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In this study we evaluated a new type of passive air sampler, the “mossphere” device, ﬁlled with a Sphagnum
palustre clone. For this purpose, we compared the atmospheric levels of polyaromatic hydrocarbons (PAHs)
collected using this device and those collected in conventional bulk deposition and particulate matter (PM10)
samplers. All three types of samplers were exposed at 10 sites aﬀected by diﬀerent levels of pollution and located
in two diﬀerent climate zones. The bulk deposition/ mossphere comparison yielded a greater number of signiﬁcant regressions with higher coeﬃcients of determination than the PM10/ mossphere comparison. No signiﬁcant regressions were observed for 3-ring PAHs in either comparison. The mosspheres explain ca. 50% of the
variability of the concentrations of 4-, 5- and 6-ring PAHs and total PAHs detected in PM10 and ca. 70% of the
corresponding concentrations detected in the bulk deposition. The use of the Sphagnum clone enables standardization of the set-up, thus making the mossphere device a good sampling tool for monitoring 4-, 5- and 6-ring
and total PAHs, especially those associated with bulk deposition. The ﬁndings indicate the potential usefulness of
this innovative technology for mapping PAH levels.
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1. Introduction
Polycyclic aromatic hydrocarbons (PAHs) are a family of chemical
compounds formed by at least two condensed aromatic rings. PAHs
originate from fossil or non-fossil fuels by pyrolysis or pyrosynthesis
(Ravindra et al., 2008). They are mainly emitted to the atmosphere
from anthropogenic sources, such as vehicular traﬃc, domestic heating
and industrial activities, but they can also originate from natural
sources such as volcanic eruptions and forest ﬁres. Atmospheric PAHs
are distributed between gaseous (low molecular weight PAHs) and
particulate phases (high molecular weight PAHs), with phase partition
depending on the physico-chemical properties of each compound and
environmental conditions. These compounds are of concern because of
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their capacity for long-range transport, as well as their low degradation
rates, toxicity and ability to accumulate in living organisms (Goldman
et al., 2001; Hung et al., 2005; IARC, 2010). Regulation of PAH emissions and monitoring of atmospheric concentrations of PAHs is thus of
paramount importance for public health.
Conventional monitoring methods using active samplers that pump
air through a ﬁlter provide reliable data on concentrations of air pollutants, but are expensive, time-consuming and require energy input.
Passive samplers, which adsorb pollutants on a chemical substrate, are
also expensive and are speciﬁc for individual pollutants or types of
pollutants. To overcome these drawbacks and to obtain accurate and
reliable spatial patterns of air pollution, mosses can be used as biomonitoring agents by transplanting and exposing them in monitoring
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2.3. Sampling

areas (Ares et al., 2012). Although mosses were initially used to biomonitor heavy metals, the capacity of mosses to take up organic pollutants and act as active (Ares et al., 2011; Capozzi et al., 2016a; De
Nicola et al., 2013a; Foan et al., 2015; Vingiani et al., 2015) or passive
biomonitors (De Nicola et al., 2013b; Foan et al., 2014; Harmens et al.,
2013; Wu et al., 2014) has recently been assessed. The routes whereby
mosses accumulate PAHs have been determined in laboratory trials
(Keyte et al., 2009; Spagnuolo et al., 2017). Several researchers have
attempted to design a standardized biomonitoring method (Ares et al.,
2012; Capozzi et al., 2016b), by establishing mesh size, exposure time,
form of moss-bags, etc. (Capozzi et al., 2016b; Ares et al., 2014; Gailey
and Lloyd, 1986). However, to our knowledge very few studies have
determined a quantitative relationship between the concentrations of
heavy metals measured in air/deposition and those measured in moss
bags (Aničić et al., 2009; Ares et al., 2015a, b; Duggan and Burton,
1983; Pilegaard, 1979), and none of these studies have considered
PAHs. Correlations between the concentrations determined in moss and
in the bulk deposition were signiﬁcant for only a few elements/studies
(Ares et al., 2015a). There is therefore currently little support for the
use of mosses as active biomonitors of heavy metals and even less in the
case of PAHs.
In an attempt to address some of the drawbacks of the previous
moss-bag techniques, a new spherical sampling device, “mossphere”,
which is ﬁlled with devitalized Sphagnum palustre L. clone, has been
tested within the framework of the European “MOSSclone” project
(FP7. ENV. 2011-Eco-Innovation) as an innovative biomonitoring
method. Unlike in the previous systems, the moss is dead and used as a
passive sampler obtained by environmental biotechnology techniques.
In order to address the lack of knowledge about the eﬀectiveness of the
use of this new device to reﬂect the atmospheric concentrations of
PAHs, we compared mosspheres with conventional methods of determining PAH concentrations (funnel collectors and air volume samplers). For this aim, diﬀerent types of exposure sites (i.e. background,
agricultural, urban and industrial areas), located in Italy and Spain,
were selected for testing the mosspheres and conventional sampling
devices.

Pairs of unsheltered and sheltered mosspheres were exposed simultaneously in duplicate at a height of 4 m above ground for 6 weeks,
in winter (T1) and summer (T2), in 2014, at 10 sites characterised by
diﬀerent types of land use and levels of air pollution: urban (3), industrial (3), agricultural (2) and background (2) sites, located in
Southern Italy (6 sites) and NW Spain (4 sites). For site description, see
Table SI1 and Figure SI2 (Supporting information). During the exposure
periods, bulk deposition and PM10 were also sampled using funnels and
ﬁlters respectively. The main meteorological parameters were also
measured in almost all sampling sites (see Table SI1 for a summary of
the meteorological variables).
2.4. Chemical analysis
2.4.1. Moss devices
The moss material was oven-dried (24 h at 40 °C), pulverized and
analysed by matrix solid-phase dispersion extraction, followed by programmed temperature vaporisation-gas chromatography-tandem mass
spectrometry (PTV-GC–MS/MS) determination, according to ConchaGraña et al. (Concha-Graña et al. (2015)) (for details of extraction and
detection methods see Appendix 1, Supporting information). In addition, unexposed moss material was analysed in triplicate by the same
analytical procedure.
The PAHs analysed, except naphthalene, are listed in Table 1. The
results obtained for naphthalene were excluded from the analysis due to
the high volatility of the compound, which makes measurement uncertain, and also because high values were frequently obtained for
blanks. The concentrations of acenaphthylene were always below the
quantiﬁcation limit, and the results were therefore also excluded from
the analysis. Oven-drying of the material may cause loss of these low
molecular weight compounds. For reagents and standards used, see
Appendix 1, Supporting Information.
2.4.2. Conventional devices
Total deposition samples were ﬁltered through a quartz microﬁbre
disc (T 293 grade, Ø = 47 mm, 0.3 μm, Munktell ﬁlter AB, Sweden).
The liquid phase was liquid-liquid extracted as described in PradaRodríguez et al. (Prada-Rodríguez et al. (2015)) (for details, see Appendix 1, Supporting information).
The particulate fraction of the bulk deposition was extracted and
analysed using the same method described below for PM10 samples,
and the entire ﬁlter was extracted.
At each monitoring station, a composite sample of PM10, formed by
aliquots of each ﬁlter, was microwave-extracted according to PradaRodríguez et al. (2015) (for details, see Appendix 1, Supporting information).
Determination of PAHs was performed by PTV-GC–MS/MS (for
details, see Appendix 1, Supporting information). For reagents and
standards used, see Appendix 1, Supporting Information.

2. Material and methods
2.1. Moss devices
The mossphere device consists of two empty concentric spheres: the
internal one (Ø 10 cm) is made from pierced high-density polyethylene,
and the external one (Ø 11 cm) is made from nylon mesh netting of
opening 2 mm. The space between the two spheres (width 10 mm) is
ﬁlled with 3 g of prepared moss clone (grown in bioreactors (Beike
et al., 2015) and successively washed with water and EDTA and ovendevitalised) to obtain a ﬁnal ratio of moss weight/bag surface area of
10 mg cm−2 (Capozzi et al., 2016b). The mosspheres were exposed in
two ways (Figure SI1, supporting information): i) with a plastic covering over the upper side to protect the device from leaching by rain
and particle deposition, as proposed by Lodenius (Lodenius (1998))
(sheltered mosspheres); and ii) uncovered (unsheltered mosspheres).

2.4.3. Quality assurance / quality control
Instrumental and procedural blanks were systematically evaluated
with each batch of samples and maintained at minimum.
Chromatographic control was performed by injection of two standard
solutions containing all target PAHs for each batch. Anthracene-d10
was used as internal standard to quantify all PAHs except dibenz[a,h]
anthracene, indeno[1,2,3-cd]pyrene, benzo[ghi]perylene-d12 and
benzo[ghi]perylene, for which dibenz[a,h]anthracene-d14 was used as
the internal standard. Peak identiﬁcation and integration were performed by Excalibur 2.0.7 software (Thermo Fisher Scientiﬁc Inc). The
PAHs were quantiﬁed by calculating an average relative response factor
(RRF) over the calibration range for each, i.e. between the PAH and the
labelled PAH used as surrogate standard. Quality control of the complete procedure was performed by determining the recovery of the

2.2. Conventional devices
Total atmospheric deposition was collected by cylindrical bulk deposimeters (for methods refer to EN15980:2011). Deposition ﬂux of the
insoluble fraction and the total volume collected were calculated.
Sampling of PM10 (particulate matter < 10 μm) was carried out with
high volume samplers (except at on site, where a low volume sampler
was used) with a single stage impactor with a 10 μm cut-oﬀ at a determined ﬂow rate. A quartz ﬁlter was used every 24 h. The ﬁlters were
weighed before and after sampling, after conditioning under standard
conditions (for 48 h at 20 ± 1 °C and 50 ± 5% RH), and the PM10
was determined gravimetrically (for methods, see EN15549:2008).
2
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Table 1
Pearson’s regression statistics for the comparisons between the concentrations of the PAHs considered, including the sum of 3-, 4-, 5- and 6-ring PAHs and the total
PAHs determined in the PM10 (ng m−3) (x) vs. the corresponding concentrations measured in the mosspheres (ng m−3) (y). The data were transformed (trans.) for
normality (L: logarithmic transformation; IR: inverse root square transformation). The range of concentrations (minimum - maximum) of each compound is shown
(ng m−3). Signiﬁcant regressions (p < 0.05) are shown in bold type.
Compound

x trans.

y trans.

x range

y range

n

r2

sig.

a

sig._a

b

sig._b

ACE
F
P
Ant
∑3-ring-PAHs
Fl
Pyr
BaAnt
Chr
∑4-ring PAHs
BbjFl
BkFl
BePyr
BaPyr
DBahAnt
∑5-ring-PAHs
Ipyr
BghiPer
∑6-ring-PAHs
PAH_T

IR
IR
L
IR
L
L
L
L
IR
L
L
L
L
L
L
L
L
L
L
L

IR
IR
L
IR
IR
L
IR
L
IR
IR
L
L
IR
IR
IR
IR
IR
IR
IR
IR

0.028-0.241
0.033-0.141
0.014-0.171
0.012-0.087
0.086-0.311
0.018-0.353
0.028-0.261
0.015-0.352
0.024-0.654
0.054-1.494
0.028-1.848
0.016-0.511
0.016-1.379
0.013-0.474
0.016-0.117
0.087-4.18
0.06-0.677
0.051-0.825
0.08-1.403
0.346-6.985

0.083-0.262
0.088-0.234
0.594-3.267
0.064-0.533
0.927-4.21
0.186-9.557
0.112-5.548
0.01-4.051
0.04-5.11
0.432-24.265
0.027-4.132
0.005-1.205
0.027-4.412
0.015-3.308
0.018-0.72
0.077-13.415
0.015-2.477
0.012-2.4
0.032-4.878
1.506-46.768

8
8
19
5
20
20
19
16
18
20
20
19
19
15
8
20
16
16
20
20

0.01
0.10
0.15
0.75

0.812
0.438
0.102
0.059

0.46
0.42
0.11
0.56
0.55
0.60
0.58
0.49
0.27
0.13
0.52
0.42
0.53
0.49
0.62

0.001
0.002
0.221
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
0.048
0.388
< 0.001
0.007
0.001
< 0.001
< 0.001

—
—
—
—
—
1.0267
−0.2467
—
0.2374
0.4785
−0.1282
−0.07247
1.2074
1.1008
—
1.3668
0.5196
0.6093
1.5322
0.5968

—
—
—
—
—
0.002
0.645
—
0.611
< 0.001
0.386
0.763
0.028
0.398
—
< 0.001
0.623
0.528
0.002
< 0.001

—
—
—
—
—
0.9313
−1.6619
—
0.5946
−0.7540
0.9612
1.0662
−2.0590
−2.6843
—
−1.3781
−4.6149
−5.2247
−2.7106
−0.4157

—
—
—
—
—
0.001
0.002
—
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
0.048
—
< 0.001
0.007
0.001
< 0.001
< 0.001

pSW.R.

0.88
0.45
0.35
0.17
0.46
0.78
0.06
0.12
0.06
0.58
0.64
0.70
0.83

Med. y/x

MAD y/x

3.5
2.5
16.7
5.2
9.8
12.1
6.4
2.4
2.9
5.7
1.0
0.8
1.7
2.4
4.2
1.1
0.5
0.3
0.6
3.1

1.1
0.5
6.0
0.9
4.6
5.1
2.6
2.1
1.5
2.7
0.6
0.4
1.3
2.1
2.6
0.7
0.3
0.2
0.3
1.3

n: number of sampling stations with paired data > LOQ (limit of quantiﬁcation); a, y-intercept; sig_a, signiﬁcance of the y-intercept; b, slope; sig_b, signiﬁcance of
the slope. ACE, acenaphthene; F, ﬂuorene; P, phenanthrene; Ant, anthracene; Fl, ﬂuoranthene; Pyr, pyrene; BaAnt, benz[a]anthracene; Chr, chrysene; BbjFl, benzo
[b + j]ﬂuoranthene; BkFl, benzo[k]ﬂuoranthene; BePyr: benzo[e]pyrene; BaPyr: benzo[a]pyrene; DBahAnt: bibenz[a,h]anthracene; Ipyr: indene[1,2,3-cd]pyrene;
BghiPer: benzo[ghi]perlylene. PAH_T: sum of all compounds determined. pSW.R.: p-value of the corresponding Shapiro-Wilk test for the residuals of the linear
regression. Med.y/x: median of the ratio between both variables for each data pair; MAD y/x: Median absolute deviation of the ratio between both variables for each
data pair.

Fluxmoss = (C*Mmoss)/(V*t)

surrogate labelled standards.

where Fluxmoss is the PAH concentration in mossphere expressed as ng
m−3; C is the PAH concentration in moss (ng g-1); Mmoss is the amount
(g) of moss exposed in each sphere; V is the rate of air volume in contact
with the mossphere (m3 day-1); and t is the exposure time (days).
Data normality was checked by means of the Shapiro-Wilk test. To
achieve data normality, the concentrations of almost all the compounds
(and their sums) were transformed using Box-Cox transformations
(mostly logarithmic transformation – base 10 - and, to a lesser extent,
inverse root square transformation) (see Tables 1 and 2). When transformation was not successful, non-parametric Spearman’s rho correlations were used.
For statistical analysis of individual compounds, when the mossphere concentrations and/or PM10 or bulk deposition concentrations
were below the corresponding limit of quantiﬁcation (LOQ), the data
pair was deleted (19% and 33% of the data pairs were deleted for respectively PM10 and bulk deposition). Nevertheless, when total PAHs
(or sums of PAHs corresponding to compounds with the same number
of rings) were calculated, individual compounds data below the corresponding LOQ were substituted by 0.5*LOQ.
The uptake eﬃciency of the mosspheres was calculated as the ratio
between the concentration determined in the mossphere and that determined in conventional collectors (mosspheres/PM10 or mosspheres/
bulk deposition). When the ratios were higher than 1, higher concentrations were obtained in the mosspheres, indicating a higher capacity to take up PAHs. After calculation of the eﬃciency for each data
pair concentration, the maximum eﬃciency ratio for each compound
was determined. This value represents the conditions (form of the
contamination corresponding to gaseous phase or particulate material,
atmospheric variables, etc.) in which the PAH load is maximal. Based
on this ratio it is possible to calculate the corresponding maximum
concentration of a compound in the mossphere for a particular PM10 or
bulk deposition concentration. Once these values were established, the
diﬀerence between the concentration in the mosspheres and these

2.5. Data treatment and statistical analysis
The mean values obtained for duplicate samples were used in calculations. In order to establish any relationship between the concentrations of PAHs measured in the moss clone and those measured in
conventional collectors, the deposition/ﬂux of PAHs in the mossphere
was estimated. The aim of this transformation was to facilitate comparison of the concentrations in the same units. The transformation
does not modify the results of the regressions between the concentrations determined in mosspheres and the conventional collectors, because it only involves multiplying by a constant.
For estimation of the deposition (comparing mosspheres and funnel
collectors), the calculation considers the sphere dimensions and that the
sphere acts in a similar way to a global collector:
Depositionmoss = (C*Mmoss)/(A*t)
where depositionmoss is the concentration in the mossphere expressed as
μg m−2 day-1; C is the PAH concentration in moss (μg g-1); Mmoss is the
amount (g) of moss exposed in each sphere; A is the surface area (m2) of
the mossphere; and t is the exposure time (days).
For estimation of the ﬂux (comparing the mossphere with an air
volume sampler), the calculation takes into account the eﬀective sampling rate for each analyte. No previous studies have investigated the
PAH sampling rate in the mossphere, considered a passive sampler,
although several studies have established sampling rates for PAHs for
diﬀerent passive sampling devices (Bartkow et al., 2004; Melymuk
et al., 2011; Tuduri et al., 2012; Ellickson et al., 2017), such as polyurethane foam disks (PUF), semi-permeable membrane devices
(SPMDs) and XAD-based passive samplers. Despite the diﬀerences between these systems and the mossphere device, the eﬀective passive
sampling rate calculated for PAHs in PUF disks (ranged between 2-4 m3
day−1) were used for the estimation (He and Balasubramanian, 2010).
3
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Table 2
Pearson’s regression statistics for the comparison between the concentrations of the PAHs considered, including the sum of 3-, 4-, 5- and 6-ring PAHs and the total
PAHs determined in the bulk deposition (μg m−2 day-1) (x) vs. the corresponding concentrations determined in the mosspheres (μg m−2 day-1) (y). The data were
transformed for normality (L: logarithmic transformation; IR: inverse root square transformation; NT: not transformed). The range of concentrations (minimum maximum) of each compound is shown (μg m−2 day-1). Signiﬁcant p-values (p < 0.05) are shown in bold type.
Compound

x trans.

y trans.

x range

y range

n

r2

sig.

a

sig._a

b

sig._b

ACE
F
P
Ant
∑ 3-ring-PAHs
Fl
Pyr
BaAnt
Chr
∑4-ring-PAHs
BbjFl
BkFl
BePyr
BaPyr
DBahAnt
∑5-ring-PAHs
Ipyr
BghiPer
∑6-ring-PAHs
PAH_T

NT
L
IR
IR
IR
L
L
L
L
L
L
L
L
IR
L
L
L
IR
L
L

NT
L
IR
IR
IR
IR
IR
L
L
IR
IR
L
L
IR
L
IR
L
IR
IR
IR

0.004-0.043
0.005-0.151
0.006-0.53
0.002-0.087
0.016-0.694
0.003-0.306
0.002-0.245
0.002-0.199
0.002-0.471
0.01-1.162
0.005-1.758
0.002-0.511
0.003-1.379
0.014-0.415
0.002-0.117
0.013-4.18
0.006-0.612
0.024-0.355
0.011-1.332
0.05-6.282

0.003-0.01
0.008-0.021
0.03-0.167
0.003-0.023
0.049-0.213
0.009-0.459
0.008-0.402
0.001-0.233
0.003-0.396
0.025-1.49
0.002-0.272
0.001-0.157
0.002-0.319
0.001-0.232
0.002-0.07
0.006-1.014
0.001-0.22
0.001-0.257
0.003-0.476
0.086-3.194

10
12
16
12
17
17
15
9
17
17
17
14
15
8
7
17
10
6
17
17

—
0.32
0.22
0.03
0.18
0.53
0.77
0.72
0.82
0.80
0.76
0.72
0.74
0.86
0.16
0.78
0.81
0.72
0.82
0.77

—
0.055
0.064
0.591
0.091
< 0.001
< 0.001
0.004
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
0.379
< 0.001
< 0.001
0.033
< 0.001
< 0.001

—
—
—
—
—
1.7002
−0.1213
−0.5173
−0.5294
1.4671
1.6985
−0.6190
−0.5597
−1.2623
—
2.3271
−0.4215
0.2824
−0.1598
1.7499

—
—
—
—
—
0.137
0.902
0.125
0.004
< 0.001
0.332
0.054
0.028
0.429
—
0.005
0.107
0.849
0.906
< 0.001

—
—
—
—
—
−2.9270
−4.3407
0.8080
0.6656
−2.3951
−8.0035
0.9241
0.7961
1.8561
—
−4.5448
0.9592
1.2229
−8.3274
−1.3912

—
—
—
—
—
< 0.001
< 0.001
0.004
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
—
< 0.001
< 0.001
0.033
< 0.001
< 0.001

pSW.R.

0.50
0.38
0.39
0.84
0.35
0.97
0.91
0.92
0.99
0.65
0.82
0.86
0.81
0.65

Med. y/x

MAD y/x

0.2
0.7
1.3
0.5
0.9
0.8
0.7
0.4
0.9
0.9
0.3
0.4
0.6
0.5
1.3
0.4
0.4
0.6
0.3
0.7

0.1
0.5
0.8
0.3
0.4
0.7
0.5
0.1
0.6
0.5
0.1
0.2
0.2
0.2
1.0
0.2
0.3
0.1
0.1
0.4

n, number of sampling stations with paired data > LOQ (limit of quantiﬁcation); a, y-intercept; sig_a, signiﬁcance of the y-intercept; b, slope; sig_b, signiﬁcance of
the slope. ACE, acenaphthene; F, ﬂuorene; P, phenanthrene; Ant, anthracene; Fl, ﬂuoranthene; Pyr, pyrene; BaAnt, benz[a]anthracene; Chr, chrysene; BbjFl, benzo
[b + j]ﬂuoranthene; BkFl, benzo[k]ﬂuoranthene; BePyr, benzo[e]pyrene; BaPyr, benz[a]pyrene; DBahAnt, dibenz[a,h]anthracene; Ipyr, indene[1,2,3-cd]pyrene;
BghiPer, benzo[ghi]perlylene. PAH_T, total PAHS (sum of all compounds determined). pSW.R., p-value of the corresponding Shapiro-Wilk test for the residuals of the
linear regression. Med.y/x: median value of the ratio between both variables for each data pair; MAD y/x: Median absolute deviation of the ratio between both
variables for each data pair.

regression lines were always signiﬁcant (p < 0.05). The regression
lines for the sums of 3-, 4-, 5- and 6-ring PAHs and the total PAHs
(Table 1) are shown in Fig. 1. Regarding the uptake eﬃciency of the
mosspheres, focusing on those compounds for which signiﬁcant regressions were observed, the median ratios ranged from 2.5 to 12 for 4ring PAHs, and the corresponding ratios were close to 1 for 5- and 6ring PAHs. The median ratio for the total PAHs was ca. 3. Finally, it
must be taken into account that the surface area available for intercepting the PAHs is smaller in the mossphere device than in moss (the
average ratio of the exposed moss area in the mossphere device was
4420 ± 158).
The results of the regression analysis of concentrations of the PAHs
in the bulk deposition (μg m−2 day-1) and those measured in the
mosspheres (μg m−2 day-1), including the sums of 3-, 4-, 5- and 6-ring
PAHs and the total PAHs, are shown in Table 2. As found for PM10, no
signiﬁcant correlations were observed for 3-ring PAHs. By contrast, the
concentrations in the bulk deposition were signiﬁcantly correlated with
those determined in mosspheres for all 4-, 5- and 6-ring PAHs, except
dibenz[a,h]anthracene. In general, the coeﬃcients of determination
were higher than for the PM10 / mossphere comparison, ranging from
0.72 to 0.86 (most > 0.8), except for ﬂuoranthene ( r2 = 0.53). Finally,
for the total PAHs, the regression was signiﬁcant, with a similar coefﬁcient of determination ( r2 = 0.77). For chrysene, benzo[e]pyrene and
the sums of 4- and 5-ring PAHs and the total PAHs, the elevation of the
ﬁtted line was signiﬁcant (p < 0.05) and positive (except for chrysene
and benzo[e]pyrene), again indicating a basal level of these compounds
in the mossphere. For the other signiﬁcant regressions, the elevation of
the ﬁtted lines was not signiﬁcant, indicating no signiﬁcant diﬀerence
from a line with the origin in x = 0 and y = 0. The slopes of the regression lines were always signiﬁcant (p < 0.05). The regression lines
for the sums of 3-, 4-, 5- and 6-ring PAHs and the total PAHs (Table 2)
are also shown in Fig. 1. Regarding the uptake eﬃciency of the mosspheres, focusing on those compounds for which signiﬁcant correlations
were observed, in all cases the median ratios were lower than 1 (ranging between 0.2 and 0.9), except for pyrene and dibenz[a,h]

expected maximum values were calculated. These diﬀerences (expressed as absolute values) were correlated with the environmental
variables measured (i.e. the total values corresponding to the exposure
periods and the maximum values corresponding to the exposure periods, see Table SI1).
3. Results
The ranges of concentrations obtained for each PAH, grouped by
ring number and as total PAHs are shown in Tables 1 and 2. In almost
all cases (with few exceptions such as anthracene for PM10), the
minimum values were at least one order of magnitude lower than the
maximum value. In most cases, the minimum value was two orders of
magnitude lower than the maximum value, and in some cases, even
three orders lower (e.g. benzo[b + j]ﬂuoranthene or benzo[e]pyrene
for PM10).
The results of the regression analysis for the comparison between
the concentrations of PAHs in PM10 (ng m−3) and those in the mosspheres (ng m−3), including the sums of 3-, 4-, 5- and 6-ring PAHs and
the total PAHs, are also shown in Table 1. No signiﬁcant regressions
(p < 0.05) were found for 3-ring PAHs. By contrast, signiﬁcant regression were observed for the 4-, 5- and 6-ring PAHs and for the sums
of each (coeﬃcient of determination usually close to 0.5), except for
benz[a]anthracene and dibenz[a,h]anthracene. Finally, the regression
was signiﬁcant for total PAHs, with a higher coeﬃcient of determination ( r2 = 0.62). For most of the signiﬁcant relationships, the elevation
of the ﬁtted line was not signiﬁcant (p < 0.05 – except for ﬂuorene,
benzo[e]pyrene and the sums of 4-, 5- and 6-ring PAHs and the total
PAHs). This indicates that the lines were not signiﬁcantly diﬀerent from
a line with the origin in x = 0 and y = 0. Positive values of the interception for these exceptions enable establishment of a basal level of
these compounds in the mossphere (the concentrations in the control,
unexposed mosspheres were 0.017, 0.001, 0.017, 0.038, 0.007 and
0.126 μg g-1 for ﬂuorene, benzo[e]pyrene, and the sums of 4-, 5-, 6- and
total PAHs respectively: unpublished data). The slopes of these
4
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Fig. 1. Left column: scatter plots of the concentrations of the sum
of 3-, 4-, 5- and 6-ring PAHs and of the total PAHs determined in
the PM10 (ng m−3) vs. the corresponding concentrations measured in mosspheres (M; ng m−3). Right column: scatter plots of
the concentrations of the sum of 3-, 4-, 5- and 6-ring PAHs and of
the total PAHs determined in the bulk deposition (BD; μg m-2 day1
) vs. the corresponding concentrations measured in mosspheres
(M; μg m-2 day-1). Data were log transformed to yield normal
distributions. Lines correspond to the signiﬁcant (p < 0.001)
correlations (for further details, see Tables 1 and 2). (*) The data
on 3-ring PAHs in BD were INVR (INVR: Inverse Root Square)
transformed rather than log transformed.

concentrations in the unsheltered and sheltered mosspheres (ng m−3) is
shown in Fig. 2. In the same way, Fig. 3 shows the relationship between
the PAH concentrations measured in the bulk deposition (μg m-2 day-1)
and the value of the diﬀerence between the concentrations in the unsheltered and sheltered mosspheres (μg m-2 day-1). In these ﬁgures, data

anthracene (with a median ratio of 1.3). This indicates that the mosspheres had a lower capacity to take up PAHs than the bulk deposition
collectors. The ratio obtained for the total PAHs was 0.7.
The relationship between the PAHs concentrations collected by
PM10 samplers (ng m−3) and the value of the diﬀerence between the
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Fig. 2. Bar graphs showing the sampling stations ranked according to the diﬀerence in the concentration of PAHs measured in unsheltered mosspheres (M) and
sheltered mosspheres (SM) (ng m−3), for each of the PAHs considered and in two diﬀerent exposure periods. Points joined by lines show the corresponding
concentrations in PM10 (ng m−3). Spearman’s Rho correlation coeﬃcients (ρ) and the corresponding p-value are shown. Log: logarithmic transformation. In the
sample coding, the ﬁrst letter corresponds to the country (S, Spain; I, Italy), the second letter to the type of scenario (A, agricultural; B, background; I, industrial; U,
urban), and the number to the site (1 or 2 for each scenario). T1 indicates the ﬁrst exposure period, and T2, the second exposure period.

4. Discussion

are ranked according the diﬀerence between the sheltered and unsheltered mosspheres. As shown in both ﬁgures, only the 3-ring PAHs
yielded negatives values for some sites/sampling dates. For the other
PAHs, with a few exceptions (some concentrations of ﬂuoranthene and
dibenz[a,h]anthracene), all the data were positive or close to 0. For
almost all of the 4-, 5- and 6-ring PAHs, except ﬂuoranthene, the correlations were signiﬁcant.
For the residuals, obtained by comparing the PAH concentrations in
each mossphere with the maximum values expected for PM10, ﬂuoranthene and most of 5- and 6- ring PAHs, their sums and the total PAHs
were negatively correlated (p < 0.01) with the meteorological variables “Sum of the radiation during the exposure period (W m−2)”
(Spearman’s rho correlations for: Fl=-0.77; BbjFl= -0.76; BkFl= -0.75;
DBahAnt= -0.79; Ipyr= -0.74; Σ 5 ring-PAHs= -0.77; and Σ 6 ringPAHs= -0.74) and “Maximum radiation intensity during the exposure
period (W m-2 hour-1)” (Spearman’s rho correlations for: Fl=-0.81;
BbjFl= -0.81; BkFl= -0.81; BePyr = -0.76; BaPyr= -0.78; DBahAnt=
-0.82; Ipyr= -0.80; Σ 5 ring-PAHs= -0.82; Σ 6 ring-PAHs= -0.78; and
Σ total PAHs= -0.76). For the residuals calculated for the bulk deposition, the results were not consistent, but in all cases were related to
4-ring PAHs. Positive correlations (p < 0.01) were observed for “Total
distance travelled by the wind during the exposure period (km)”
(Spearman’s rho correlations for: Chr = 0.80; and Σ 4 ring-PAHs: 0.68)
and “Maximum wind speed hourly intensity during the exposure period
(m hour-1)” (Spearman’s rho correlations for: BaAnt = 0.68;
Chr = 0.86; and Σ 4-ring PAHs: 0.82), and a negative correlation was
observed for “Sum of the radiation during the exposure period (W
m−2)” (Spearman’s rho correlations for Σ 4-ring PAHs: -0.77).

In order to achieve the main objective of this work, a wide range of
PAH concentrations had to be measured both in PM10 and bulk deposition. Otherwise, it would not have been possible to relate those
concentrations to those determined in the mosspheres, and the scatter
plots (as shown in Fig. 1) would be clouds of points. As indicated in the
previous section, a very wide range of concentrations was obtained for
almost all the compounds and their sums. However, to ensure the representativeness and the possibility of general application of the
equations obtained (Tables 1 and 2), exposure was carried out under
diﬀerent meteorological conditions. The selection of two diﬀerent scenarios (Atlantic and Mediterranean climates) and two seasonal surveys
enabled the mosspheres to be exposed under diﬀerent meteorological
conditions (see Table SI1).
Until now, few of the heavy metal concentrations determined in
moss bags have been found to be signiﬁcantly correlated with the
concentrations determined in bulk deposition (Ares et al., 2015a,b).
However, in the present study the results of the regression analysis
(Tables 1 and 2 and Fig. 1) were promising. The number of signiﬁcant
correlations and the values of the determination coeﬃcients were
higher for the comparison between the bulk deposition and mosspheres
(ca. 0.7) than for the comparison between the PM10 and mosspheres.
For both comparisons, no signiﬁcant correlations were found for the 3ring PAHs. For the other compounds (4-, 5- and 6-ring PAHs, their
sums, and the total PAHs), although with some few exceptions (Tables 1
and 2), the mosspheres explain ca. 50% of the variability of PM10
concentration determined by conventional methods and the ca. 70% of
the variability of bulk deposition concentration determined by conventional methods (reaching more than 80% for some compounds or
sums). In one sampling site, a diﬀerent type of PM10 sampler was used
6

Journal of Hazardous Materials 381 (2020) 120949

J.R. Aboal, et al.

Fig. 3. Bar graphs showing the sampling stations ranked according to the diﬀerence in the PAH concentration measured in unsheltered mosspheres (M) and sheltered
mosspheres (SM) (μg m−2 day-1), for each PAH considered and in two diﬀerent exposure periods. Points joined by lines show the corresponding bulk deposition
concentrations (μg m−2 day-1). Spearman’s Rho correlation coeﬃcients (ρ) and the corresponding p-value are shown. InvR: inverse Root Square transformation; Log:
logarithmic transformation; R: root Square transformation; I: inverse transformation. In the samples coding, the ﬁrst letter corresponds to the country (S, Spain; I,
Italy), the second letter to the type of scenario (A, agricultural; B, background; I, industrial; U, urban), and the number to the site (1 or 2 for each scenario). T1
indicates the ﬁrst exposure period and T2, the second exposure period.

determinations for the 4-, 5- and 6-ring PAHs show that mosspheres act
as integrators and the concentrations at the end of an exposure period
therefore equal the sum of the inputs via wet and dry deposition.
The cover placed over some of the mosspheres (sheltered) prevented
loss of compounds (via washing and photodegradation), but also prevented or limited uptake via wet deposition and dry deposition.
Negative diﬀerences between the PAH concentrations detected in the
unsheltered and the sheltered mosspheres, which indicate losses of
PAHs, have been observed for heavy metals (Marquès et al., 2017),
because the inputs could never be higher in sheltered mosspheres than
in unsheltered mosspheres. Losses indicate that mosspheres do not act
as integrators of all investigated PAHs. The numerous negative values,
with magnitudes similar to or even higher than positive values were
obtained for acenaphthene, ﬂuorene, phenanthrene and anthracene, for
both PM10 and bulk deposition (Figs. 2 and 3). For the aforementioned
compounds, signiﬁcant regressions between the concentrations in
PM10 and mosspheres or in bulk deposition and mosspheres were never
obtained, again indicating that mosspheres do not act as integrators of
these compounds. On the other hand, for the other PAHs, there were
almost no negative values (of low magnitude, most were explained by
the analytical uncertainty) for PM10 and for bulk deposition. These
diﬀerences, with only one exception (ﬂuoranthene), are signiﬁcantly
correlated with the PM10 or bulk deposition concentrations respectively, showing that the PAH concentrations in mossphere represent the
inputs, and the losses of compounds are negligible.
As seen above, the variance explained by the mosspheres with respect to PM10 and bulk deposition is not complete. Calculation of the
residuals and correlation between these and the climatic variables enables causes of this to be established. The ﬁndings for the bulk deposition were not clear, for which high determination coeﬃcients were
obtained. However, the wind could decrease the uptake of some 4-ring

(low volume sampler), which may explain why fewer correlations were
obtained for PM10 than for bulk deposition. However, the detailed
analysis of this sampling station did not reveal a diﬀerent pattern from
than those obtained with high volume samplers. The high values of the
coeﬃcients of determination obtained correspond to a data set collected in diﬀerent sites (aﬀected by diﬀerent pollution levels), climates
and dates. This indicates the potential use of mosspheres to estimate the
PAH concentrations (for individual 4-, 5- and 6-ring PAHs and their
sums, as well as the total PAHs) in PM10 and bulk deposition in other
scenarios. The ability of the Sphagnum palustre clone to accumulate 4-,
5- and 6-ring PAHs is consistent with recent ﬁndings for native Hypnum
cupressiforme transplants used to record pyrogenic pollution inputs in
the surveyed area (Capozzi et al., 2017). In the present study, the PAH
proﬁles in the exposed moss indicated a large increase in HMW PAHs
(4–6 rings) and an overall decrease in the lighter PAHs (2–3 rings),
relative to Capozzi et al. (Capozzi et al., 2017).
The lack of correlation between pollutant concentrations in bulk
deposition and moss (Aboal et al., 2010; Couto et al., 2004) can be
attributed to the fact that mosses (used either as passive or active
biomonitors) do not act as integrators of pollutants. However, it has
been considered (Lodenius, 1998) that the ﬁnal bioconcentration in
moss-bags results from a simple sum of the accumulation that occurs
during the exposure period through wet deposition (i.e. gases and
particles carried by precipitation, rain drops, snowﬂakes, etc., (Wania
et al., 1999)), and dry deposition (i.e. gases and particles which reach
the moss surface without being incorporated into precipitation). This
implies that the moss-bags do act as integrators and all the contaminants are retained indeﬁnitely. However, this assumption does not
take into consideration losses such as simple washing of particles or
compounds retained by the moss by rain or the photodegradation of
PAHs during the exposure. Nevertheless, the high coeﬃcients of
7
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PAHs and the sums of these. On the other hand, regarding PM10, it is
evident that the higher radiation levels decreased the residuals for 5and 6-ring compounds and their sums, which may be related to photodegradation processes (Marquès et al., 2017), thus explaining why
lower determination coeﬃcients were obtained than for bulk deposition.
Once the correct use of mosspheres has been established for 4-, 5-, 6ring PAHs, their sums and the total PAHs as monitors of PM10 and
especially of bulk deposition inputs, it is possible to hypothesize the
causes of this fact. Some studies have highlighted higher input of various organic pollutants by precipitation than dry deposition (Hillery
et al., 1998), which may explain why higher coeﬃcients of determination were obtained for bulk deposition. On the other hand, the
morphological characteristics of mosses, such as high surface area/
mass, leaves of one-cell thick, and cuticular waxes (Renault et al.,
2017), may explain their capacity to entrap and retain PAHs. However,
the fatty acids that coat the cells should not have diﬀerent eﬀects on
any of the PAHs, and this may therefore not be an important factor. In
comparison with unpolluted sites, high loadings of airborne particulate
can be found in contaminated sites (Hand et al., 2012), thus explaining
the higher concentrations of the intermediate and heavy PAHs obtained
in the mossphere, mainly associated with particulate matter (these
compounds are not usually found in the gaseous phase under the meteorological conditions in the study areas). The results obtained may be
explained by the association between intermediate and heavy PAHs and
particles and the eﬃciency of the mossphere to retain particles. The
strong attachment of particles (Spagnuolo et al., 2017) prevents them
being mechanically washed from the moss surface by rain. In addition
to leaf surface characteristics, some cell types, such as dead hyalocysts
in Sphagnum palustre, seem to play an important role in PAH uptake
(Spagnuolo et al., 2017).
The ﬁndings of this study are promising, as until now, the pollutant
concentrations determined in moss-bags have not generally been signiﬁcantly correlated with the concentrations determined in bulk deposition. The use of a Sphagnum clone enables standardization of the
mossphere device, thus making it a good tool for monitoring intermediate and heavy PAHs in the atmosphere, especially those related to
bulk deposition inputs. The standardised exposure protocol for mosspheres as sampling devices has been patented (EP3076171-A1;
W2016156443-A1), and in the present study mosspheres were used as
passive samplers. The experimental set-up ensures the representativeness (regarding pollution sources and meteorological conditions) and
the possibility of general application of system in similar environments.
In conclusion, the study ﬁndings enabled us to propose hypotheses
regarding the action of mosspheres as integrators of 4-, 5-, 6-ring PAHs,
the sums of these and total PAHs in the bulk deposition, and to a lesser
extent in PM10. These results enable the use of this innovative device to
map levels of intermediate and heavy PAHs and total PAHs, in both
urban and industrial areas. The establishment of quantitative relationships between air and PAH concentrations determined in moss bags is
of paramount importance to suggest a proposal for an European directive on air monitoring and support European policy regarding air
quality. Due to the robustness of the mossphere biosampling system, we
suggest the inclusion of the device in governmental environmental
management programmes.

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.jhazmat.2019.120949.
References
Ravindra, K., Sokhi, R., Van Grieken, R., 2008. Atmospheric polycyclic aromatic hydrocarbons: source attribution, emission factors and regulation. Atmos. Environ. 42,
2895–2921.
Goldman, R., Enewold, L., Pellizzari, E., Beach, J.B., Bowman, E.D., Krishnan, S., Shields,
P.G., 2001. Smoking increases carcinogenic polycyclic aromatic hydrocarbons in
human lung tissue. Cancer Res. 61, 6367–6371.
Hung, H., Blanchard, P., Halsall, C.J., Bidleman, T.F., Stern, G.A., Fellin, P., Muir, D.C.G.,
Barrie, L.A., Jantunen, L.M., Helm, P.A., Ma, J., Konoplev, A., 2005. Temporal and
spatial variabilities of atmospheric polychlorinated biphenyls (PCBs), organochlorine
(OC) pesticides and polycyclic aromatic hydrocarbons (PAHs) in the Canadian Arctic:
results from a decade of monitoring. Sci. Total Environ. 342, 119–144.
IARC, 2010. Some Non-heterocyclic Polycyclic Aromatic Hydrocarbons and Some Related
Exposures. Lyon (FR).
Ares, A., Aboal, J.R., Carballeira, A., Giordano, S., Adamo, P., Fernández, J.A., 2012. Moss
bag biomonitoring: a methodological review. Sci. Total Environ. 432, 143–158.
Ares, A., Fernández, J.A., Aboal, J.R., Carballeira, A., 2011. Study of the air quality in
industrial areas of Santa Cruz de Tenerife (Spain) by active biomonitoring with
Pseudoscleropodium purum. Ecotox. Environ. Saf. 74, 533–541.
Capozzi, F., Giordano, S., Di Palma, A., Spagnuolo, V., De Nicola, F., Adamo, P., 2016a.
Biomonitoring of atmospheric pollution by moss bags: discriminating urban-rural
structure in a fragmented landscape. Chemosphere 149, 211–218.
De Nicola, F., Murena, F., Costagliola, M.A., Alfani, A., Baldantoni, D., Prati, M.V., Sessa,
L., Spagnuolo, V., Giordano, S., 2013a. A multi-approach monitoring of particulate
matter, metals and PAHs in an urban street canyon. Environ. Sci.. Pollut. Res. 20,
4969–4979.
Foan, L., Domercq, M., Bermejo, R., Santamaría, J.M., Simon, V., 2015. Mosses as an
integrating tool for monitoring PAH atmospheric deposition: comparison with total
deposition and evaluation of bioconcentration factors. A year-long case-study.
Chemosphere 119, 452–458.
Vingiani, S., De Nicola, F., Purvis, W.O., Concha-Graña, E., Muniategui-Lorenzo, S.,
López-Mahía, P., Giordano, S., Adamo, P., 2015. Active biomonitoring of heavy
metals and PAHs with mosses and lichens: a case study in the cities of Naples and
London, water, air. Water Air Soil Pollut. Focus. 226, 240–252.
De Nicola, F., Spagnuolo, V., Baldantoni, D., Sessa, L., Alfani, A., Bargagli, R., Monaci, F.,
Terracciano, S., Giordano, S., 2013b. Improved biomonitoring of airborne contaminants by combined use of holm oak leaves and epiphytic moss. Chemosphere 92,
1224–1230.
Foan, L., Leblond, S., Thöni, L., Raynaud, C., Santamaría, J.M., Sebilo, M., Simon, V.,
2014. Spatial distribution of PAH concentrations and stable isotope three signatures
(δ13C, δ15N) in mosses from European areas – characterization by multivariate
analysis. Environ. Pollut. 184, 113–122.
Harmens, H., Foan, L., Simon, V., Mills, G., 2013. Terrestrial mosses as biomonitors of
atmospheric POPs pollution: a review. Environ. Pollut. 173, 245–254.
Wu, Q., Wang, X., Zhou, Q., 2014. Biomonitoring persistent organic pollutants in the
atmosphere with mosses: performance and application. Environ. Internat. 66, 28–37.
Keyte, I., Wild, E., Dent, J., Jones, K.C., 2009. Investigating the foliar uptake and withinleaf migration of phenanthrene by Moss (Hypnum cupressiforme) using two-photon
excitation microscopy with autoﬂuorescence. Environ. Sci. Technol. 43, 5755–5761.
Spagnuolo, V., Figlioli, F., De Nicola, F., Capozzi, F., Giordano, S., 2017. Tracking the
route of phenanthrene uptake in mosses: an experimental trial. Sci. Total Environ.
575, 1066–1073.
Capozzi, F., Giordano, S., Aboal, J.R., Adamo, P., Bargagli, R., Boquete, T., Di Palma, A.,
Real, C., Reski, R., Spagnuolo, V., Steinbauer, K., Tretiach, M., Varela, Z.,
Zechmeister, H., Fernández, J.A., 2016b. Best options for the exposure of traditional
and innovative moss bags: a systematic evaluation in three European countries.
Environ. Pollut. 214, 362–373.
Ares, A., Fernández, J.A., Carballeira, A., Aboal, J.R., 2014. Towards the methodological
optimization of the moss bag technique in terms of contaminants concentrations and
replicability values. Atmos. Environ. 94, 496–507.
Gailey, F.A.Y., Lloyd, O.L., 1986. Methodological investigations into low technology
monitoring of atmospheric metal pollution: part 3—the degree of replicability of the
metal concentrations. Environ. Pollut. Series B, Chem. Phys. 12, 85–109.
Aničić, M., Tasić, M., Frontasyeva, M.V., Tomašević, M., Rajšić, S., Mijić, Z., Popović, A.,
2009. Active moss biomonitoring of trace elements with Sphagnum girgensohnii moss
bags in relation to atmospheric bulk deposition in Belgrade, Serbia. Environ. Pollut.
157, 673–679.
Ares, A., Aboal, J., Carballeira, A., Fernández, J.A., 2015a. Do moss bags containing
devitalized Sphagnum denticulatum reﬂect heavy metal concentrations in bulk deposition? Ecol. Indicat. 50, 90–98.
Ares, A., Varela, Z., Aboal, J.R., Carballeira, A., Fernández, J.A., 2015b. Active biomonitoring with the moss Pseudoscleropodium purum: Comparison between diﬀerent
types of transplants and bulk deposition. Ecotox. Environ. Saf. 120, 74–79.
Duggan, M.J., Burton, M.A.S., 1983. Atmospheric metal deposition in London, Internat. J.
Environ. Stud. 21, 301–307.
Pilegaard, K., 1979. Heavy metals in bulk precipitation and transplanted Hypogymnia
physodes and Dicranoweisia cirrata in the vicinity of a Danish steelworks. Water Air
Soil Pollut. 11, 77–91.

Acknowledgements
This study received ﬁnancial support from FP7- ENV.2011.3.1.9e1
MOSSclone project of the European Union in the Seventh Framework
Program (FP7) for Research and Technological Development. This article is based on research work partly supported by FESR Campania
2014 – 2020 (GRISIS project CUP: B63D180002800079).

8

Journal of Hazardous Materials 381 (2020) 120949

J.R. Aboal, et al.

samplers for measurements of gaseous semi-volatile organic compounds in the tropical atmosphere. Atmos. Environ. 44, 884–891.
Capozzi, F., Di Palma, A., Adamo, P., Spagnuolo, V., Giordano, S., 2017. Monitoring
chronic and acute PAH atmospheric pollution using transplants of the moss Hypnum
cupressiforme and Robinia pseudacacia leaves. Atmos. Environ. 150, 45–54.
Aboal, J.R., Fernández, J.A., Boquete, T., Carballeira, A., 2010. Is it possible to estimate
atmospheric deposition of heavy metals by analysis of terrestrial mosses? Sci. Total
Environ. 408, 6291–6297.
Couto, J.A., Fernández, J.A., Aboal, J.R., Carballeira, A., 2004. Active biomonitoring of
element uptake with terrestrial mosses: a comparison of bulk and dry deposition. Sci.
Total Environ. 324, 211–222.
Wania, F., Mackay, D., Hoﬀ, J.T., 1999. The importance of snow scavenging of polychlorinated biphenyl and polycyclic aromatic hydrocarbon vapors. Environ. Sci.
Technol. 33, 195–197.
Marquès, M., Mari, M., Sierra, J., Nadal, M., Domingo, J.L., 2017. Solar radiation as a
swift pathway for PAH photodegradation: a ﬁeld study. Sci. Total Environ. 581-582,
530–540.
Hillery, B.R., Simcik, M.F., Basu, I., Hoﬀ, R.M., Strachan, W.M.J., Burniston, D., Chan,
C.H., Brice, K.A., Sweet, C.W., Hites, R.A., 1998. Atmospheric deposition of toxic
pollutants to the great lakes As measured by the integrated atmospheric deposition
network. Environ. Sci. Technol. 32, 2216–2221.
Renault, H., Alber, A., Horst, N.A., Basilio Lopes, A., Fich, E.A., Kriegshauser, L.,
Wiedemann, G., Ullmann, P., Herrgott, L., Erhardt, M., Pineau, E., Ehlting, J.,
Schmitt, M., Rose, J.K.C., Reski, R., Werck-Reichhart, D., 2017. A phenol-enriched
cuticle is ancestral to lignin evolution in land plants. Nat. Commun. 8, 14713.
Hand, J., Schichtel, B., Pitchford, M., Malm, W., Frank, N., 2012. Seasonal composition of
remote and urban ﬁne particulate matter in the United States. J. Geophys. Res.
Atmos. 117, D05209.

Beike, A.K., Spagnuolo, V., Lüth, V., Steinhart, F., Ramos-Gómez, J., Krebs, M., Adamo, P.,
Rey-Asensio, A.I., Fernández, J.A., Giordano, S., Decker, E.L., Reski, R., 2015. Clonal
in vitro propagation of peat mosses (Sphagnum L.) as novel green resources for basic
and applied research. Plant Cell Tissue Organ Cult. 120, 1037–1049.
Lodenius, M., 1998. Dry and wet deposition of mercury near a chlor-alkali plant. Sci.
Total Environ. 213, 53–56.
Concha-Graña, E., Muniategui-Lorenzo, S., De Nicola, F., Aboal, J.R., Rey-Asensio, A.I.,
Giordano, S., Reski, R., López-Mahía, P., Prada-Rodríguez, D., 2015. Matrix solid
phase dispersion method for determination of polycyclic aromatic hydrocarbons in
moss. J. Chromatogr. A 1406, 19–26.
Prada-Rodríguez, D., Iglesias-Samitier, S., Grueiro-Noche, G., Fernández-Amado, M.,
Piñeiro-Iglesias, M., Muniategui-Lorenzo, S., López-Mahía, P., 2015. Total and ﬂux
deposition of polycyclic aromatic hydrocarbons in several stations in Galicia (NW
Spain). 25th International Symposium on Polycyclic Aromatic Compounds (ISPAC
2015).
Bartkow, M.E., Huckins, J.N., Müller, J.F., 2004. Field-based evaluation of semipermeable
membrane devices (SPMDs) as passive air samplers of polyaromatic hydrocarbons
(PAHs). Atmos. Environ. 38, 5983–5990.
Melymuk, L., Robson, M., Helm, P.A., Diamond, M.L., 2011. Evaluation of passive air
sampler calibrations: selection of sampling rates and implications for the measurement of persistent organic pollutants in air. Atmos. Environ. 45, 1867–1875.
Tuduri, L., Millet, M., Briand, O., Montury, M., 2012. Passive air sampling of semi-volatile
organic compounds. TrAC Trends Anal. Chem. 31, 38–49.
Ellickson, K.M., McMahon, C.M., Herbrandson, C., Krause, M.J., Schmitt, C.M., Lippert,
C.J., Pratt, G.C., 2017. Analysis of polycyclic aromatic hydrocarbons (PAHs) in air
using passive sampling calibrated with active measurements. Environ. Pollut. 231,
487–496.
He, J., Balasubramanian, R., 2010. A comparative evaluation of passive and active

9

