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Abstract 

Moss biomonitoring was conducted in 2002, 2005, 2010, 2015 and 2020 to evaluate atmos-

pheric mercury (Hg) deposition across N. Macedonia as part of a comprehensive survey 

of potentially toxic elements (PTEs). More than 70 samples of the dominant moss species 

Hypnum cupressiforme and Homalothecium lutescens were collected during the summer field 

campaigns. Mercury concentrations were determined using cold vapour atomic absorp-

tion spectrometry and inductively coupled plasma mass spectrometry (ICP-MS). The re-

sults revealed marked temporal fluctuations: median Hg content increased from 56 µg/kg 

in 2002 to 68 µg/kg in 2005, peaked at 93 µg/kg in 2010, then decreased to 84 µg/kg in 2015, 

and further to 52 µg/kg in 2020. Over the study period, Hg concentrations ranged from 10 

to 595 µg/kg, with the highest variability observed in 2010. Spatial distribution maps and 

regional comparisons indicate that elevated Hg contents correspond predominantly to 

anthropogenic sources, particularly in industrialised zones and regions affected by min-

ing and metallurgical activities. The 2020 dataset shows a significantly lower median 

value (52 µg/kg) compared to previous surveys, indicating a slight improvement in air 

quality, although local hotspots persist. These results highlight the importance of long-

term moss biomonitoring as a cost-effective approach for tracking atmospheric mercury 

trends and informing national environmental policy. 

Keywords: atmospheric mercury; moss biomonitoring; potentially toxic elements;  

ICP-MS; North Macedonia 

 

1. Introduction 

Air pollution encompasses a wide range of chemical elements and compounds re-

leased into the atmosphere, which can negatively impact ecosystems and human health 

[1]. Particulate matter is one of the most significant atmospheric pollutants, particularly 

PM2.5, which poses serious health risks due to its ability to penetrate deep into the res-

piratory system [1,2] and originates from diverse anthropogenic sources, including indus-

trial processes, mining activities, and urbanisation. However, natural processes such as 
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volcanism, forest fires, oceanic emissions, and the decomposition of organic matter also 

contribute to atmospheric inputs. Particles can be released directly into the air as “primary 

PM,” or they can form in the atmosphere as “secondary particles” from gaseous precur-

sors such as ammonia, sulphur dioxide, and nitrogen oxides. Particulate matter (PM) is 

commonly classified by aerodynamic diameter, including PM10 (particles ≤ 10 µm), PM2.5 

(particles ≤ 2.5 µm), and ultrafine particles (≤0.1 µm). PM2.5 refers to fine inhalable parti-

cles that can penetrate deep into the respiratory tract and pose significant health risks. 

Recent assessments from the EEA indicate that, in Europe, agriculture contributes signif-

icantly to PM2.5 formation through ammonia-driven secondary nitrate production, 

whereas residential heating remains the dominant source of PM2.5 emissions in many 

regions [3,4]. 

Mercury is one of the most critical pollutants because it is persistent, mobile, and has 

serious effects on human health. While Hg occurs naturally in the Earth’s crust, it is re-

leased into the atmosphere mainly as elemental vapour. Natural emissions originate from 

volcanic eruptions, erosion of mineralised deposits, forest fires, and uncontrolled coal fires. 

The largest anthropogenic contributions are from fossil-fuel combustion, artisanal and 

small-scale gold mining (ASGM), non-ferrous metal production, cement manufacturing, 

and waste disposal. Recent global inventories [5–9] estimate natural mercury emissions at 

approximately 4000 Mg/yr, while anthropogenic emissions range from 2200 to 2600 Mg/yr, 

with ASGM identified as the single largest human source. These updated values reflect 

improved methodologies and more accurate reporting compared with earlier estimates. 

According to the EDGAR v8.1 global mercury emissions inventory, most of current an-

thropogenic mercury emissions originate from artisanal and small-scale gold mining, coal 

combustion, non-ferrous metal and cement production, waste incineration, and other in-

dustrial processes [10]. The Minamata Convention on Mercury, a global treaty adopted in 

2013 and implemented through subsequent reports and assessments, provides the inter-

national policy framework for reducing mercury emissions and releases. Its objectives em-

phasise the importance of monitoring and controlling mercury sources, highlighting the 

relevance of long-term biomonitoring studies as a key tool for tracking environmental 

trends and supporting compliance with global mercury reduction efforts [11]. 

Elevated Hg contents in humans are associated with neurotoxicity, impaired hearing 

and vision, immunosuppression, cardiovascular risks, reproductive disorders, and irre-

versible damage to the nervous system [12]. Therefore, reliable monitoring of Hg emis-

sions and depositions is of global importance. 

The utilisation of mosses as biomonitors for atmospheric deposition was first pro-

posed in the 1960s by Rühling and Tyler [13]. Mosses possess unique physiological char-

acteristics, notably the absence of roots and the ability to absorb water and nutrients di-

rectly from the atmosphere, rendering them highly effective accumulators of airborne con-

taminants. This trait also enables mosses to accurately reflect deposition and pollutant 

concentrations in mining regions, with minimal interference from soil contamination 

[14,15]. 

Atmospheric heavy metal pollution can be effectively monitored using mosses due 

to their capacity to accumulate metals on their surfaces. Two principal approaches exist: 

the use of native moss species [16–19] and the moss-bag technique [20–24]. The use of 

native moss species avoids the logistical challenges associated with installing and main-

taining deposition samplers over large areas. Since 1990, the European moss survey has 

been organised every five years [25–28], with the most recent 2020 campaign conducted 

in more than 35 countries [29]. The surveys provide valuable data on a range of PTEs (As, 

Cd, Cr, Cu, Fe, Hg, Ni, Pb, V, Zn) as well as nitrogen [29–32]. 

Harmens et al. (2010, 2015) [28,33] present key findings from the European moss sur-

veys, which use mosses as effective biomonitors of atmospheric heavy metal and nitrogen 
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deposition. Their 2010 study reported significant decreases in heavy metal concentrations 

in mosses since 1990, reflecting improved air quality across Europe, although some indus-

trial and mining regions remained hotspots. The follow-up in 2015 confirmed trends of 

declining heavy metal and nitrogen levels up to 2010 while highlighting persistent ele-

vated levels in parts of eastern and southeastern Europe [28,33]. 

Moss biomonitoring also extends to mercury pollution, with Bargagli (2016) [34] em-

phasising the role of moss and lichens in tracking atmospheric mercury deposition. Fur-

thermore, García-Seoane et al. (2023) [35] compared aquatic and terrestrial moss species, 

highlighting species-specific metal uptake mechanisms and confirming moss biomonitor-

ing’s adaptability across varied environments. Additionally, moss-bag techniques have 

been employed to capture atmospheric particulate matter, revealing that the quantity and 

composition of PM collected are closely linked to moss trace element uptake and the sur-

rounding land-use types [36]. Fernández et al. (2015) [37] underscored the necessity of 

standardised protocols to ensure data comparability across studies and regions, noting 

that environmental conditions such as air humidity, wind intensity, and precipitation can 

influence heavy metal concentrations in mosses. In North Macedonia, the first nationwide 

survey of atmospheric mercury (Hg) deposition using mosses was conducted in 2002, fol-

lowed by subsequent campaigns in 2005, 2010, 2015 and most recently in 2020 as part of a 

wider European monitoring programme [29,38–45]. Parallel investigations revealed ele-

vated Hg accumulation in soils, especially near industrial centres such as the city of Veles, 

where emissions from a lead–zinc smelter have caused Hg soil contents to exceed more 

than three times the European average [46]. Further investigations in the Kavadarci region 

revealed both geogenic and anthropogenic contributions, with Hg levels reaching 3.8 

mg/kg in some topsoil samples [47]. Elevated Hg levels were also detected near the All-

char deposit, a naturally mineralised As-Sb-Tl ore body south of Kavadarci, which, alt-

hough of lithogenic origin, contributes to local air pollution [48]. This study aims to ana-

lyse the temporal trends of Hg content in moss samples collected during the surveys from 

2002 to 2020 in N. Macedonia, identify the pollution hotspots, distinguish natural from 

anthropogenic influences, evaluate deposition patterns and compare the results from af-

fected areas with those from background sites. The integration of moss biomonitoring 

data with soil studies provides comprehensive insight into mercury distribution and 

sources across the region. 

2. Materials and Methods 

2.1. Study Area 

North Macedonia is a small landlocked country situated in the central part of the 

Balkan Peninsula, bordered by Serbia and Kosovo to the north, Bulgaria to the east, Alba-

nia to the west and Greece to the south (Figure 1). Covering an area of 25,713 km2, it fea-

tures complex geology and diverse landscapes, ranging from high mountain massifs (Šar 

Planina, Jakupica, and Osogovo) to fertile valleys such as the Vardar River Basin. The 

climate is transitional, combining Mediterranean and continental influences with hot, dry 

summers and relatively cold winters. The average annual precipitation varies considera-

bly, ranging from less than 500 mm in the Vardar Valley to more than 1000 mm in the 

mountainous areas. The population of nearly two million is predominantly concentrated 

in urban centres, with Skopje as the capital and largest city. Industrial activity is unevenly 

distributed but plays a key role in regional pollution. The most significant sources of po-

tentially toxic elements (PTEs) include the lead–zinc smelter in Veles, the ferronickel plant 

near Kavadarci, mining operations in Sasa and Toranica, and the “Allchar” deposit on 

Kožuf Mountain, known for its unique thallium, arsenic, and antimony mineralisation. 

Other polluters include thermal power plants, cement production, smaller industrial 

plants, and agriculture. 
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Figure 1. Shaded relief map of N. Macedonia with the sampling locations. 

The geographical location, combined with the prevailing wind systems along the 

Vardar Valley, favours the regional transport of air pollutants, while topographical barri-

ers can cause local accumulation. These natural and anthropogenic factors together deter-

mine the spatial distribution of atmospheric deposition in the country. Detailed descrip-

tions of N. Macedonia’s location, climate, demography, and industrial history are availa-

ble in previous studies [49,50]. 

2.2. Sampling, Sample Preparation, and Instrumentation 

Moss surveys were conducted in 2002, 2005, 2010, 2015 and 2020, covering the entire 

area of N. Macedonia [29,38–45]. A total of 72 samples were collected during each cam-

paign (Figure 1). Sampling focused on the two most widespread carpet-forming species 

in the region, Hypnum cupressiforme and Homalothecium lutescens. At sites where both spe-

cies were present, comparison revealed no statistically significant differences within ana-

lytical error, confirming their suitability as interchangeable biomonitors. 

The sampling design and methodology followed the standardised protocol of the Eu-

ropean moss survey [25,26,51–53], ensuring spatial comparability and long-term reliabil-

ity of the data. Only young, green parts of the moss shoots were sampled to minimise 

variability due to plant age and external contamination. The samples were transported in 

clean paper bags, air-dried at room temperature and properly labelled and stored in paper 

bags. 

The samples were digested in a microwave system. Approximately 0.5 g of collected 

material was placed in specialised Teflon vessels. In addition, 7 mL of concentrated nitric 

acid (HNO3, 69%) and 2 mL of hydrogen peroxide (H2O2, 30%) were added, and the pre-

pared mixture was left overnight. The programme used for digestion of moss samples 

involved heating at 180 °C for 20 min. The samples were then cooled to below 35 °C, fil-

tered, and collected in 25 mL calibrated flasks. Mercury concentrations were analysed us-

ing cold vapour atomic absorption spectrometry (SpectrAA 55B; Varian, Palo Alto, CA, 

USA) using a continuous flow vapour generation accessory (VGA-76; Varian, Palo Alto, 
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CA, USA). Samples from the 2020 survey were analysed by inductively coupled plasma 

mass spectrometry (ICP-MS) applying the same digestion method as previously. The limit 

of detection (LOD) and limit of quantification (LOQ) for both techniques were 10 µg/kg 

and 3 µg/kg, respectively. 

2.3. Quality Control 

The quality control of Hg determination was based on the standard addition method, 

with recoveries ranging from 98.5% to 101.2%. Quality control was also ensured by ana-

lysing the standard moss reference materials M2 and M3, which are prepared for the Eu-

ropean Moss Survey [51]. The results obtained are within the proposed ranges for the ref-

erence samples. 

2.4. Statistical Methods and Mapping 

Basic statistical parameters provide a numerical summary of a dataset’s key charac-

teristics. These parameters include measures such as the minimum and maximum values, 

mean (average), median (middle value), and mode (most frequent value), as well as 

measures of dispersion (or variability), such as variance and standard deviation, which 

describe how spread out the data is [54–56]. The statistical analysis of the data from the 

studies was conducted using Statistica 14 software [57]. 

Universal Kriging techniques were applied to generate prediction maps of mercury’s 

spatial distribution, using a base grid cell size of 1 × 1 km for interpolation. To illustrate 

the spatial patterns of mercury, the correlation among the Hg data was analysed [58]. Spa-

tial autocorrelation means that values at locations close to each other tend to be more sim-

ilar than those further apart. Once spatial autocorrelation is confirmed, the data can be 

reliably used for surface estimation methods such as kriging interpolation, which are then 

used to predict values at unknown points with minimised estimation variance [59,60]. 

Kriging is a geostatistical approach that estimates a variable’s value over a continu-

ous spatial field using a limited number of sampled data points. The variogram 𝛾(ℎ) 

plays a crucial role in universal kriging, quantifying spatial autocorrelation as a function 

of the lag distance ℎ. It is defined as half the expected squared difference between values 

separated by distance ℎ: 

𝛾(ℎ) =
1

2
𝐸[(𝑍(s) − 𝑍(s + h))2]  

This semi-variogram function is estimated from data and commonly modelled by 

functions such as spherical, exponential, or linear models to enable interpolation at un-

sampled locations [32,61–66]. 

The percentile values of the distribution of all interpolated values 

(2002/2005/2010/2015) were chosen as class boundaries. Seven classes with the following 

percentile values were selected: 0–10, 10–25, 25–40, 40–60, 60–75, 75–90, and 90–100. In 

addition, analysis of variance (ANOVA) revealed significant differences between the four 

sampling seasons. 

3. Results and Discussion 

The results of the eighteen-year monitoring of mercury (Hg) contents in mosses in N. 

Macedonia are summarised in Tables 1 and 2. Table 1 presents the temporal trends of Hg 

contents in mosses for the sampling years 2002–2020. The data include mean values (X), 

Box–Cox-transformed mean contents (XBC), median (Md), minimum (Min) and maximum 

values (Max). 

Table 1. Temporal trends of Hg contents in mosses for the sampling years 2002–2020 (in µg/kg). 
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Year X XBC Md Min Max P25 P75 S CV MAD QCD A E ABC EBC 

2002 68 58 56 18 264 38 89 40 59 20 40 2.03 7.08 0.01 −0.36 

2005 80 60 68 10 416 33 92 72 89 31 48 2.40 7.69 −0.01 0.04 

2010 112 91 93 10 595 68 116 94 84 24 26 3.57 14.17 −0.03 4.23 

2015 85 79 84 20 253 53 118 47 56 33 39 0.55 0.70 −0.11 −0.49 

2020 54 52 52 27 96 43 65 15 28 10 20 0.61 0.14 −0.00 −0.22 

X—arithmetic mean, XBC—Box–Cox transformed mean contents; Md—median, Min—minimum, 

Max—maximum, P25—25 percentiles, P75—75 percentiles, S—standard deviation, CV—coefficient of 

variation, MAD—mean absolute deviation, QCD—quartile coefficient of dispersion, A—skewness, 

E—kurtosis, ABC—skewness after Box–Cox transformation, EBC—kurtosis after Box–Cox transfor-

mation. 

The results indicate significant temporal variability in mercury (Hg) deposition. The 

highest mean Hg concentration of 112 µg/kg was recorded in 2010, corresponding to the 

peak background level of 91 µg/kg and an extreme outlier value of 595 µg/kg. In contrast, 

2020 exhibited the lowest mean concentration of 54 µg/kg, accompanied by a considerably 

reduced variability with values ranging from 27 to 96 µg/kg. This observed downward 

trend between 2010 and 2020 suggests a gradual improvement in atmospheric Hg depo-

sition, likely attributable to stricter environmental regulations, reductions in industrial 

emissions, and shifts in regional energy production and consumption patterns. This inter-

pretation is further supported by the quartile coefficient of dispersion (QCD), which 

shows decreased variability among samples in recent years compared to earlier sampling 

campaigns. 

Table 2. Spatial distribution of Hg deposition across the regions and geological formations of N. 

Macedonia (in µg/kg). 

Zone 2002 2005 2010 2015 2020 

Regions 

Western regions 66 99 131 79 52 

Central regions 85 71 87 87 59 

Eastern regions 59 64 105 93 52 

Geological formations 

Paleogene–Neogene basins 73 72 93 104 55 

West Macedonian zone 69 123 152 79 54 

Pelagonian massif 77 60 85 66 51 

Vardar zone 56 54 78 88 59 

Serbo-Macedonian massif 62 66 126 91 51 

Table 2 presents the spatial distribution of mercury (Hg) deposition across the re-

gions and principal geological formations of N. Macedonia. Distinct regional patterns are 

evident, with the highest concentrations generally recorded in the Western Macedonian 

zone and the Serbo-Macedonian Massif, particularly in 2010, when values reached 152 

µg/kg and 126 µg/kg, respectively. These elevated levels likely reflect the influence of local 

industrial and mining activities, as well as the enduring legacy of historical metallurgical 

operations. The Pelagonian Massif and the Vardar zone consistently exhibited relatively 

moderate Hg levels throughout the studied years, while the eastern regions consistently 

showed elevated levels during the 2010 and 2015 surveys. By 2020, however, Hg concen-

trations had decreased across all areas and stabilised at similar values (51–59 µg/kg), in-

dicating a homogenisation of Hg deposition across the country. The observed decrease 

over time aligns with global trends of reducing mercury emissions due to the implemen-

tation of international agreements and stricter environmental regulations. In N. 
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Macedonia, the closure of obsolete industrial facilities, reduced use of coal in power gen-

eration, and improved emission control technologies may have contributed to this de-

crease. Additionally, the significant decrease in maximum values and overall variability 

between 2010 and 2020 indicates less influence from sporadic high-emission events or lo-

cal sources. 

Figure 2 shows the Hg contents in moss samples from different regions and tectonic 

units of N. Macedonia for the period 2002–2020. Compared to previous campaigns, the 

2020 dataset confirms a clear downward trend. In 2005, the mean Hg values in the various 

regions reached approximately 75 µg/kg, decreased to about 65 µg/kg in 2010, and further 

declined to 55–60 µg/kg by 2015. The 2020 results (45–60 µg/kg), therefore, indicate a con-

tinuation of this long-term decline, reflecting the effects of reduced industrial emissions 

and stricter environmental regulations. In 2020, the values are relatively consistent, rang-

ing between 45 and 60 µg/kg. The highest contents were found in the central regions, fol-

lowed by the Pelagonian Massif, while the lowest values were observed in the West Mac-

edonian and Vardar zones. This homogenisation contrasts with previous surveys; in 2010, 

peak values of 152 and 126 µg/kg were measured in the Western Macedonian zone and 

the Serbo-Macedonian Massif, respectively, indicating the past influence of local indus-

trial and mining activities. 

From an environmental health perspective, these results are significant. While previ-

ous values exceeded European background levels, the most recent results align more 

closely with the continental average, suggesting a lower risk of Hg accumulation in soils, 

vegetation, and the food chain. Nevertheless, the historically elevated contents in indus-

trial areas highlight the need for continuous biological monitoring, given the persistence 

of mercury, its bioaccumulative potential, and its neurotoxic effects. 
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Figure 2. Histograms of the median content of Hg deposition by region and tectonic unit during the 

study period. 

Table 3 summarises the results of the analysis of variance (ANOVA), highlighting the 

significant key elements that influence mercury (Hg) deposition. The F-value associated 

with the time variable marked as “year” was highly significant (F = 9.47, p < 0.01), con-

firming strong evidence of marked temporal variation in Hg deposition over the study 

period. In contrast, regional differences were not statistically significant, suggesting that 

temporal variation outweighs broad east–west gradients. However, the identified geolog-

ical formations showed a marginally significant effect (F = 2.61, p < 0.05), indicating local-

ised influences from geogenic and industrial sources. These results highlight the im-

portance of long-term monitoring to capture the temporal dynamics of Hg deposition, 

rather than relying solely on spatial patterns from a single survey. 

Table 3. Results of the analysis of variance (ANOVA). 

 Degree of Freedom Sum of Squares Mean Squares F Ratio 

Year 4 0.13 0.03 9.47 * 

Regions 2 0.00 0.00 0.25 NS 

Geoformations 4 0.04 0.01 2.61 * 

Error 348 1.23 0.00 – 

Total 358 1.41 – – 

* – Statistically significant values (p = 0.05); NS – no statistical signification. 

Table 4 presents the correlation coefficients between the sampling years, revealing 

distinct temporal patterns. A moderately strong positive correlation was observed be-

tween recent years (2015–2020; r = 0.29), indicating a consistent pattern of mercury depo-

sition during the period of declining Hg emissions. In contrast, earlier years (2002, 2005, 

2010) showed weaker or even negative correlations with later surveys, suggesting major 

changes in emission sources and atmospheric transport mechanisms occurred between 

2010 and 2015. These shifts align with the regional declines in Hg emissions reported by 

the European Environment Agency (EEA) [67] and correspond to wider European trends 

of declining atmospheric Hg deposition following the introduction of stricter regulatory 
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emission controls. Such changes in correlation structure reflect the dynamic environmen-

tal responses following policy interventions and industrial transformations, highlighting 

how mercury deposition patterns evolve in response to emission control measures and 

atmospheric processes 

Table 4. Correlation matrix between survey years. 

2002 1.00     

2005 −0.01 1.00    

2010 −0.09 −0.00 1.00   

2015 0.06 −0.13 0.08 1.00  

2020 0.04 0.21 0.16 0.29 1.00 
 2002 2005 2010 2015 2020 

The observed decline in N. Macedonia reflects trends in European moss biomonitor-

ing, where Hg contents have decreased significantly since the early 1990s [68]. Several 

factors have likely contributed to this: the closure or modernisation of obsolete metallur-

gical plants, reduced coal consumption, and improved industrial emission controls. At 

the international level, the Minamata Convention on Mercury, 2023 [69], has further 

strengthened commitments to reduce Hg releases and established a regulatory framework 

that also benefits regional air quality. 

Figure 3 shows the temporal variation in Hg contents in mosses from N. Macedonia 

during the five national surveys in 2002, 2005, 2010, 2015 and 2020. The boxplots display 

medians, interquartile ranges (P25–P75), and whiskers (P05–P95), while the red line high-

lights the trend of the median values. 

 

Figure 3. Temporal variation in Hg contents in mosses from N. Macedonia over the five national 

surveys (2002, 2005, 2010, 2015, 2020). 

The distribution clearly illustrates both the temporal dynamics and changes in vari-

ability of mercury (Hg) levels. Between 2002 and 2010, the median Hg content increased 

steadily, reaching a peak of approximately 90 µg/kg in 2010. This period also exhibits the 

greatest variability, with extreme values exceeding 300 µg/kg, indicating a strong influ-

ence from local emission sources and possible episodes of high deposition events. In con-

trast, the 2015 survey shows a moderate decrease in median values but still a wide inter-

quartile range, indicating transitional conditions. By 2020, Hg levels had decreased 
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significantly, with the lowest median (~50 µg/kg) and least dispersion of values, showing 

both a reduction in absolute content and greater uniformity between sampling sites. 

The pattern shown in this figure confirms the statistical results presented in Tables 1 

and 3, where the “year” factor was found to be highly significant in determining Hg levels. 

The initial increase up to 2010 probably reflects ongoing industrial and energy-related 

emissions, while the sharp decline thereafter is consistent with regional and European 

trends in reducing mercury emissions. Similar trajectories have been documented in moss 

monitoring in Europe [68], where Hg levels decreased by over 50% between 1990 and 2015. 

Importantly, the reduction in variability over time (narrower P25–P75 and P05–P95 

ranges in 2020) suggests that mercury deposition has become more spatially homogenised, 

reflecting the reduced role of local hotspots with high emissions. This homogenisation is 

consistent with the decline of large point sources, the modernisation of industrial facilities 

and the reduced use of coal in N. Macedonia. 

The temporal dynamics reveal clear shifts in the “hotspots” of Hg deposition over 

the eighteen years. In 2002 and 2005, increased contents were observed mainly in the west-

ern and southwestern regions, as well as in parts of Central Macedonia. By 2010, the spa-

tial extent of high Hg contamination had expanded considerably, covering large areas in 

the west, centre, and east of the country. In that year, the highest national average (112 

µg/kg) and maximum (>500 µg/kg) levels were recorded, reflecting both regional and 

long-range transport contributions. 

In 2015, the intensity of hotspots remained pronounced, particularly in the east and 

northeast of the country, although mean values began to decrease compared to 2010. By 

2020, the spatial distribution had changed considerably: zones with high contents largely 

disappeared, and most of the country exhibited moderate to low values (37–74 µg/kg). 

The homogenisation of contents across the country is consistent with the boxplot results 

(Figure 1) and supports the statistical evidence (Table 3) that temporal changes are the 

dominant factor for Hg deposition. 

The map of long-term averages highlights the persistent role of certain regions—par-

ticularly Western Macedonia and parts of the Serbo-Macedonian Massif—as recurring 

hotspots during the study period. These areas are influenced by a combination of indus-

trial activities, historical mining and metallurgical operations, and potential geogenic con-

tributions. However, the overall decrease observed in 2020 aligns with international evi-

dence of declining atmospheric Hg following the introduction of stricter emission controls 

in Europe [68,69]. 

From an environmental and health perspective, the reduction and spatial minimisa-

tion of hotspots is a positive development, as it reduces the potential risk of Hg entering 

soils, crops, and food chains. Nevertheless, the persistence of historically elevated levels 

in the long-term average underscores the importance of continuous biomonitoring, espe-

cially in regions with an industrial and mining history. 

Overall, the eighteen-year assessment demonstrates that moss biomonitoring is an 

effective tool for tracking temporal trends and spatial patterns of Hg deposition. The re-

sults indicate significant improvements in air quality and mercury pollution control in N. 

Macedonia, while highlighting the need for sustained monitoring to ensure that the ob-

served positive trends are maintained in line with the objectives of the Minamata Conven-

tion on Mercury, 2023 [69] (Figure 4). 
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Figure 4. Spatial distribution of Hg contents in mosses in N. Macedonia for the five survey years 

(2002, 2005, 2010, 2015, and 2020) and the long-term average (2002–2020). 

4. Conclusions 

This eighteen-year assessment of mercury (Hg) deposition in N. Macedonia, using 

mosses as bioindicators, provides clear evidence of the temporal and spatial dynamics of 

atmospheric Hg pollution. The findings demonstrate a marked increase in Hg concentra-

tions until 2010, when both the national mean and extreme values reached their peak, 
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followed by a consistent decline until 2020. The most recent survey revealed a significant 

reduction in Hg contents, which were more homogeneously distributed across the coun-

try, suggesting reduced influence from localised emission sources with high pollutant lev-

els. The analysis of variance confirmed that temporal fluctuations were the dominant fac-

tor for Hg deposition, while large regional differences were not statistically significant. 

The correlation between recent years (2015–2020) indicates a stabilisation of deposition 

patterns following major emission reductions. Spatial mapping also revealed that, in the 

past, elevated contents were associated with the western and northeastern industrial and 

mining regions, although these hotspots have decreased significantly in the recent survey. 

The observed decline in mercury (Hg) content aligns with European and global 

trends and reflects the effectiveness of stricter emission controls, modernisation of indus-

trial facilities, reduced reliance on coal, and international efforts under the Minamata Con-

vention on Mercury. From an environmental and health perspective, the reduction in Hg 

levels to near-baseline values by 2020 is encouraging, as it reduces the risk of mercury 

accumulation in soils, plants, and food chains. However, the persistence of old hotspots 

in the long-term average emphasises the necessity for continuous monitoring, especially 

in regions where mining and metallurgy were previously carried out. Overall, this study 

demonstrates the effectiveness of moss biomonitoring as a reliable tool for tracking atmos-

pheric Hg concentrations over time and spatial scales. The results provide valuable base-

line information for policymakers and confirm significant progress in air quality manage-

ment in N. Macedonia. At the same time, they highlight the importance of long-term en-

vironmental monitoring to ensure sustainable protection of ecosystems and human health 

in a sustainable manner. 
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