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A B S T R A C T   

Study air polycyclic aromatic hydrocarbons (PAHs) capturing the spatial variability of their concentrations is not 
economically feasible with conventional methods. In the present work we tested, for the first time and under real 
conditions, the suitability for intensive monitoring and mapping these contaminants of innovative, cost-effective 
passive air samplers known as “Mosspheres”. The Mosspheres, filled with a devitalised Sphagnum palustre L. moss 
clone, were placed in a 575 m. grid in a medium-sized European city for three months. Concentrations in the 
moss tissues of 15 priority PAHs, including benzo(a)pyrene, were determined and converted into PM10 and bulk 
deposition with the equations proposed in a recent study. Low concentrations of PAHs were detected, with only a 
few enriched points never exceeding the legal thresholds, near industrial areas and busy roads. Despite these low 
PAH concentrations, Mosspheres were able to detect spatial structure for several PAHs and high-resolution 
pollution maps were constructed for these compounds. The results prove the high sensitivity and suitability of 
Mosspheres for mapping PAH levels and for quantitative (i.e. PAHs with 4 or more rings) and qualitative (3-ring 
PAHs) monitoring. Thus, this study supports their widespread application and its potential inclusion in European 
Directives on air quality control.   

1. Introduction 

Polycyclic aromatic hydrocarbons (PAHs) are organic pollutants 
with two or more benzene rings. These compounds are emitted to the 
atmosphere during the pyrolysis and incomplete combustion of fossil 
fuels and biomass (Wang et al., 2013). Major worldwide sources of at
mospheric PAHs include vehicular traffic, domestic heating and indus
trial processes, although natural sources such as wildfires and volcanic 
eruptions are also important (Patel et al., 2020; Shimada et al., 2022; Wu 
et al., 2023). In the atmosphere, low molecular weight PAHs (2- and 
3-ring PAHs) are mainly distributed in the gaseous phase, while heavier 
PAHs tend to be associated with particulate matter (Ma et al., 2013; 
Zhan et al., 2022). 

Some PAHs, especially those of high molecular weight, are of 
particular concern due to their potentially toxic effects, which include 
potentially strong carcinogenic and genotoxic effects (Montaño-Soto 
and Garza-Ocañas, 2014; Patel et al., 2020). This concern, together with 
the high persistence and mobility in the atmosphere and the capacity of 

PAHs to be biomagnified in food webs, has prompted governments to 
establish legislation regarding emissions of these compounds (Kim et al., 
2013; Ravindra et al., 2008; Verbruggen, 2012). Thus, European 
Directive 2004/107/EC (European Parliament and the Council of the 
European Union, 2004) established that average concentrations for 1 
year of measurement should not exceed 1 ng m− 3 of benzo(a)pyrene in 
particulate matter of diameter up to 10 μm (PM10). Although this 
Directive states that other important PAHs such as benzo(a)anthracene, 
benzo(b)fluoranthene and benzo(j)fluoranthene should also be 
measured in both PM10 and bulk deposition (BD), no additional target 
values were established because benzo(a)pyrene was considered an in
dicator of the remaining PAHs. Moreover, in the US, the Environmental 
Protection Agency (EPA) considers 16 PAHs as priority pollutants, while 
the Occupational Safety and Health Administration (OSHA) established 
an 8-h time-weighted average exposure limit of 200 ng m− 3 in work
place air. 

To ensure that these levels are not exceeded, direct monitoring 
methods with active air samplers and BD collectors are frequently used 
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to measure PAHs in PM10 and BD respectively. However, the technical 
equipment required and the high cost of implementation limit mea
surements to a few monitoring stations that barely cover the study areas 
(Augusto et al., 2013; Harmens et al., 2007). These limitations have led 
to the adoption of passive sampling techniques, such as polyurethane 
foam disks (PUF), which are cheaper and maintenance-free, and allow 
intensive urban monitoring networks to be established (Aslam et al., 
2022; Estellano et al., 2012; Thang et al., 2020). These networks have 
enabled predictive mapping of pollution, by providing high spatial 
resolution data on air quality and identifying pollution hotspots (Choi 
et al., 2012; Qu et al., 2021; Thang et al., 2020). 

Another approach that is commonly used to monitor PAHs is the use 
of organisms as biomonitors. In urban areas, mosses have been widely 
used for this purpose (Capozzi et al., 2020; Carrieri et al., 2021; Marti
nez-Swatson et al., 2020; Vingiani et al., 2015). However, despite the 
well-documented capacity of moss for detecting pollution hotspots and 
mapping pollution (Ares et al., 2011; Jovan et al., 2021), the concen
trations of pollutants in moss tissues do not provide quantitative mea
surements of the concentrations in PM10 and BD, thus limiting their 
usefulness for regulatory purposes and health risk assessment. In an 
attempt to resolve this limitation, a new biotechnological tool, the 
“Mossphere®“, was developed in the European “MOSSclone” project 
(FP7. ENV. 2011-Eco-Innovation: www.mossclone.eu; Patent 
EP3076171-A1; WO2016156443-A1). This original device, filled with a 
devitalised moss clone, takes up chemical pollutants which bind to the 
moss cell wall by purely physic-chemical processes (Capozzi et al., 
2016). As a result, Aboal et al. (2020) have found, by deploying con
ventional methods and Mosspheres at the same time in several sampling 
points, for different climates, seasons and environments, significant 
correlations between the concentrations of PAHs with 4 or more rings in 
Mosspheres filled with the moss Sphagnum palustre and those measured 
in PM10 and BD. The Mossphere has thus become the first biomonitor in 
which the PAH concentrations are related to the concentrations 
measured by conventional methods (Aboal et al., 2020). However, 
despite these promising advances, neither these devices, which are 
cost-effective and environmentally friendly (see Alfonsín et al., 2015), 
nor the expressions relating their concentrations to PM10 and BD, have 
been applied to monitor and mapping PAH levels in an entirely study 
area. 

In the present study we considered these theoretical advances in 
testing the capacity of Mosspheres to monitor and map PAH levels in 
PM10 and BD under real conditions, using a regular urban network of 
Mosspheres located in a medium-sized European city of ca. 200,000 
inhabitants as a working example. 

2. Material and methods 

2.1. Mossphere devices 

Mosspheres were prepared at the laboratory. Each Mossphere device 
consists of two concentric spheres: an inner sphere of diameter 10 cm 
made of high-density polyethylene and an external sphere of diameter 
11 cm made from nylon netting of mesh size 2 mm. The Sphagnum pal
ustre L. clone was grown in bioreactors following the method of Beike 
et al. (2014). The moss thus obtained was washed with water and EDTA 
before being devitalised in an oven in three consecutive drying cycles of 
8 h, each at 50, 80 and 100 ◦C. Aliquots of 3 g of prepared moss were 
inserted in the space between the two spheres (10 mm wide), to produce 
a ratio between the moss weight and the surface area of the bag of 10 mg 
cm− 2 (Capozzi et al., 2016). The prepared Mosspheres were stored in 
vacuum-sealed polyethylene bags until exposure. 

2.2. Exposure of Mosspheres 

The present study was carried out in the city of Logroño (N Spain; 
42◦28′12′′N latitude, 2◦26′44′′W longitude, 384 m altitude). This city 

has a continental Mediterranean climate and is urbanistically similar to 
many other European cities, with widely distributed residential areas 
(ca. 155,000 inhabitants in the city and a total of ca. 197,000 in the 
metropolitan area). Industrial activity, mainly involving the food and 
automotive industries, is concentrated in two industrial parks located in 
the outskirts of the city (Fig. 1). There are also some tunnels and busy 
roads, with some hotspots of heavy traffic. 

Eighty-four Mosspheres (one in each sampling point) were exposed 
at height of 4 m (most were attached to streetlights on fiberglass poles) 
during three months (March to May 2018). This height and exposure 
time were selected following the last recommendations in moss bio
monitoring (Ares et al., 2012; Capozzi et al., 2016). Seventy-eight of 
them were distributed in a regular grid of side 575 m, covering the 
whole city. Six additional spheres were placed in sites in the urban pe
riphery. The sampling network covered the existing variety of the city’s 
structures, with sampling points in industrial areas, residential areas, 
quarries, green areas or roads (see Fig. 1 for more information about 
each sampling point). Three samplers (numbers 7, 74, and 84) were lost 
during the exposure period. 

After 91 days of exposition, the Mosspheres were collected, placed in 
polyethylene zipper bags and transported to the laboratory. In addition, 
five Mosspheres, that were kept in the laboratory inside the vacuum- 
sealed bags involved in aluminium foil during these 3 months, were 
taken out of the sealed bags and carried in polyethylene zipper bags to 
all sampling points the day of the collection of the exposed Mosspheres, 
to check for possible contamination during the transport. The PAHs 
concentrations determined in these samplers were considered the con
trol concentration. Moreover, the mean PAHs concentrations in the moss 
of 5 unexposed Mosspheres were considered the initial concentration 
(t0). 

Once in the laboratory, the moss material was pulled out manually 
from the Mosspheres, oven-dried (24 h at 40 ◦C) and pulverized in a 
tangential mill (Restch MM-400, with zirconium oxide vessels) and 
stored in amber vials until PAH analyses. 

2.3. Chemical analysis 

For all Mosspheres (t0, controls, and exposed samples), the PAHs 
content of the moss material was extracted by matrix solid-phase 
dispersion extraction. Briefly, PAHs were eluted using hexane, 
dichloromethane and Na2SO4 and applying a pressure program from 
640 mbar to 210 mbar during 40 min. Then, 20 μl of internal standard 
was added. The extract was analysed by programmed temperature 
vaporisation-gas chromatography-tandem mass spectrometry (PTV-GC- 
MS/MS) determination using a Trace-GC-Polaris Q, Thermo-Finningan 
and the Xcalibur software. The concentrations of the following PAHs 
were determined: acenaphthene (Ace); fluorene (F); phenanthrene (P); 
anthracene (Ant); fluoranthene (Fl); pyrene (Pyr); benzo[a]anthracene 
(BaAnt); chrysene (Chr); benzo[b+j]fluoranthene (BbjFl); benzo[k]flu
oranthene (BkFl); benzo[e]pyrene (BePyr); benzo[a]pyrene (BaPyr); 
dibenzo[a,h]anthracene (DBahAnt); indene[1,2,3-cd]pyrene (Ipyr); and 
benzo[ghi]perylene (BghiPer). Procedural and instrumental blanks were 
systematically evaluated with each batch of samples. For further details 
regarding the chemical analysis see Concha-Graña et al. (2015). 

2.4. Analytical quality results 

Analytical quality control was performed by two parallel analyses. 
First, the limit of quantification (LOQ) of each compound was calculated 
from the blanks as ten times the standard deviation of their values 
(Table 1). In general, between 0 and 16% of the samples were found to 
be below the LOQ and these concentrations were substituted by 0.5 * 
LOQ. In the case of DBahAnt, 51% of the samples were below this limit, 
and this compound was therefore excluded from the PM10 and BD 
estimation. Secondly, percent recoveries of 6 deuterated compounds 
(phenanthrene D10, fluoranthene D8, pyrene D10, chrysene D12, benzo 
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[a]pyrene D12, benzo[ghi]perylene D12) added before the extraction 
were calculated, ranging from 70% to 103%, and included in calcula
tions to quantify all the investigated PAHs. Similar procedures were 
previously reported by several authors (Carrieri et al., 2021; 
Pérez-Fernández et al., 2018). 

2.5. Data treatment and statistical analysis 

Contamination of the samples during transportation to the labora
tory in the polyethylene zipper bags was discarded by comparing the 
PAHs concentrations in t0 and in the controls (Mann-Whitney U test, 
wilcox.test function in R Core). The method developed by Aboal et al. 
(2020) was used to estimate the PAH concentrations (of 4-, 5-, and 
6-rings, their sums, and total PAHs) in BD and PM10. PAH deposition was 
estimated as follows: Depositionmoss= (C*Mmoss)/(A*t) (where C is the 
PAH concentration in moss (μg g− 1), Mmoss is the amount (g) of moss 
exposed in each sphere (3 g), A is the surface area (0.0346 m2) of the 
Mossphere, and t is the exposure time (91 days)). Flux of PAHs in the air 
was estimated in this way: Fluxmoss = (C*Mmoss)/(V*t), where C is the 
PAH concentration in moss (ng g− 1), Mmoss is the amount (3 g) of moss 
exposed in each sphere, V is the rate of air volume in contact with the 
Mossphere (1.666 m3 day− 1, estimated by Aboal et al. (2020) from es
timates of other passive samplers), and t is the exposure time (91 days). 
Then, Depositionmoss was transformed into BD (μg m− 2 day) and Fluxmoss 

Fig. 1. Location of the city where the PAH monitoring was carried out and of the Mossphere samplers. Location of the province (La Rioja) and the city surveyed 
(Logroño) in Spain (Fig. 1A, 1.B). Detailed map showing the city structure and the sampling points where the Mosspheres were located. The sampling grid consisted 
of 84 points: 78 in a regular grid (of side 575 m), and six additional points in the periphery (79–84). Three of the Mosspheres (numbers 7, 74, and 84) were lost during 
the exposure period (Fig. 1C). 

Table 1 
Limits of quantification (LOQ), percentage of Mossphere samples determined 
below these values.  

Compound LOQ (ng g− 1) samples < LOQ (%) 

Ace 1.1 1 
F 0.2 0 
P 1.7 2 
Ant 1.2 3 
Fl 1.0 0 
Pyr 1.2 0 
BaAnt 0.2 8 
Chr 0.2 1 
BbjFl 0.4 3 
BkFl 0.4 9 
BePyr 0.3 11 
BaPyr 0.5 12 
DBahAnt 1.0 51 
Ipyr 0.1 16 
BghiPer 0.8 3 

Ace, acenaphthene; F, fluorene; P, phenanthrene; Ant, anthracene; Fl, fluo
ranthene; Pyr, pyrene; BaAnt, benzo[a]anthracene; Chr, chrysene; BbjFl, benzo 
[b+j]fluoranthene; BkFl, benzo[k]fluoranthene; BePyr, benzo[e]pyrene; BaPyr, 
benzo[a]pyrene; DBahAnt, dibenzo[a,h]anthracene; Ipyr, indene[1,2,3-cd] 
pyrene; BghiPer, benzo[ghi]perylene. 
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(ng m− 3) into PM10 using the equations shown in Table 1SM, derived 
from Aboal et al. (2020). Transformations of the 3-ring PAHs concen
trations determined in the Mosspheres into PM10 and BD and of BaAnt 
into PM10 were ruled out, because of the lack of significant correlations 
(Aboal et al., 2020). 

Some PAH diagnostic ratios were applied to the BD PAH concen
trations (i.e. BaAnt/(BaAnt + Chr); Fl/(Fl + Pyr); Ipyr/(Ipyr + BghiPer)) 
(Yunker et al., 2002). Since each source of PAHs has characteristic 
ranges of these ratios, they should help to identify PAHs emission 
sources. 

The PM10 and BD concentrations were weighted according to the 
toxicity, using the toxic BaPyr equivalency factor (TEF) (Environment 
Protection Authority, 2021; Nisbet and Lagoy, 1992) (Table 2). The 
concentrations of each compound were multiplied by their respective 
TEF values, to yield the toxic BaPyr equivalent concentrations (TEQ). 

Descriptive statistics, density functions, omnidirectional semivario
grams and ordinary kriging were performed in R using the R Core and 
the packages “ggplot2”, “sp” and “gstat” (Bivand et al., 2013; Gräler 
et al., 2016; Wickham, 2009). Pollution maps were constructed using 
ArcMap 10.7 (ESRI©). 

3. Results 

3.1. PAH levels 

The median PAH concentrations in the Mosspheres and the corre
sponding estimated concentrations in BD and PM10, together with their 
interquartile ranges (IQR), are shown in Table 2 (see PAH concentra
tions in Mosspheres, BD and PM10 at each sampling point in Table 2SM). 
The total median concentration of 3-ring PAHs in Mosspheres (0.057 μg 
g− 1) was higher than the sums of the 4-ring, 5-ring and 6-ring PAHs, 
while the reverse was found for the estimated PM10 and BD, with the 
sum of the 6-ring PAHs (0.077 μg m− 2 day− 1 in BD and 0.294 ng m− 3 in 
PM10) being the highest. When the concentration of each compound was 
weighted according to the TEF, the highest TEQ values were obtained 
for BaPyr and BbjFl in BD and for Ipyr and BaPyr in PM10 (Table 2). 

For the estimated concentrations of PAHs in PM10 (Fig. 2) and BD 
(Fig. 1SM), kernel density diagrams revealed a first component (back
ground level) in which the vast majority of the data were included. In a 

few instances, the concentrations were higher than the modal value, 
implying the existence of some enriched stations, 8 of them consistently 
enriched for most PAHs. Four of these stations were located in the SE 
part of the territory studied (Fig. 1), either in an industrial park (63 and 
75) or near a motorway (77 and 78); one in the NE part, in another 
industrial park (22); two in the W zone (40 and 66), one in the SW near a 
gravel extraction area with heavy lorry traffic (66); and one in a public 
car park in the centre of the city (47). For 6-ring PAHs (i.e. Ipyr and 
BghiPer, and the total 6-ring sum), together with the stations already 
mentioned, PAH levels were highest at stations number 22, number 12 
(located in the industrial park in the NE of the city) and number 18 (near 
a public parking in the N part). When the totality of PAHs were 
considered, the most enriched station was clearly number 47. This is 
because the 3-ring PAHs determined in the Mosspheres, whose trans
formation into PM10 and BD was discarded, were taken into account for 
total PAHs concentration transformation. 

3.2. Spatial structure of PAH concentrations 

Although the stations with high PAH levels were mainly located in 
particular sites (industrial areas and near car parks or busy roads), sig
nificant increases (p < 0.05) in the variance with distance, i.e. spatial 
structure, were only observed in both PM10 and BD in the omnidirec
tional semivariograms for Pyr, BaPyr, BePyr, BghiPer and the sums of 5- 
and 6-ring PAHs (Fig. 2 and 3SM). The kriging maps obtained for these 
PAHs were similar, all showing a main source of pollution in the in
dustrial park and the motorway located in the SE part of the city (see 
Fig. 3 for BaPyr, Fig. 4 for Pyr and Figs. 4–7SM for, respectively, BePyr, 
BghiPer and the sums of 5- and 6-ring PAHs in PM10). Other smaller 
areas with high PAH levels were located in the SW (especially for BaPyr, 
BePyr and the sum of 5-ring PAHs) and NE (for Pyr, BaPyr, BghiPer and 
the sum of 6-ring PAHs) of the map, for the reasons given above. Other 
small but defined spots of pollution close to other industrial areas, car 
parks and busy roads were also detected for Pyr, BaPyr and the sum of 5- 
ring PAHs. 

Finally, no detectable pattern was observed in the diagnostic ratios 
used (BaAnt/(BaAnt + Chr); Fl/(Fl + Pyr) and Ipyr/(Ipyr + BghiPer)). 
This way, it was not possible to identify the PAHs pollution emission 
sources, which supports the existence of diffuse pollution sources. 

Table 2 
Median concentrations of PAHs in Mosspheres and corresponding estimated concentrations in bulk deposition (BD) and PM10, together with interquartile 
ranges and their toxic equivalence. IQR: Interquartile range; TEF: BaPyr toxic equivalence factor; TEQ: BaPyr toxic equivalent concentrations. See section 2.5 for 
further details regarding transformation of Mosspheres concentration into BD and PM10.   

Mosspheres (μg g− 1) BD (μg m− 2 d− 1)  PM10 (ng m− 3)  

Compound TEF Median IQR Median IQR TEQ Median IQR TEQ 
Ace 0.001 0.007 0.013 – –  – –  
F 0.001 0.015 0.013 – –  – –  
P 0.001 0.028 0.011 – –  – –  
Ant 0.01 0.004 0.003 – –  – –  
Fl 0.001 0.012 0.008 0.002 0.007 0.000002 0.016 0.012 0.000016 
Pyr 0.001 0.012 0.011 0.007 0.017 0.000007 0.022 0.035 0.000022 
BaAnt 0.1 0.001 0.001 0.001 0.001 0.0001 – – – 
Chr 0.01 0.005 0.003 0.002 0.002 0.00002 0.027 0.017 0.00027 
BbjFl 0.1 0.007 0.004 0.045 0.048 0.0045 0.120 0.075 0.012 
BkFl 0.1 0.002 0.001 0.004 0.003 0.0004 0.019 0.010 0.0019 
BePyr 1.0 0.002 0.004 0.002 0.005 0.002 0.006 0.036 0.006 
BaPyr 1.0 0.003 0.002 0.009 0.006 0.009 0.039 0.061 0.039 
DBahAnt 5.0 0.001 0.002 – – – – – – 
Ipyr 0.1 0.003 0.004 0.006 0.009 0.0009 0.061 0.127 0.061 
BghiPer 0.01 0.009 0.010 0.014 0.016 0.00016 0.285 0.214 0.00285 
3-rings  0.057 0.034 – –  – –  
4-rings  0.030 0.023 0.014 0.035  0.048 0.093  
5-rings  0.016 0.012 0.053 0.066  0.239 0.252  
6-rings  0.013 0.013 0.077 0.094  0.294 0.359  
Total  0.122 0.072 0.142 0.205  0.541 0.536  

Ace, acenaphthene; F, fluorene; P, phenanthrene; Ant, anthracene; Fl, fluoranthene; Pyr, pyrene; BaAnt, benzo[a]anthracene; Chr, chrysene; BbjFl, benzo[b+j]flu
oranthene; BkFl, benzo[k]fluoranthene; BePyr, benzo[e]pyrene; BaPyr, benzo[a]pyrene; DBahAnt, dibenzo[a,h]anthracene; Ipyr, indene[1,2,3-cd]pyrene; BghiPer, 
benzo[ghi]perylene. 

∑
4-ring, 

∑
5-ring, 

∑
6-ring, sum of 4-, 5- and 6-ring PAH concentrations. Total: sum of all compounds determined. 
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Fig. 2. Distribution of estimated PAH levels (ng m− 3) in PM10. Kernel smoothing of the data from the 81 sampling points. The red lines indicate the PAH levels at 
different sampling stations shown inside the green circles. 
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Fig. 3. Pollution map for the city of Logroño (N Spain). The map was produced by kriging of benzo(a)pyrene (BaPyr) concentrations in PM10 (ng m− 3) estimated 
from the concentrations determined in Mosspheres. Reddish and bluish tones represent higher and lower levels of this compound, respectively. 

Fig. 4. Pollution map for the city of Logroño (N Spain). The map was produced by kriging of pyrene (Pyr) concentrations in PM10 (ng m− 3) estimated from the 
concentrations determined in Mosspheres. Reddish and bluish tones represent higher and lower concentrations of this compound, respectively. 
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However, concentration ranges attributed to fossil fuel combustion 
predominated in them (Figs. 8–10SM), indicating that this could be a 
major source of PAHs. 

4. Discussion 

4.1. PAH levels 

Median concentrations of the total PAHs were 0.125 ng g− 1 in 
Mosspheres, 0.142 μg m− 2 d− 1 in BD and 0.541 ng m− 3 in PM10. For 
individual PAHs, median concentrations ranged, from 0.001 to 0.028 ng 
g− 1 in Mosspheres, from 0.001 to 0.045 μg m− 2 d− 1 in BD and from 
0.006 to 0.285 ng m− 3 in PM10. The accumulation of 3-ring PAHs were 
2–3 times higher than the sums of 4-, 5- and 6-ring PAHs in the Mos
spheres, which can be explained by the easier diffusion of 3-ring PAHs 
through the sorbent material and their higher concentrations in the 
environment (Estellano et al., 2012; Mętrak et al., 2016; Wu et al., 
2023). BaPyr concentrations were always below the legal limit of 1 ng 
m− 3 in PM10 (EU Directive, 2004/107/EC) and low TEQ values were 
obtained. Thus, the concentration of DBahAnt, (the PAH compound with 
the highest TEF: 5-fold the toxicity of BaPyr) was below the LOQ (1 ng 
g− 1) in 51% of the samples (Table 1), indicating the absence of high 
levels of this compound at most of the sampling points. Moreover, kernel 
distributions showed few PAH enriched points (Fig. 2 for PM10 and 
Fig. 1SM for BD). 

The results show that the city of Logroño was not significantly 
affected by PAH pollution in the spring season. Accordingly, low PAHs 
concentrations, similar to those obtained in the Mosspheres in this study 
were found in the city in leaves of the ornamental tree Ligustrum lucidum 
in a regional report, for the same period (spring 2018; median total 
PAHs concentration 0.192 μg g− 1, median BaPyr concentration 0.002 μg 
g− 1; (Martínez-Abaigar et al., 2018). Likewise, in 2016, a biomonitoring 
study using the moss Hypnum cupressiforme detected low PAHs concen
trations across the region (La Rioja, median total PAHs concentration 
0.042 μg g− 1; Frontasyeva et al., 2020). 

The concentrations obtained were lower than those obtained in 
Mosspheres in a previous study carried out in urban areas (higher 
populated than the city of this study) and in agricultural, background 
and industrial environments (Aboal et al., 2020), that found maximum 
values up to one order of magnitude higher (6.28 μg m− 2 day− 1 in BD 
and 6.98 ng m− 3 in PM10 for total PAHs). Additionally, much higher 
concentrations were found in moss of the same genus (Sphagnum) 
exposed during 3 months in a slightly smaller city (Opole, Poland) 
(0.144 μg g− 1 as the median of BaPyr; ́Swisłowski et al., 2021). Likewise, 
concentrations 6 times higher were obtained in PM10 using PUF in a 
turkish city with twice the population of Logroño (96.44 ng m− 3 and 
0.19 ng m− 3 for total PAHs and BaPyr respectively, Dumanoglu et al., 
2017) and 4 times higher using high volume air samplers in the rural 
area of the Tibetean Plateau (2.015 ng m− 3 for total PAHs, Wu et al., 
2023). Given that sources of PAH emissions usually release other pol
lutants simultaneously, the low PAH levels could also indicate generally 
good air quality in the study area. 

In addition, the results demonstrated the high sensitivity of the 
Mosspheres, with limits of quantification in the order of 1 ppb or less 
(Table 1), that allowed the technique to discriminate between low levels 
of PAHs (see Tables 2 and 2SM). Even though the legislated limits of 1 
ng m− 3 are far above these values, a high sensitivity of the technique is 
essential in the context of growing public concern about pollution (Yin 
et al., 2020). 

4.2. Spatial distribution of PAHs in the study area 

Although the PAH levels were generally low, higher levels of the 
different PAHs were consistently observed at some sampling stations (e. 
g. 77, 66, 22, 47, 63, 75, 78 and 40). The dominance of westerly winds 
may lead to greater accumulation of pollutants in the Mosspheres 

located in the east of the city (https://es.windfinder.com/windstatistic 
s/logrono-agoncillo). However, the stations characterised by high PAH 
levels were mainly associated with busy roads and industrial facilities, 
indicating that vehicular and industrial emissions are the major sources 
of PAHs in the study area (Figs. 1–2 and 1SM). This is supported by the 
diagnostic ratios obtained, that showed ranges compatibles with fossil 
fuel combustion as the predominant source (Figs. 8–10 SM). These 
sources are well-known sources of PAHs emissions (Shimada et al., 
2022; Wu et al., 2023) and, therefore, it can be concluded that the 
Mosspheres were able to detect the sources of pollution. This is espe
cially important for other monitoring areas for which we have no prior 
information regarding their industrial or road activities. 

Because of the high sensitivity of the Mossphere technique, spatial 
structure in the concentrations of Pyr, BaPyr, BePyr, BghiPer and the 
sums of 5- and 6-ring PAHs was detected in the established sampling grid 
(side 575 m), thus enabling the construction of pollution maps for these 
compounds by spatial interpolation. These maps revealed that industry 
and vehicle emissions did not severely affect the air quality in residential 
areas and that the inhabitants were therefore exposed to relatively low 
levels of these pollutants (Figs. 3–4 and 5–6SM). 

However, spatial structure was not observed in the concentrations of 
most of the PAHs (see Figs. 2-3SM). This may be explained by the 
presence of diffuse pollution sources, also underlined by the lack of a 
clear pattern in PAH diagnostic ratios. Diffuse sources may create a 
spatial structure at smaller scales than the established sampling interval 
(575 m) and thus be overlooked. This is not surprising, as variability in 
pollution levels at a local scale is widely documented (Anastasopoulos 
et al., 2012). In this respect, the cost-effectiveness of the Mosspheres 
would enable the sampling density to be increased, thus yielding higher 
spatial resolution at smaller scales. 

4.3. Advantages of the Mosspheres over conventional methods 

One of the main problems when monitoring air pollution is the high 
specificity and cost of air quality instruments (e.g. space, maintenance, 
technical equipment, etc.) (Aboal et al., 2020; Augusto et al., 2013). 
Economic constraints usually result in a low density of pollution moni
toring stations on which prediction of pollution over the whole study 
area depends, thus yielding poor spatial resolution. In addition, there is 
still a lack of monitoring stations in many rural and urban areas owing to 
this limitation (WAQI.Info: World Air Quality Index; https://waqi. 
info/es/). The Mosspheres overcome these limitations by being 
cost-effective and maintenance-free. This way, their use allows for more 
accurate measurement at a higher spatial resolution than would be 
possible using conventional techniques. 

Thus, the Mosspheres are valuable complements of conventional 
measurement methods (i.e. air pumps and deposition collectors) and can 
help to determine where sampling stations should be located by iden
tifying those points with the highest PAH concentration. The ability of 
moss transplants to detect pollution sources overlooked by the sampling 
stations was described by Ares et al. (2011), resulting in the change of 
location of these stations in the study area. 

4.4. Mossphere limitations 

Aboal et al. (2020) did not observe significant correlations between 
the concentrations of 3-ring PAHs in Mosspheres and those in PM10 and 
BD, so transformation of these values was ruled out. The lack of corre
lation between the concentrations of pollutants in moss biomonitors and 
those measured in the environment by conventional methods has also 
been reported in metal pollution studies (e.g. Aničić et al., 2009; Ares 
et al., 2015). Although this may represent a limitation of Mosspheres in 
terms of quantitative risk assessment, qualitative assessment of these 
pollutants remains possible, and Mosspheres could still be useful for 
detecting pollution hotspots and identifying sources of emission of 
3-ring PAHs. 
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In addition, some losses of these compounds may have occurred 
during the exposure of the Mosspheres because of washing rain, wind or 
solar radiation (Ma et al., 2013). Since Aboal et al. (2020) compared 
PAH concentrations in shelter and unsheltered Mosspheres showing that 
there were no significant differences between them for PAHs with 4 or 
more rings, it was decided to keep the Mosspheres unsheltered. 

Moreover, wide seasonal variations in PAH concentrations have been 
documented, with the highest concentrations occurring in winter. The 
increase in emissions from home heating systems, together with the 
limited dispersion of pollutants due to temperature inversions and the 
decrease in PAH degradation by solar radiation, may explain this sea
sonal pattern (Foan et al., 2015; Tan et al., 2006; Thang et al., 2020). 
Although the present study was carried out in spring, similar studies 
should be repeated in other seasons, especially in winter. 

Finally, according to Aboal et al. (2020), the Mosspheres explained 
ca. 50% and 70% of the concentrations of PM10 and BD measured by 
conventional techniques, respectively. There is therefore a part of this 
variability that is not being picked up by this technique. 

5. Conclusions 

In this study, a sampling grid of Mosspheres was established to 
monitor PAHs concentrations in a medium-sized city. Low PAHs con
centrations and TEQ values were found and enrichment with PAHs was 
detected in a few points, showing that this area was not significantly 
affected by PAH pollution. Spatial structure was detected for some 
compounds, with the highest concentrations of these compounds 
detected in busy roads and industrial facilities. These results support the 
use of Mosspheres for quantification, monitoring and mapping of a wide 
range of PAH compounds. Because of its cost-effectiveness, high sensi
tivity, portability and ease of use, the Mossphere technique (which can 
also be used to monitor other potentially toxic elements) could become a 
very useful tool for public administrations, industries and environmental 
managers. 
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Adamo, P., Rey-Asensio, A.I., Fernández, J.A., Giordano, S., Decker, E.L., Reski, R., 
2014. 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. https://doi.org/10.1007/S11240-014-0658-2. 
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