed in
lichens.

Comparison between passive air sampling and lichen
transplants

In order to compare the accumulation of PAHs between PAS
and lichens, data for the six sites, where both monitors were
existent at the end of the sampling, were used. This means that
P2 and U6 samples were excluded from the statistical treat-
ment. Σ16PAH values ranged between 247 and 840 ng/g in
lichen transplants and between 1947 and 7866 ng/sample in
PAS, both deployed at the same sampling sites during the
same period (2 months). In both monitors, PAS and lichens,
the highest concentration was found at site P1, located near the
petrochemical complex, whereas the lowest level was found at
U5 (urban area), where the traffic intensity was rather low.

The PAH ring profile found in PAS and lichens at each
sampling site is displayed in Fig. 2. Air samples revealed a
PAH profile dominated by LMW PAHs, especially 3-ring (ac-
counting for more than 70 % of the total concentration) and 4-
ring PAHs (contributing for approximately 20 %). In lichen
samples, PAH profiles seem to be also dominated by 3- and 4-
ring PAHs, together accounting for 60–70 % of the profile.
High molecular weight PAHs exist mainly in the particulate-
phase of air. Thus, they are not likely to be adsorbed by PAS.
The high percentage of 3-ring PAHs (>70 %) measured in air

Table 3 Summary of PAH levels using lichen transplants (in ng/g dw per month of exposure) found in the scientific literature

Sum of
PAHs
(ng/g per
month)

Number
of PAHs

Number
of samples

Lichen Species Exposure
period (months)

Date of exposure Site

Min Max

Current study 124 420 14 6 Ramalina fastigiata 2 Nov 2014- Jan 2015 Tarragona, Spain

Loppi et al. (2015) 6.3 227 6 7 Evernia prunastri 3 Apr-July 2011 Molise, Italy

Protano et al. (2014) 159 344 12 11 Pseudoevernia furfuracea 4 Aug-Dec 2008 Latium, Italy

Guidotti et al. (2009) 11 132 13 6 Pseudoevernia furfuracea 3 Feb-May 2005 Viterbo, Italy

Guidotti et al. (2003) 5 26 5 4 Pseudoevernia furfuracea 5 to 20 Nov 1999- July 2001 Rieti, Italy

Concentrations of PAHs are reported in ng/g dw per month of exposure
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samples from Tarragona County is in agreement with other
studies performed across Europe (Jaward et al. 2004;
Estellano et al. 2012, 2014; Loppi et al. 2015).

Besides intercepting PAHs existent in the gas-phase of air
(mainly LMW PAHs), lichens also accumulate PAHs sorbed
to the particulate matter (Fig. 2). In previous studies, PAH
profiles in lichens (P. hypoleucinum and Xanthoria parietina)
were compared with those found in the particulate phase of air

by active air samplers (Augusto et al. 2010, 2013b). Lichens
showed higher contributions of LMW PAHs when compared
to air, whereas particulate phase of air presented higher con-
tributions of 5- and 6-ring PAHs in comparison to lichens
(Augusto et al. 2013b). Regardless of the difference of pro-
files, a significant correlation was found for PAH concentra-
tions in lichens and in particulate-phase of air (Augusto et al.
2013b).
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The correlations of PAH concentrations in lichens and the
amount accumulated in PAS exposed at the same sampling
sites for the same time span are summarized in Table 4. A
significant positive linear correlation for LMW PAHs was
found between PAS and lichens (R=0.827, P<0.05). This
correlation was mainly supported by the significant correla-
tion of the 4-ring PAHs (R=0.941, P<0.05). Because correla-
tions were performed with a limited amount of data (six pairs),
the respective scatterplots were also graphically represented
(Fig. 3). A linear relationship of LMW PAHs, and very espe-
cially of 4-ring PAHs, between lichens and PAS, was
observed.

These results are in agreement with those recently found by
Loppi et al. (2015) when comparing PAHs in PAS and lichen
transplants exposed for 3 months at the same sampling sites in
Italy, despite the differences of the lichen species (Evernia
prunastri vs. R. fastigiata) and the sampling season (spring
vs. winter). The accumulation of PAHs by lichens can be
influenced by the lichen species, the surface/volume ratio

and algae content being important aspects (Augusto et al.
2013a). The increase of surface/volume ratio leads to a higher
accumulation of PAHs as more lichen area is exposed to at-
mospheric pollution. The lichen R. fastigiata is a fruticose
lichen with a branched bushy-type structure with a high
surface/volume ratio. In turn, the lichen E. prunastri used by
Loppi et al. (2015) is a foliose lichen but attached at one point
and appearing fruticose. E. prunastri has a lower surface/
volume ratio than R. fastigiata. Very recently, and after track-
ing gas-phase PAHs inside lichens, Augusto et al. (2015) ob-
served that these compounds easily enter the lichen thallus and
accumulate in the algal. Therefore, the amount of algae is
likely to influence the amount of gas-phase PAHs accumulat-
ed by lichens.

Even though different lichen species were used, our results
are in accordance with those reported by Loppi et al. (2015).
In both investigations, a linear relationship between PAHs in
lichens and PAS was established. However, the linearity of
this relationship was smaller than that found by Loppi et al.
(2015). It could be due to the fact that the sampling in Spain
was performed during winter, where the contribution of
particle-associated PAHs is bigger than in summer and spring.
As lichens accumulate PAHs as both gas- and particulate-
phases, during winter, lichens more easily reflect the
particulate-phase of PAHs. As the temperature increases, the
contribution of gas-phase PAHs in air, as well as in lichens,
also increases. Thus, the correlation of PAHs between PAS
and lichens is expected to become stronger in summer.

Because levels of each PAH in air and lichens can be
strongly influenced by climate factors, similar experimental
calibrations of PAHs in PAS and in lichens, covering different
seasons and lichen species, must be repeated. During summer,
with high temperatures, LMW PAHs tend to exist mainly in
the gas-phase of air, whereas in winter, concentrations of
HMWPAHs tend to increase due to an intensification of emis-
sions from seasonal sources. As PAS preferentially adsorb
compounds in the gas-phase and lichens capture compounds
existent in gas- and particulate-phase, differences should be

Table 4 Pearson’s
coefficients for
correlations between
PAH concentrations in
lichens and in passive air
samples (N=6)

Air-lichens p value

2-rings −0.454 0.366

3-rings 0.687 0.131

4-rings 0.941 0.005

5-rings 0.622 0.187

6-rings 0.658 0.155

Σ16PAHs 0.761 0.079

LMW PAHs 0.827 0.042

HMW PAHs 0.676 0.140

Results are displayed for group rings (2- to
6-ring PAHs), for low molecular weight
(LMW) PAHs, consisting of 2-, 3- and 4-
ring PAHs; highmolecular weight (HMW)
PAHs, consisting of 5- and 6-ring PAHs;
and for the sum of the 16 USEPA priority
PAHs; Bold significant P<0.05
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expected when comparing both monitors over different
seasons.

Conclusions

The levels of 16 PAHs were determined in PAS and lichen
transplants (Ramalina fastigiata) deployed for a period of
2 months in different zones of Tarragona County (Catalonia,
Spain), an area with an important number of chemical and
petrochemical industries.

Σ16PAH concentrations in air samples ranged from 1363 to
7866 ng/sample, phenanthrene being the predominant hydro-
carbon. The highest concentration was found in the neighbor-
hood of Puigdelfí (village of Perafort) in the vicinity of a big
oil refinery and well under the potential influence of petro-
chemical emissions. The PAH concentrations in lichen trans-
plants varied between 247 and 841 ng/g, with the highest
value also reported in the same sampling point as for the
PAS. When both monitoring methods were compared, a sig-
nificant positive linear correlation was found for LMW PAHs.
These results strongly suggest that lichens can be used to
monitor gas phase PAHs, providing data that can be quantita-
tively translated into equivalents for air. However, since PAHs
in air may be strongly influenced by climate/meteorological
factors, it is essential to perform similar experiment covering
different seasons and lichen species.
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