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Abstract
The number of atmospheric mercury (Hg) monitoring stations is growing globally. However, there are still many regions and 
locations where Hg monitoring is limited or non-existent. Expansion of the atmospheric Hg monitoring network could be 
facilitated by the use of cost-effective monitoring methods. As such, biomonitoring and passive monitoring offer a unique 
alternative to well-established monitoring by active measurements, since they do not require a power supply and require 
minimal workload to operate. The use of biomonitoring (lichens and mosses) and passive air samplers (PASs) (various 
designs with synthetic materials) has been reported in the literature, and comparisons with active measurement methods 
have also been made. However, these studies compared either biomonitoring or PASs (not both) to only one type of active 
measurement. In our work, we used transplanted (7 sampling sites) and in situ lichens (8 sampling sites) for biomonitoring, 
two PASs from different producers (3 sampling sites), and two different active measurement types (continuous and discon-
tinuous active measurements, 1 and 8 sampling sites, respectively) to evaluate their effectiveness as monitoring methods. In 
the 9-month sampling campaign, 3 sampling locations with different characteristics (unpolluted, vicinity of a cement plant, 
and vicinity of a former Hg mine) were used. The results obtained with lichens and PASs clearly distinguished between 
sampling locations with different Hg concentrations; using both PASs and lichens together increased the confidence of our 
observations. The present work shows that biomonitoring and passive sampling can be effectively used to identify areas 
with elevated atmospheric Hg concentrations. The same can be said for discontinuous active measurements; however, the 
discrepancy between atmospheric Hg concentrations derived from PASs and discontinuous active measurements should be 
further investigated in the future.
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Introduction

Elevated concentrations of Hg in the environment are 
the result of human activity (Amos et al. 2015) Because 
most anthropogenic Hg enters the environment through 
the atmosphere (Driscoll et al. 2013), the chemistry and 
concentrations of atmospheric Hg are important for under-
standing human impact on the biogeochemical cycling of 
Hg. In recent decades, much effort has been invested in 
improving the knowledge of atmospheric mercury, includ-
ing the establishment of networks for long-term monitor-
ing of atmospheric Hg. Several such global and regional 
networks were established in Europe, USA, Canada, and 
East Asia (Cole et al. 2013; Gay et al. 2013; Sprovieri 
et al. 2016). Although the number of monitoring sites is 
increasing, there are still many large regions with limited 
or non-existent monitoring sites for atmospheric Hg. This 
is especially true for the Southern Hemisphere (UN Envi-
ronment 2019).

The majority of monitoring sites use automated con-
tinuous measurements to monitor atmospheric Hg con-
centrations (i.e., by using Tekran units) (Cole et al. 2013; 
Gay et al. 2013; Sprovieri et al. 2016), although different 
methods for atmospheric Hg monitoring such as sorb-
ent membranes are increasingly used (Gustin et al. 2021; 
Luippold et al. 2020). Additionally, a portable atmospheric 
Hg analyzer can be used for monitoring purposes (Mashy-
anov et al. 2021; Pandey et al. 2011). The abovementioned 
monitoring methods can all be considered active measure-
ment methods, requiring a power supply to acquire data. 
In contrast, biomonitoring and passive samplers (PASs) do 
not require a power supply and may be cost-effective. For 
Hg biomonitoring, lichens or mosses are most commonly 
used (Bargagli 2016). Both in situ and transplanted lichens 
and mosses can be used for atmospheric Hg monitoring 
(Boquete et al. 2013; Horvat et al. 2000). PASs are made 
of synthetic Hg collection materials that can be assembled 
into different shapes such as radial, axial, and box-shaped 
PASs. Atmospheric Hg concentration is then derived by 
knowing the parameters of Hg diffusion to the collection 
material (Huang et al. 2014).

Atmospheric Hg usually consists mostly of elemental 
Hg (Hg0), though it has recently been shown that oxidized 
Hg species (HgII) and Hg bound to particulates (Hg-p) 
could account for about 25% of the total atmospheric Hg 
concentration (Gustin et al. 2015). Unlike the monitoring 
of HgII and Hg-p, which faces analytical challenges and 
problems, Hg0 is monitored routinely with active monitor-
ing methods. On the other hand, biomonitoring and passive 
sampling methods are not yet routine and well-accepted on 
a worldwide scale (Bargagli 2016). When using biomoni-
toring, it is assumed that the accumulation of atmospheric 

Hg occurs mainly through the uptake of Hg0 (Monaci et al. 
2022), which can be irreversible due to the transforma-
tion to relatively immobile HgII species or reversible with 
the desorption of Hg0 back into the atmosphere (Lode-
nius 2013). In most studies using biomonitoring, total 
Hg content in chosen biota is positively correlated with 
atmospheric Hg0 concentration (Božič et al. 2022; Monaci 
et al. 2022; Sutton et al. 2014). Correlations between Hg 
in biota and atmospheric Hg are often highly dependent 
on parameters such as wind fluxes, air temperature, light, 
mercury speciation, and biotic species (Lodenius 2013). 
Due to the dependence on too many factors, biomonitoring 
methods are most often not calibrated (Huang et al. 2014). 
On the other hand, PASs are calibrated (McLagan et al. 
2018b), also taking into account the effect of meteoro-
logical parameters, in particular wind speed and tempera-
ture (McLagan et al. 2017). PASs most commonly sample 
atmospheric Hg0 (Cha et al. 2020; Snow et al. 2021; Zhang 
et al. 2012). Attempts have also been made to introduce 
PASs which could only sample atmospheric HgII (Huang 
and Gustin 2015; Lyman et al. 2010).

Comparative studies of active measurements and bio-
monitoring/PASs have already been reported in the litera-
ture. However, these studies compared only one type of PAS 
or biomonitoring and/or only one type of active measure-
ment, but not all three monitoring strategies at the same 
time (Bargagli et al. 2002; McLagan et al. 2018b; Monaci 
et al. 2022; Naccarato et al. 2021; Sutton et al. 2014). In 
our present work, we used different biomonitoring methods 
(transplanted lichens Punctelia subrudecta and Flavopar-
melia caperata and in situ lichens Hypogymnia physodes), 
two PASs developed at the University of Toronto and com-
mercialized by Tekran (MerPAS®) and the Italian National 
Research Council – Institute of Atmospheric Pollution 
Research (CNR-PAS), and two active measurement strate-
gies (continuous measurements with a Tekran mercury vapor 
analyzer and discontinuous measurements with a portable 
Lumex Hg Analyzer). These monitoring methods were 
deployed at sampling locations with potentially different 
atmospheric Hg concentrations. The results were compared 
and evaluated to assess the suitability of different methods 
for atmospheric Hg monitoring.

Experimental

Sampling locations

A total of three sampling locations were selected in our 
work: Anhovo, Idrija, and Pokljuka. Anhovo and Idrija 
are known for elevated Hg concentrations due to cement 
production and the former Hg mine, respectively. Location 
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Pokljuka is a remote and clean area, distant from any pollu-
tion sources. Four sampling sites were selected in Anhovo 
(Vodarna, Anhovo, Morsko, and Ročinj), three sampling 
sites in Idrija (Spodnja Idrija, Idrija Town, and Idrija Smelt-
ery), and one sampling site in Pokljuka. The sampling sites 
and locations are shown in Fig. 1. The geographic coordi-
nates of each sampling site are shown in Table S1.

Anhovo is a small village in western Slovenia in the 
narrow Soča Valley. The valley is influenced by the cement 
factory Salonit Anhovo, which is the largest producer of 
cement in Slovenia. Mass balances of Hg in the plant 
cycles are known; about two-thirds of the released Hg is 
emitted as gaseous HgII and about one-third as gaseous 
Hg0, whereas Hg-p represents only a small fraction of 
total Hg (Mlakar et al. 2010). The town of Idrija lies in the 
Idrija basin, surrounded by the Idrija hills. Mercury was 
discovered in Idrija in the late fifteenth century; mining 
and smelting operations lasted there until 1995. During 
the 500 years of mining history, more than 40,000 tons of 
Hg were lost to the local environment (Hylander 2002). 
Pokljuka is a high karst plateau covered with woods in the 

Julian Alps, one of the most remote areas of Slovenia. It is 
the largest completely wood-covered surface in the Triglav 
National Park, more than 20 km wide and almost as long. 
Pokljuka is considered a remote, clean, pollution-free area 
where lichens have been collected for transplantation to 
other sampling sites.

Sampling methods and analysis

We used active measurements, biomonitoring, and PASs 
for monitoring Hg in ambient air. Active measurements 
were done continuously (Tekran speciation system) or dis-
continuously (Lumex), biomonitoring was done by in situ 
and transplanted lichens, and passive sampling was done 
by PASs produced by two different producers (CNR-PAS 
and MerPAS®). The locations where each method was 
used and method deployment dates are shown in Table 1. 
Additional information regarding the deployment plan of 
transplanted lichens and PASs (start and end of exposure) 
are available in Table S1 and Table S2 of the Supplemen-
tary Information, respectively.

Fig. 1   Sampling sites and locations used in the present work
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The deployment periods did not overlap completely for all 
deployed methods. This matter is discussed more closely in 
the results and discussion section for each individual case; in 
general, we compared methods during overlapping deploy-
ment periods if possible.

A stationary Tekran speciation system was installed at 
the Vodarna station. A Tekran 2537B coupled with Tekran 
1130 and 1135 units was used for continuous measurements 
of different atmospheric Hg species (Hg0, HgII, and Hg-p). 
Even though three different species were measured, only the 
Hg0 data were analyzed for this study. The Tekran 2537B 
detector was calibrated using the built-in permeation source. 
Recalibration was set to every 24 h, occurring near midnight. 
To cross-check the internal permeation source, manual cali-
bration was performed by injecting a known amount of Hg0 
from the Tekran 2505 bell-jar. The injected amount of Hg 
was calculated using the Dumarey equation (Dumarey et al. 
2010). The sampling airflow through the system was set to 
1 L min−1.

Discontinuous active measurements were performed peri-
odically using Lumex RA 915 M portable analyzer which 
measures Hg0. The detector was set to 1-s sampling intervals 
and was coupled by GPS tracking software using a mobile 
phone. Measurements were performed 1 day per week for at 
least 20 min at each sampling site. Background corrections 
were applied every 10 min. The instrument was calibrated 
in-house by Lumex.

The chosen in situ lichens species were Punctelia sub-
rudecta and Flavoparmelia caperata. They were sampled 
at the same locations where the transplanted lichens were 
exposed. For transplanted lichens, Hypogymnia physodes 
was selected as it is one of the lichen species most frequently 
used in biomonitoring studies (Blum et al. 2012; Horvat 
et al. 2000). As mentioned before, Hypoymnia physodes 
lichens for transplantation were collected at Pokljuka loca-
tion since this location is free of anthropogenic influences. 
The lichens collected for transplantation were packed into 
nylon net bags (two to three bags) which were placed and 
exposed on tree branches at a height of 1.5–2 m. The expo-
sure of transplanted lichens lasted for 3 months (detailed 
deployment plan in the Supplementary Information, 
Table S1). After collection, bark and other wooden parts 
were removed from both in situ and transplanted lichens. 
Clean lichens were lyophilized using the following proce-
dure: 1 min on − 40 °C, vacuum 0.280 mbar; 30 h on 0 °C, 
vacuum 0.280 mbar; 15 h on 20 °C, vacuum 0.028 mbar; 
15 h on 30 °C, vacuum 0.028 mbar; and 10 h final drying at 
30 °C, vacuum 0.028 (Christ; Martin Christ Gefriertrock-
nungsanlagen, Germany). Following the lyophilisation, 
lichens were ground and homogenized after immersion in 
liquid nitrogen. The lichens were then analyzed for total Hg 
content using the digestion method for the determination of 
Hg in inorganic matrices (Ogrinc et al. 2007). Such digestion Ta
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was used because of the possibility that the lichens might 
have adsorbed some inorganic silicon-containing material 
into their structure during exposure. Approximately 0.2 g 
of dry sample was weighed in Teflon vials (25 mL); 1 mL 
of Milli-Q water, 5 mL of a 2:1 (v/v) HNO3/HF mixture, 
and 1 mL of HCl were slowly added to the sample. The 
vessels were then capped and left to stand for at least 1 h at 
room temperature. Teflon vessels were heated at 100 °C and 
left overnight for digestion. After heating, the samples were 
cooled to room temperature before opening the vessels. The 
content of the Teflon vessels was diluted with 5% H3BO3 
solution (w/v) up to 50 mL. Prior analysis, duplicate reagent 
blanks and triplicate reference materials were prepared for 
each analysis batch. The selected certified reference mate-
rial for quality control was IAEA-336 (lichens), which has 
a certified total Hg concentration of 0.2 µg g−1 dry weight. 
The concentration of Hg in digested samples was determined 
using an atomic absorbance spectrometer – Model Hg-201 
Semi-automated Mercury Analyzer (Sanso Seisakusho Co. 
Ltd., Tokyo, Japan).

As regards CNR-PASs, these devices work on the prin-
ciple of axial diffusion of Hg to a fibrous quartz membrane 
coated with sorbent material. The filter is attached to the bot-
tom of a borosilicate glass vessel, which is equipped with a 
double cap system to minimize operator handling and avoid 
contamination from the cap opening. The sorbent material 
is made of an aggregation of densely packed TiO2 nano-
particles finely decorated with smaller gold nanoparticles 
(Macagnano et al. 2018). CNR-PASs were deployed in trip-
licate at three sampling sites for 3, 6, or 12 weeks (detailed 
deployment plan in the Supplementary Information, 
Table S2). Furthermore, two CNR-PASs were used as field 
blanks to check for Hg contamination during deployment. 
After the desired exposure period, the sorbent membranes 
were analyzed by thermal decomposition-atomic absorption 
spectroscopy (TD-AAS) using a Nippon MA-3000 Mercury 
Analysis System, according to the Environmental Protection 
Agency (EPA) method 7473 (U.S. EPA 1998). The analysis 
involved a vaporization step at 220 °C and a decomposition 
step at 850 °C, followed by gold amalgamation and detection 
by CV-AAS. External calibration was performed by analyz-
ing five different standard solutions, providing Hg in the 
range of 0.5–100 ng. Calibration and quality control was 
carried out with the same protocol using working solution 
prepared from a standard reference material (NIST SRM 
3133 Mercury standard solution).

Passive samplers MerPAS® were used to determine gas-
eous mercury concentrations. The full protocols for sam-
pling and analysis are described in McLagan et al. (2016). 
Briefly, the MerPAS® uses radial diffusion of Hg toward 
a mesh cylinder that contains sulfur-impregnated carbon 
derived from bituminous coal as a sorbent. The sampling 
rate is constrained by a microporous polyethylene diffusive 

barrier (McLagan et al. 2016). Analyses of the samples were 
conducted using TD-AAS using the Milestone DMA-80 
analyzer. MerPAS® was deployed at three sampling sites 
for 12 weeks (detailed deployment plan in the Supplemen-
tary Information, Table S2). The average Hg concentration 
in the atmosphere measured by each PAS (C; ng m−3) was 
obtained from the analyzed mass of Hg in the sorbent mate-
rial according to Eq. (1)

where m is the mass of sorbed Hg (ng) corrected for the 
concentration in blank samples, t is the deployment time of 
the PAS (days, “d”), and SR is the sampling rate of the PAS 
(m3 d−1). Experimentally derived SR values were used for 
each PAS. For the CNR-PASs, the SR was 0.0147 m3 d−1 
with an uncertainty of 0.0007 m3 d−1, calculated according 
to Naccarato et al. (2021). For the MerPASs, the SR was 
0.131 m3 d−1 with an uncertainty of 0.003 m3 d−1, calculated 
according to McLagan et al. (2018b)

Results and discussion

Feasibility of lichens and passive samplers 
for atmospheric Hg monitoring

To demonstrate the feasibility of selected lichens and PASs 
for atmospheric Hg monitoring, we compared these monitor-
ing methods with active measurements.

For lichens, we compared the concentration of Hg0 in air 
measured by discontinuous active measurements (Lumex) 
with the total mercury (THg) concentration in lichens 
(Fig. 2). The data used to construct the figure are shown 
in the Supplementary Information (Tables S1, S3, and S4). 
Although Hg0 data are often represented by arithmetic 
means in related studies (McLagan et al. 2018a; Naccarato 
et al. 2021), our Hg0 data are represented by geometric rather 
than arithmetic means as our dataset followed a geometric 
rather than normal distribution due to occasional spikes in 
measured Hg0 concentration.

As can be seen in Fig. 2, the variability of Hg0 in the 
air measured by discontinuous measurements is large, espe-
cially for the highest concentration point (Idrija Smeltery). 
The variability originates from the characteristics of the 
Idrija location (former Hg mine), where Hg concentrations 
can rise upwards of 100 ng m−3 in short periods. Since the 
in situ lichens were present on the sampling locations for a 
much longer period than the transplanted lichens, the in situ 
lichens accumulated Hg for a longer time than transplanted 
lichens, resulting in the high THg concentrations in in situ. 
In situ lichens in our study had higher THg concentrations 
than most studies that measured THg in lichens. This is most 

(1)C =
m

t × SR
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evident for in situ lichens in Idrija, where THg concentra-
tions ranged from 547 to 6620 ng g−1 (Table S3) compared 
to literature values that rarely exceed 500 ng g−1 (Bargagli 
2016). Although all three Idrija stations were located in the 
general area of the former Hg mine, the highest lichen THg 
concentration (6620 ng g−1) was observed at Idrija Smelt-
ery due to its close proximity to the historical Hg smelting 
complex, where Hg0 concentrations in air are the highest 
(Kocman et al. 2011). The deployment periods for 3-month 
transplanted lichens and Lumex measurements did not over-
lap (Table 1), which could limit the interpretation of the 
comparison in Fig. 2B. Nevertheless, it is evident that both 
in situ and transplanted lichens are responsive to elevated 
atmospheric Hg concentrations. The feasibility of lichens 

for identifying locations with different atmospheric Hg con-
centrations was also demonstrated by (Božič et al. 2022) for 
the same sampling campaign (Božič et al. 2022); therefore, 
we will not discuss this matter in detail in the present article.

For PASs, we decided to only use the data from Vodarna 
station to demonstrate feasibility. The decision was made 
because the PASs were exposed for shorter periods than the 
lichens; thus, only time periods with overlap between the 
deployment of continuous active measurements and PASs 
were used. This was only possible at the Vodarna station, 
where continuous active measurements were performed with 
a stationary Tekran unit. Figure 3 shows the comparison of 
atmospheric Hg0 concentration as determined by PASs and 
continuous measurements during the same periods. The data 

Fig. 2   Demonstration of 
feasibility for monitoring 
atmospheric Hg using A in situ 
lichens and B 3-month trans-
planted lichens. For Hg0 in air 
(Lumex), whiskers represent 
the standard deviation of the 
geometric means of periodic 
10-min measurements. For 
THg in lichens (in situ and 
3-month transplanted), whiskers 
represent the standard deviation 
of all measured lichens from the 
same station

Fig. 3   Demonstration of the 
feasibility of monitoring atmos-
pheric Hg using PASs. For 
continuous active measurements 
(Tekran), whiskers represent 
95% confidence intervals 
obtained from geometric means 
and geometric standard devia-
tions for all measurements dur-
ing the period. For PASs (CNR-
PAS and MerPAS®), whiskers 
represent the standard deviation 
obtained from three PASs
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used to construct the figure are available in Supplementary 
Information (Tables S2 and S5).

Figure 3 illustrates that the results of continuous active 
measurements and PASs at the Vodarna station were in good 
agreement throughout most periods, the biggest difference 
was observed for the first 3-week period and the first 6-week 
period. Ideally, the comparison of the datasets obtained by 
PASs and continuous active measurements should be per-
formed using measurement uncertainties; however, we did 
not obtain all data required for a thorough evaluation of 
measurement uncertainty of all three methods (out of scope 
of this article). Additionally, the literature does not provide 
uncertainty values of the methods that could be adopted for 
our work. The large whiskers for continuous active measure-
ment data are due to characteristic large sample variability at 
the Anhovo sampling location, while the whiskers for PASs 
represent replicate reproducibility. Additionally, the datasets 
do not follow the same distribution (geometric vs. normal). 
Due to the abovementioned reasons, statistical significance 
tests could not be performed. Although the dataset charac-
teristics limit the comparison, the results in Fig. 3 suggest 
that PASs could be a useful tool for monitoring long-term 
atmospheric Hg concentrations.

Comparison of lichens and passive samplers

Since lichens and passive samplers both proved to be feasible 
for atmospheric Hg monitoring, we then continued with the 
comparison of the responses of lichens and PASs to different 
atmospheric Hg0 concentrations at Vodarna, Anhovo, and 

Idrija Town stations. These stations were selected because 
PASs were exposed only at these stations. To ensure com-
parability of results obtained over similar periods, 12-week 
PASs (both CNR-PAS and MerPAS®) were chosen for this 
comparison. Twelve-week PAS exposure periods were cho-
sen since they were the most similar to the 3-month periods 
used for transplanted lichens (though not exactly the same). 
The results of the comparison are shown in Fig. 4. The data 
used to create the figure are available in Supplementary 
Information (Tables S1, S2, and S3).

The obtained comparisons showed that THg concentra-
tion in lichens and Hg0 concentration from PASs can be 
efficiently used for identifying areas with distinct Hg emis-
sion characteristics. There is an evident grouping of the 
results obtained from sampling stations in the vicinity of 
the cement plant (Vodarna and Anhovo stations) and the 
sampling station in the vicinity of the former Hg mine 
(Idrija Town). Since transplanted lichens (Fig. 4B) were less 
responsive to atmospheric Hg concentrations than in situ 
lichens (Fig. 4A), it is not clear whether areas with smaller 
differences in atmospheric Hg concentrations than the areas 
used in our work can be identified with transplanted lichens. 
Nonetheless, the combination of in situ lichens and PASs 
and the grouping of the results indicates that areas with ele-
vated atmospheric Hg concentrations can be identified by 
lichens and PASs. Such identification is more cost-effective 
and demands less workload than active atmospheric Hg 
measurements. It can potentially be used for large-scale and 
long-term monitoring of atmospheric Hg concentrations. 
Since results for long-term atmospheric Hg concentrations 

Fig. 4   A Comparison of in situ lichens and PASs. B Comparison of 
3-month transplanted lichens and PASs. For THg in lichens (in situ 
and 3-month transplanted), whiskers represent the standard deviation 

of all measured lichens from one station. For PASs (CNR-PAS and 
MerPAS®), whiskers represent the standard deviation obtained from 
three PASs
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obtained with PASs can sometimes be uncertain (Huang 
et al. 2014; Huang and Gustin 2015), lichens provide addi-
tional independent data that increase the confidence in the 
obtained results, as demonstrated by our results. This is true 
even though lichens (as used in our work) cannot provide 
long-term average atmospheric Hg concentrations in units 
of ng m−3.

Comparison of discontinuous active measurements 
and passive samplers

Due to the portability and direct measurements of atmos-
pheric Hg0, discontinuous active measurements with the 
Lumex analyzer can be used as a sensor method for atmos-
pheric Hg concentrations (Pandey et al. 2011). In the follow-
ing comparison, our goal was to assess whether the results 
obtained from periodic measurements with the portable 
analyzer are suitable for long-term monitoring of atmos-
pheric Hg concentrations. Since PASs performed well in 
our previous tests, we used them as our control to assess the 
feasibility of atmospheric Hg monitoring with discontinuous 
active measurements. The relative difference between Hg0 
concentration as measured by discontinuous active measure-
ments and PASs was used as a measure of feasibility. The 
relative difference was calculated from the data available in 
the Supplementary Information (Table S6). The comparison 
results are shown in Table 2.

The results in Table 2 show that in all cases the dis-
continuous active measurements of Hg0 were lower than 
Hg0 as determined from PASs. The difference can be 
explained by the characteristics of the sampling stations. 
All stations are located in Hg-polluted areas, the pollu-
tion originating from the vicinity of the cement plant 
(Vodarna and Anhovo) and the former Hg mine (Idrija 

Town). The proximity of Hg sources causes spikes in the 
atmospheric Hg0 concentration, which are often short-
term. Short-term spikes can easily be missed with occa-
sional active measurements, so the concentration obtained 
by such measurements is lower than the concentration 
obtained by PASs. PASs are continuously exposed for 
longer periods (3, 6, and 12 weeks) and capture spikes 
in Hg0 concentration more consistently than discontinu-
ous active measurements. This occurrence is most evident 
for the Idrija Town station which is known for the high 
variability of Hg0 concentration because of the vicinity 
of the Hg mine (Kocman et al. 2011; Kotnik et al. 2005). 
At Idrija Town, the average Hg0 concentration from dis-
continuous active measurements was almost 3 times lower 
than the Hg0 concentration from PASs. The discrepancy 
could also be explained by the fact that discontinuous 
measurements are usually not made in a randomized fash-
ion, but typically happen during regular working hours 
and rarely at night or on weekends (which is also the 
case in our study), and are therefore inherently biased. 
Another hypothesis for the observed difference could be 
that the PASs give biased high results in areas with high 
Hg0 concentration such as Idrija, though the matching 
results between different PAS types make this hypothesis 
unlikely. These results indicate that discontinuous active 
measurements do not allow adequate exposure assessment 
because of the tendency to underestimate peak concen-
trations, especially near point sources of Hg pollution. 
More frequent active measurements and better overlap 
between the PAS exposure time and discontinuous active 
measurements would probably improve results and com-
parability, but at the cost of using fewer sampling stations 
and a higher workload. The results in Table 2 also imply 
that the values of Hg0 concentrations in air in Fig. 2 are 
underestimated, since these values were obtained with 
discontinuous active measurements. This means that the 
x-axis values in Fig. 2 should be shifted towards higher 
values, especially the highest concentration points (i.e., 
Idrija Smeltery). Nevertheless, this shift does not affect 
the assessment of lichen feasibility, as the responsive-
ness of lichens to elevated atmospheric Hg concentrations 
would still be evident.

Conclusions

The combined use of passive sampling and biomonitoring 
with lichens was shown to be a strong alternative to active 
measurements for identification of locations with elevated 
Hg concentrations. However, since locations with very dif-
ferent atmospheric Hg concentrations were used, the feasi-
bility of the aforementioned methods cannot be generalized 
to distinguish differences between locations at background 

Table 2   Comparison of discontinuous active measurements and PASs 
as methods for monitoring long-term atmospheric Hg concentrations

Station PAS type Relative difference 
(Hg0

discontinous active − Hg0
PAS)/

Hg0
discontinuous active

Vodarna CNR-PAS 3-week  − 87%
CNR-PAS 6-week  − 51%
CNR-PAS 12-week  − 42%
MerPAS® 12-week  − 47%

Anhovo CNR-PAS 3-week  − 91%
CNR-PAS 6-week  − 36%
CNR-PAS 12-week  − 34%
MerPAS® 12-week  − 21%

Idrija Town CNR-PAS 3-week  − 281%
CNR-PAS 6-week  − 283%
CNR-PAS 12-week  − 281%
MerPAS® 12-week  − 267%
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atmospheric Hg concentrations based on our work. Vari-
able atmospheric Hg concentrations were better captured 
by lichens and PASs due to long exposure times (several 
weeks) in comparison to short (10-min) discontinuous active 
measurements. The reasons for the disagreement between 
discontinuous active measurements and PASs need further 
exploration; long-term averages of discontinuous measure-
ments could be improved by more frequent measurements 
and a randomized design that includes measurements at 
night and during weekends. Our work shows that biomoni-
toring and PASs can offer a cost-effective alternative to 
continuous active measurements, if the goal is long-term 
atmospheric Hg monitoring and identification of areas with 
elevated atmospheric Hg concentrations. Nonetheless, con-
tinuous active methods still provide better temporal resolu-
tion and offer measurements of additional atmospheric Hg 
species (HgII and Hg-p) in comparison to biomonitoring and 
passive sampling.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s11356-​024-​33582-6.

Acknowledgements  The authors would like to thank Francis Maaire 
Gyengne and Sabina Berisha for their help with sample collection and 
preparation and Saeed Waqar Ali for helping with the sampling site 
figure.

Author contribution  All authors contributed to the study conception 
and design. Material preparation, data collection, and analysis were 
performed by Jan Gačnik, Igor Živković, Jože Kotnik, Dominik Božič, 
Antonella Tassone, Attilio Naccarato, and Alexandra Steffen. Funding 
acquisition and supervision were provided by Milena Horvat, Nicola 
Pirrone, and Francesca Sprovieri. The first draft of the manuscript was 
written by Jan Gačnik, and all authors commented on previous versions 
of the manuscript.

Funding  This research has been financially supported by project no. 
16ENV01 MercOx and 19NRM03 SI-Hg which have received fund-
ing from the EMPIR program co-financed by the Participating States 
and from the European Union’s Horizon 2020 research and innovation 
program. Research has also been financially supported by the Slovenian 
Research Agency (ARRS): project number J1-1716 “Sources, transport 
and fate of persistent air pollutants in the environment of Slovenia” 
(STRAP), project number J1-3033 “IsoCont—Innovative Isotopic 
Techniques for Identifying Sources and Biogeochemical Cycles of 
Mercury in Contaminated Areas”, and grant numbers P1-0143 and 
PR-52044.

Data Availability  Data available within the article or its supplementary 
materials.

Declarations 

Ethics approval and consent to participate  Not applicable.

Consent for publication  Consent for publication of this paper was 
obtained from all authors. We confirm that this manuscript was 
approved by all authors for publication and the responsible authorities 
at the institute where the work has been carried out.

Competing interests  The authors declare no competing interests.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Amos HM, Sonke JE, Obrist D, Robins N, Hagan N, Horowitz HM, 
Mason RP, Witt M, Hedgecock IM, Corbitt ES, Sunderland EM 
(2015) Observational and modeling constraints on global anthro-
pogenic enrichment of mercury. Environ Sci Technol 49(7):4036–
4047. https://​doi.​org/​10.​1021/​es505​8665

Bargagli R (2016) Moss and lichen biomonitoring of atmospheric mer-
cury: a review. Sci Total Environ 572:216–231. https://​doi.​org/​10.​
1016/j.​scito​tenv.​2016.​07.​202

Bargagli R, Monaci F, Borghini F, Bravi F, Agnorelli C (2002) Mosses 
and lichens as biomonitors of trace metals. A comparison study on 
Hypnum cupressiforme and Parmelia caperata in a former mining 
district in Italy. Environ Pollut 116(2):279–287. https://​doi.​org/​10.​
1016/​S0269-​7491(01)​00125-7

Blum JD, Johnson MW, Gleason JD, Demers JD, Landis MS, Krupa 
S (2012) Mercury concentration and isotopic composition of epi-
phytic tree lichens in the Athabasca oil sands region. In Develop-
ments in Environmental Science (Vol. 11). Elsevier Ltd. https://​
doi.​org/​10.​1016/​B978-0-​08-​097760-​7.​00016-0

Boquete MT, Fernández JÁ, Carballeira A, Aboal JR (2013) Assessing 
the tolerance of the terrestrial moss Pseudoscleropodium purum 
to high levels of atmospheric heavy metals: a reciprocal trans-
plant study. Sci Total Environ 461–462:552–559. https://​doi.​org/​
10.​1016/j.​scito​tenv.​2013.​05.​039

Božič D, Živković I, Hudobivnik MJ, Kotnik J, Amouroux D, Štrok 
M, Horvat M (2022) Fractionation of mercury stable isotopes in 
lichens. Chemosphere 309(September):136592. https://​doi.​org/​10.​
1016/j.​chemo​sphere.​2022.​136592

Cha SH, Han YJ, Jeon JW, Kim YH, Kim H, Noh S, Kwon MH (2020) 
Development and field application of a passive sampler for atmos-
pheric mercury. Asian J Atmos Environ 14(1):14–27. https://​doi.​
org/​10.​5572/​AJAE.​2020.​14.1.​014

Cole AS, Steffen A, Pfaffhuber KA, Berg T, Pilote M, Poissant L, Tor-
don R, Hung H (2013) Ten-year trends of atmospheric mercury 
in the high Arctic compared to Canadian sub-Arctic and mid-
latitude sites. Atmos Chem Phys 13(3):1535–1545. https://​doi.​
org/​10.​5194/​acp-​13-​1535-​2013

Driscoll CT, Mason RP, Chan HM, Jacob DJ, Pirrone N (2013) Mer-
cury as a global pollutant: sources, pathways, and effects. Envi-
ron Sci Technol 47(10):4967–4983. https://​doi.​org/​10.​1021/​es305​
071v

Dumarey R, Brown RJC, Corns WT, Brown AS, Stockwell PB (2010) 
Elemental mercury vapour in air: the origins and validation of the 
“Dumarey equation” describing the mass concentration at satura-
tion. Accred Qual Assur 15(7):409–414. https://​doi.​org/​10.​1007/​
s00769-​010-​0645-1

Gay DA, Schmeltz D, Prestbo E, Olson M, Sharac T, Tordon R (2013) 
The atmospheric mercury network: measurement and initial 

https://doi.org/10.1007/s11356-024-33582-6
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1021/es5058665
https://doi.org/10.1016/j.scitotenv.2016.07.202
https://doi.org/10.1016/j.scitotenv.2016.07.202
https://doi.org/10.1016/S0269-7491(01)00125-7
https://doi.org/10.1016/S0269-7491(01)00125-7
https://doi.org/10.1016/B978-0-08-097760-7.00016-0
https://doi.org/10.1016/B978-0-08-097760-7.00016-0
https://doi.org/10.1016/j.scitotenv.2013.05.039
https://doi.org/10.1016/j.scitotenv.2013.05.039
https://doi.org/10.1016/j.chemosphere.2022.136592
https://doi.org/10.1016/j.chemosphere.2022.136592
https://doi.org/10.5572/AJAE.2020.14.1.014
https://doi.org/10.5572/AJAE.2020.14.1.014
https://doi.org/10.5194/acp-13-1535-2013
https://doi.org/10.5194/acp-13-1535-2013
https://doi.org/10.1021/es305071v
https://doi.org/10.1021/es305071v
https://doi.org/10.1007/s00769-010-0645-1
https://doi.org/10.1007/s00769-010-0645-1


35809Environmental Science and Pollution Research (2024) 31:35800–35810	

examination of an ongoing atmospheric mercury record across 
North America. Atmos Chem Phys 13(22):11339–11349. https://​
doi.​org/​10.​5194/​acp-​13-​11339-​2013

Gustin MS, Amos HM, Huang J, Miller MB, Heidecorn K (2015) 
Measuring and modeling mercury in the atmosphere: a critical 
review. Atmos Chem Phys 15(10):5697–5713. https://​doi.​org/​10.​
5194/​acp-​15-​5697-​2015

Gustin MS, Dunham-Cheatham SM, Zhang L, Lyman S, Choma N, 
Castro M (2021) Use of membranes and detailed HYSPLIT analy-
ses to understand atmospheric particulate, gaseous oxidized, and 
reactive mercury chemistry. Environ Sci Technol 55(2):893–901. 
https://​doi.​org/​10.​1021/​acs.​est.​0c078​76

Horvat M, Jeran Z, Spiric Z, Jacimovic R, Miklavcic V (2000) Mer-
cury and other elements in lichens near the INA Naftaplin gas 
treatment plant, Molve, Croatia. J Environ Monit 2(2):139–144. 
https://​doi.​org/​10.​1039/​a9069​73i

Huang J, Gustin MS (2015) Use of passive sampling methods and 
models to understand sources of mercury deposition to high ele-
vation sites in the Western United States. Environ Sci Technol 
49(1):432–441. https://​doi.​org/​10.​1021/​es502​836w

Huang J, Lyman SN, Hartman JS, Gustin MS (2014) A review of pas-
sive sampling systems for ambient air mercury measurements. 
Environ Sci: Process Impacts 16(3):374–392. https://​doi.​org/​10.​
1039/​c3em0​0501a

Hylander L (2002) European perspectives on management of mercury 
stockpiles and mercury-bearing waste. In: Breaking the mercury 
cycle: long term management of surplus & recycled mercury & 
mercury -bearing waste. Boston, MA, pp 1–3

Kocman D, Vreča P, Fajon V, Horvat M (2011) Atmospheric distribu-
tion and deposition of mercury in the Idrija Hg mine region, Slo-
venia. Environ Res 111(1):1–9. https://​doi.​org/​10.​1016/j.​envres.​
2010.​10.​012

Kotnik J, Horvat M, Dizdarevič T (2005) Current and past mercury 
distribution in air over the Idrija Hg mine region, Slovenia. Atmos 
Environ 39:7570–7579. https://​doi.​org/​10.​1016/j.​atmos​env.​2005.​
06.​061

Lodenius M (2013) Use of plants for biomonitoring of airborne mer-
cury in contaminated areas. Environ Res 125:113–123. https://​doi.​
org/​10.​1016/j.​envres.​2012.​10.​014

Luippold A, Gustin MS, Dunham-Cheatham SM, Zhang L (2020) 
Improvement of quantification and identification of atmospheric 
reactive mercury. Atmos Environ 224(January):117307. https://​
doi.​org/​10.​1016/j.​atmos​env.​2020.​117307

Lyman SN, Gustin MS, Prestbo EM (2010) A passive sampler for 
ambient gaseous oxidized mercury concentrations. Atmos Environ 
44(2):246–252. https://​doi.​org/​10.​1016/j.​atmos​env.​2009.​10.​008

Macagnano A, Papa P, Avossa J, Perri V, Marelli M, Sprovieri F, 
Zampetti E, De Cesare F, Bearzotti A, Pirrone N (2018) Passive 
sampling of gaseous elemental mercury based on a composite 
tio2np/aunp layer. Nanomaterials, 8(10). https://​doi.​org/​10.​3390/​
nano8​100798

Mashyanov N, Obolkin V, Pogarev S, Ryzhov V, Sholupov S, Potemkin 
V, Molozhnikova E, Khodzher T (2021) Air mercury monitoring 
at the Baikal area. Atmosphere 12(7):1–14. https://​doi.​org/​10.​
3390/​atmos​12070​807

McLagan DS, Mitchell CPJ, Huang H, Lei YD, Cole AS, Steffen A, 
Hung H, Wania F (2016) A high-precision passive air sampler for 
gaseous mercury. Environ Sci Technol Lett 3(1):24–29. https://​
doi.​org/​10.​1021/​acs.​estle​tt.​5b003​19

McLagan DS, Mitchell CPJ, Huang H, Abdul Hussain B, Duan Lei 
Y, Wania F (2017) The effects of meteorological parameters and 
diffusive barrier reuse on the sampling rate of a passive air sam-
pler for gaseous mercury. Atmos Meas Tech 10(10):3651–3660. 
https://​doi.​org/​10.​5194/​amt-​10-​3651-​2017

McLagan DS, Mitchell CPJ, Steffen A, Hung H, Shin C, Stupple GW, 
Olson ML, Luke WT, Kelley P, Howard D, Edwards GC, Nelson 

PF, Xiao H, Sheu GR, Dreyer A, Huang H, Abdul Hussain B, Lei 
YD, Tavshunsky I, Wania F (2018b) Global evaluation and cali-
bration of a passive air sampler for gaseous mercury. Atmos Chem 
Phys 18(8):5905–5919. https://​doi.​org/​10.​5194/​acp-​18-​5905-​2018

McLagan DS, Hussain BA, Huang H, Lei YD, Wania F, Mitchell 
CPJ (2018a) Identifying and evaluating urban mercury emission 
sources through passive sampler-based mapping of atmospheric 
concentrations. Environ Res Lett 13(7). https://​doi.​org/​10.​1088/​
1748-​9326/​aac8e6

Mlakar TL, Horvat M, Vuk T, Stergaršek A, Kotnik J, Tratnik J, Fajon 
V (2010) Mercury species, mass flows and processes in a cement 
plant. Fuel 89(8):1936–1945. https://​doi.​org/​10.​1016/j.​fuel.​2010.​
01.​009

Monaci F, Ancora S, Paoli L, Loppi S, Wania F (2022) Lichen trans-
plants as indicators of gaseous elemental mercury concentrations. 
Environ Pollut 313(July):120189. https://​doi.​org/​10.​1016/j.​envpol.​
2022.​120189

Naccarato A, Tassone A, Martino M, Moretti S, MacAgnano A, Zam-
petti E, Papa P, Avossa J, Pirrone N, Nerentorp M, Munthe J, 
Wängberg I, Stupple GW, Mitchell CPJ, Martin AR, Steffen A, 
Babi D, Prestbo EM, Sprovieri F, Wania F (2021) A field inter-
comparison of three passive air samplers for gaseous mercury in 
ambient air. Atmos Meas Tech 14(5):3657–3672. https://​doi.​org/​
10.​5194/​amt-​14-​3657-​2021

Ogrinc N, Monperrus M, Kotnik J, Fajon V, Vidimova K, Amouroux D, 
Kocman D, Tessier E, Žižek S, Horvat M (2007) Mass balance of 
mercury in the Mediterranean Sea. Mar Chem 107:31–48. https://​
doi.​org/​10.​1016/j.​march​em.​2006.​10.​001

Pandey SK, Kim KH, Brown RJC (2011) Measurement techniques 
for mercury species in ambient air. TrAC – Trends Ana Chem 
30(6):899–917. https://​doi.​org/​10.​1016/j.​trac.​2011.​01.​017

Snow MA, Feigis M, Lei YD, Mitchell CPJ, Wania F (2021) Develop-
ment, characterization, and testing of a personal passive sampler 
for measuring inhalation exposure to gaseous elemental mercury. 
Environ Int 146:106264. https://​doi.​org/​10.​1016/j.​envint.​2020.​
106264

Sprovieri F, Pirrone N, Bencardino M, D’Amore F, Carbone F, Cinnire-
lla S, Mannarino V, Landis M, Ebinghaus R, Weigelt A, Brunke 
EG, Labuschagne C, Martin L, Munthe J, Wängberg I, Artaxo 
P, Morais F, De Melo Jorge Barbosa H, Brito J, … Norstrom C 
(2016) Atmospheric mercury concentrations observed at ground-
based monitoring sites globally distributed in the framework of the 
GMOS network. Atmos Chem Phys 16(18):11915–11935.https://​
doi.​org/​10.​5194/​acp-​16-​11915-​2016

Sutton KT, Cohen RA, Vives SP (2014) Evaluating relationships 
between mercury concentrations in air and in Spanish moss 
(Tillandsia usneoides L.). Ecol Ind 36:392–399. https://​doi.​org/​
10.​1016/j.​ecoli​nd.​2013.​08.​011

U.S. EPA (1998) Method 7473 (SW-846): Mercury in Solids and Solu-
tions by Thermal Decomposition, Amalgamation, and Atomic 
Absorption Spectrophotometry. Washington, DC

UN Environment (2019) Global mercury assessment 2018. UN Envi-
ronment Programme, Chemicals and Health Branch, Geneva, 
Switzerland

Zhang W, Tong Y, Hu D, Ou L, Wang X (2012) Characterization of 
atmospheric mercury concentrations along an urban-rural gra-
dient using a newly developed passive sampler. Atmos Environ 
47:26–32. https://​doi.​org/​10.​1016/j.​atmos​env.​2011.​11.​046

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.5194/acp-13-11339-2013
https://doi.org/10.5194/acp-13-11339-2013
https://doi.org/10.5194/acp-15-5697-2015
https://doi.org/10.5194/acp-15-5697-2015
https://doi.org/10.1021/acs.est.0c07876
https://doi.org/10.1039/a906973i
https://doi.org/10.1021/es502836w
https://doi.org/10.1039/c3em00501a
https://doi.org/10.1039/c3em00501a
https://doi.org/10.1016/j.envres.2010.10.012
https://doi.org/10.1016/j.envres.2010.10.012
https://doi.org/10.1016/j.atmosenv.2005.06.061
https://doi.org/10.1016/j.atmosenv.2005.06.061
https://doi.org/10.1016/j.envres.2012.10.014
https://doi.org/10.1016/j.envres.2012.10.014
https://doi.org/10.1016/j.atmosenv.2020.117307
https://doi.org/10.1016/j.atmosenv.2020.117307
https://doi.org/10.1016/j.atmosenv.2009.10.008
https://doi.org/10.3390/nano8100798
https://doi.org/10.3390/nano8100798
https://doi.org/10.3390/atmos12070807
https://doi.org/10.3390/atmos12070807
https://doi.org/10.1021/acs.estlett.5b00319
https://doi.org/10.1021/acs.estlett.5b00319
https://doi.org/10.5194/amt-10-3651-2017
https://doi.org/10.5194/acp-18-5905-2018
https://doi.org/10.1088/1748-9326/aac8e6
https://doi.org/10.1088/1748-9326/aac8e6
https://doi.org/10.1016/j.fuel.2010.01.009
https://doi.org/10.1016/j.fuel.2010.01.009
https://doi.org/10.1016/j.envpol.2022.120189
https://doi.org/10.1016/j.envpol.2022.120189
https://doi.org/10.5194/amt-14-3657-2021
https://doi.org/10.5194/amt-14-3657-2021
https://doi.org/10.1016/j.marchem.2006.10.001
https://doi.org/10.1016/j.marchem.2006.10.001
https://doi.org/10.1016/j.trac.2011.01.017
https://doi.org/10.1016/j.envint.2020.106264
https://doi.org/10.1016/j.envint.2020.106264
https://doi.org/10.5194/acp-16-11915-2016
https://doi.org/10.5194/acp-16-11915-2016
https://doi.org/10.1016/j.ecolind.2013.08.011
https://doi.org/10.1016/j.ecolind.2013.08.011
https://doi.org/10.1016/j.atmosenv.2011.11.046


35810	 Environmental Science and Pollution Research (2024) 31:35800–35810

Authors and Affiliations

Jan Gačnik1,2 · Igor Živković1,2 · Jože Kotnik1,2 · Dominik Božič1,2 · Antonella Tassone3 · Attilio Naccarato3,4 · 
Nicola Pirrone3 · Francesca Sprovieri3 · Alexandra Steffen5 · Milena Horvat1,2

 *	 Milena Horvat 
	 milena.horvat@ijs.si

1	 Department of Environmental Sciences, Jožef Stefan 
Institute, Ljubljana, Slovenia

2	 Jožef Stefan International Postgraduate School, Ljubljana, 
Slovenia

3	 Institute of Atmospheric Pollution Research, National 
Research Council, Rende, Italy

4	 Department of Chemistry and Chemical Technologies, 
University of Calabria, Rende, Italy

5	 Air Quality Research Division, Environment and Climate 
Change Canada, Toronto, Canada


	Comparison of active measurements, lichen biomonitoring, and passive sampling for atmospheric mercury monitoring
	Abstract
	Graphical Abstract

	Introduction
	Experimental
	Sampling locations
	Sampling methods and analysis

	Results and discussion
	Feasibility of lichens and passive samplers for atmospheric Hg monitoring
	Comparison of lichens and passive samplers
	Comparison of discontinuous active measurements and passive samplers

	Conclusions
	Acknowledgements 
	References


