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Abstract
Exposure to air pollutants negatively affects human health as well as the ecosystem. The target study area, Salda Lake, which 
is a special environmental protection area with Turkey's and the world's geoheritage and unique natural values, has become 
one of the tourist attraction areas in recent years. However, quantitative data on airborne trace metals in the region remain 
poorly described. This study focuses on the spatial distribution of atmospheric heavy metals through lichen monitoring for the 
first time around Salda Lake. The concentration of airborne metals accumulated in Xanthoria parietina lichen thalli samples 
collected from 14 sites were evaluated by multi-element analysis with Inductively Coupled Plasma-Mass Spectrometry (ICP-
MS). The spatial distribution of toxic metals in the region was presented as separate pollution maps. Analysis data showed 
that Ni, Fe, Al, Cu and Zn accumulation levels in lichen thalli were significantly higher than reference. Visitor entrance, 
camping areas and the road line in the west and south of the lake were among the sample areas where metal contamination 
was evident. Due to the prevalence of chromium mineral deposits in the region, the high level of Cr content is also quite 
remarkable. It was concluded that Al, Cr, Cu, Fe, Mn, Ni, Pb and Zn in the air are high enough to threaten human health 
and their levels vary depending on wind direction, human activities and traffic density. This study is important in terms of 
determining the level of air quality in this natural area and future perspectives.
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Introduction

Poor air quality, which is considered the biggest environ-
mental risk factor today, affects not only humans but also the 
biodiversity and ecosystem health. In recent decades, air pol-
lutants released into the atmosphere from many sources due 
to urbanization and industrialization have negative impacts 
on human health, environmental health and global climate 
change. The World Health Organization (WHO 2020) 
reported that people's risk of developing health problems, 
especially cardiovascular and respiratory diseases and lung 
cancer, increases due to exposure to the effects of air pollu-
tion, and 7 million deaths occurred globally in 2016. As they 
can be taken into the body through respiration and skin, they 
can accumulate in tissues and cause oxidative stress, DNA 
damage, cellular deterioration, various cancers and many 
diseases since they cannot be eliminated from the body. In 
case of excess metals in metabolism, they create a carcino-
genic potential (Vigneri et al. 2017; Demir 2021). Heavy 
metals released into the atmosphere from different sources 
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can accumulate in the soil, sediment, plants, lichens, water 
resources, and seawater (Tchounwou et al. 2012).

Lichens with bioindicator properties, which are resistant 
to adverse climatic conditions but sensitive to air pollution, 
especially SO2, are widely used as biomonitors of airborne 
pollutants. They respond to air pollution to varying degrees 
depending on their species, and can reflect the amount of 
pollutants in the atmosphere, such as trace elements and 
organic chemicals that they have accumulated in their thalli 
due to their biological structure (Çobanoğlu Özyiğitoğlu 
2020). It has been shown that there is a very high correla-
tion between the diversity of lichen communities in northern 
Italy and the incidence of lung cancer (Cislaghi and Nimis 
1997). In a study conducted in Algiers city (Algeria) by 
Ghenam et al. (2021), a significant correlation was found 
between air pollution levels determined by lichen biomoni-
toring and spatial variations of respiratory diseases asthma 
and bronchitis.

As living organisms in nature, the use of lichens as bio-
logical monitoring tools in the assessment of air quality 
is an approach that has been accepted for years in detect-
ing long-term accumulation of atmospheric metals (Garty 
2001). Airborne heavy metals, trace elements, radionuclides, 
persistent organic pollutants (POPs) and particulate matter 
(PM) can be detected by various methodologies suitable for 
lichen monitoring (Conti and Tudino 2016), resulting in 
much lower costs than air sampling. Monitoring air quality 
around pollution sources with lichens has become routine in 
many regions. In the lichen biomonitoring study carried out 
by Loppi (2000) around the geothermal power plant in Siena 
(Italy), it was determined that geothermal-derived hydrogen 
sulfide is both the main source of atmospheric sulfur and 
responsible for the decrease in lichen diversity in the envi-
ronment. In another study conducted in Middletown, Ohio 
(Kousehlar and Wisdom 2020), it was found that toxic met-
als measured in lichen samples collected near steel and coke 
plants, the emission sources in the region, were at very high 
concentrations, but showed a sharp decrease at distances 
more than 3 km from the factories. It was also determined 
that atmospheric PM samples were rich in metal.

It has been reported in various studies that lichen species 
represent different bioaccumulation capacities against pol-
lutants. Foliose epiphytic lichen species growing in urban 
and suburban areas near air pollution sources can best reflect 
the negative effects of pollution (Paoli et al. 2021). The epi-
phytic foliose Xanthoria parietina probably due to its thal-
lus surface character and being widespread is one of the 
most frequently used lichen species in the biomonitoring 
of atmospheric pollutants (Scerbo et al. 2002; Nimis et al. 
2001; Yenisoy-Karakas and Tuncel 2004; Doğrul-Demiray 
et al. 2012; Bozkurt 2017; Vitali et al. 2019; Fortuna et al. 
2021; Özkök and Çobanoğlu 2023).

This study focuses on monitoring atmospheric toxic ele-
ments through lichens around Lake Salda, Turkey's clean-
est and deepest tectonic lake, which was declared as a 1st 
Degree Natural Protected Area in the Burdur Provincial 
Report in 1996 (TMMOB 2020). But, unfortunately, Burdur 
is among the provinces that exceeded the European Union 
(EU) limit values in terms of PM10 measurement values in 
2019 (Zeydan 2021). Recreational possibilities offered by 
Salda Lake with camping, local culture and touristic facili-
ties, as well as some mining activities have a negative impact 
on the rapid pollution of the region in recent years. Poor air 
quality can threaten visitors as well as the public living in 
this area. However, since air pollution measurements are not 
made consistently in the region, there is no clear information 
about air quality. Lichen biomonitoring serves as a valuable 
tool for environmental monitoring in such rural natural areas 
where adequate monitoring devices are lacking. In addition, 
there has been no research in the literature on lichen moni-
toring around the Salda natural area so far. Our main goal 
is to obtain inferences based on lichen monitoring of the air 
quality around Salda Lake and to contribute to eliminating 
the lack of data on this issue. The study was designed to 
determine the spatial levels of atmospheric heavy metals and 
trace elements accumulated by native lichens around the lake 
using a long-term biomonitoring approach. This research 
will help provide the first basic biological data on air quality 
in the studied region and track future changes.

Materials and methods

Description of the study site

The study was conducted around Salda Lake, located at 
an altitude of 1193 m above sea level within the borders 
of the Yeşilova District of Burdur Province (Fig. 1B). 
Salda Lake with a maximum depth 190 m is known as the 
deepest lake in Turkey and the third deepest lake in the 
world (Temurçin et al. 2019). It is approximately 6.8 km 
wide and 9.2 km long and covers a lake area of 44.7 km2. 
The Lake draws attention with its unique structure, clear 
water, white sandy beach, and its “analog to Mars” due 
to the presence of microbialites, which are organo-sedi-
mentary structures composed of hydrated magnesium car-
bonate, “hunhite”, in the rocks and sediments around the 
Lake (Balci et al. 2020). The activities for huntite mineral 
deposit and chrome mining operations in and around Salda 
Lake adversely affect the biodiversity in the region. The 
lake and its surroundings have been recently closed to min-
ing licenses (TMMOB 2020). Mining around Salda Lake 
based on the data General Directorate of Mineral Research 
and Exploration of Turkey was shown in Fig. 1C.
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The average temperature in Salda Lake and its surround-
ings, where the Mediterranean climate prevails, is 15 °C and 
varies between 30 °C in August and 2 °C in January. While 
January is the month with the highest rainfall with 162 mm, 
the least precipitation is in July with 16 mm. Northeast is 
the prevailing wind direction. The region contains wetlands, 
streams, dunes, woodlands, forests, mountain steppes, rocks, 
agricultural ecosystems and residential areas Salda Lake, 
which contains a very rich biodiversity in terms of flora and 
fauna, meets "Important Natural Area" and "Important Bird 
Area" criteria of IUCN (International Union for Conserva-
tion of Nature and Natural Resources) with its endemic spe-
cies (Ceylan and Bulut 2019).

The land around the lake contains tectonic and karst 
depression areas. The fact that the lake water has an alkaline 
pH value ranging from 8.8 to 9.2 and its white beaches and 
turquoise color, which are the result of current magnesite 
formations, rise the popularity of the lake. In recent years, 
the destruction in the region has increased considerably due 
to the density of visitors, and the ecosystem of the lake has 
been under the threat of pollution as well as drought (Cey-
lan and Bulut 2019). Salda Lake was first declared as a 1st 
Degree Natural Protected Area in Turkey in 1989 and it was 
determined as a Special Environmental Protection Area in 
2019 (https://​tvk.​csb.​gov.​tr/​salda-​golu-i-​91578).

Lichen sampling

Xanthoria parietina (L.) Th. Fr. (Fig. 1A), a native foliose 
epiphytic lichen species with orange colored-thalli, frilly 
lobes and often apothecia, was selected as the monitoring 
organism in the current biomonitoring study. The reason 
for choosing this species is that it is widely available in 
the research area and, as a pollution-tolerant species, it is 
among the best bio-accumulators of airborne trace elements 
(Fortuna et al. 2021; Nimis et al. 2001; Vitali et al. 2019). 
Since lichens develop slowly and unseasonably and their 
morphology remains the same throughout the year, sam-
pling can be done in every season. Lichen samples were 
collected from the bark of various deciduous or evergreen 
trees between 23–26 June 2019 (Table 1), anticipating that 
this might reflect the air pollution caused by thermal power 
plants, coal mines and mining operations, which increases 
in the winter season, and the effects of visitor density start-
ing in the spring.

Sampling was carried out at 14 different sites deter-
mined in the field at random points surrounding the lake 
along an area of approximately 15 km from north (37°59′39″ 
N—29°65′45″ E) to south (37°50′75″ N—29°70′65″ E) 
displayed in Table 1 and Fig. 1B. Composite biomonitor-
ing samples, including 10 lichen thallus with a diameter of 
1.5–2 cm (140 in total), were collected from each sampling 
site. During the fieldwork, care was taken to pick corticolous 

lichen samples from tree branches or trunks at a height of 
at least 1 m above ground to prevent contamination from 
the soil, and at least 100 m from the main roads, based on 
the guidelines proposed by Bargagli and Nimis (2002). To 
minimize the possibility of contamination from tree bark, 
necessary steps in lichen sampling were followed, such as 
selection of the epiphytic species loosely attached to the 
substrate, careful cleaning of the lower surface of the thallus. 
The outermost part of the thallus, which had the least or no 
connection with the tree bark, was selected for the analyses. 
The collected samples were wrapped in paper towels, kept in 
paper bags and envelopes. Lichen samples were air-dried in 
the laboratory and stored in polyethylene bags until chemi-
cal analysis.

Quantitative analysis

The composite lichen samples collected for analysis were 
carefully separated from their substrates (bark) with the help 
of forceps under a stereomicroscope and were cleaned of 
foreign matter and dust. The cleaned samples were washed 
twice with distilled water in petri dishes to remove the dust 
remaining on the thallus surface and left to dry for 2–3 h at 
room temperature. Subsequently, the samples were placed 
into an oven and dried again at 60 °C for 12 h. The dried 
thalli of the lichen samples were homogenized by grind-
ing and powdered (Yenisoy-Karakas and Tuncel 2004). The 
powdered samples were then transferred into the sealed 
falcon tubes by labeling their weighed amounts and stored 
under sterile conditions for further analysis.

Solubilization of lichen samples was carried out with 
Microwave digestion system (CEM Mars X-press) with 3 
subsequent repetitions. For this, 0.1 g of the lichen samples 
was placed into the microwave containers after adding 6 ml 
of King's solution (3:1 ratio, HCl: HNO3) in the fume hood. 
Then, the containers were closed and kept in the microwave 
at 160 °C for 15 min. Following these steps, the solubilized 
samples were taken into the falcon tubes and completed to 
50 ml with ultrapure water.

After the cleaning, grinding and solubilization steps, 
Inductive Coupled Plasma-Mass Spectrometry (ICP-MS, 
Agilent 7500 Tokyo, Japan) analysis was conducted at 
Advanced Technology Education, Research and Application 
Center in Mersin University. Concentrations of 10 elements, 
Al, As, Cr, Cu, Fe, Mn, Ni, Pb, V and Zn were measured in 
all lichen samples from Salda Lake region, including IAEA-
336 certified reference lichen material provided by the Inter-
national Atomic Energy Agency (Heller-Zeisler et al. 1999).

Data analysis

The data obtained were evaluated by comparing with the 
reference values, and the spatial analysis of the elements in 

https://tvk.csb.gov.tr/salda-golu-i-91578


	 Air Quality, Atmosphere & Health

the region was presented with the pollution maps created 
using the SURFER 17.1 software program (Fig. 4). In this 
software, the sampled points are placed according to the 
coordinate system by using the Kriging algorithm together 
with the gridding method. In this way, contour maps repre-
senting the distribution of air concentrations of each ana-
lyzed element in the study area were created. Analysis data 
was also shown in tables (Table 2) and graphs created with 
Microsoft Office Excel 2016 program (Figs. 2, 3 and 6). 
Atmospheric trace element levels were statistically assessed 
by multivariate hierarchical cluster analysis for differences 
between sampling sites in the study area using the PAST 
4.12b software package. The Ward’s method was applied to 
determine the correlation of monitoring sites with elemental 
concentration distribution. Group affinities of metal levels 
were shown by two-way stratigraphic dendrogram (Fig. 5A). 
Boxplots are also provided to visualize the outliers and the 
distribution pattern of each element in the dataset (Fig. 5B).

Results and discussion

Elemental composition of biomonitoring samples

The measured concentrations of airborne trace elements 
(Al, As, Cr, Cu, Mn, Fe, Ni, Zn, V, Pb) accumulated by 
epiphytic lichen samples taken from Salda were evaluated 
according to the criterion of comparison with the lichen 
reference material (IAEA-336) applied as a standard. Ele-
ment concentrations and average values of the biomonitor-
ing lichen samples along with the measured and certified 
values of the reference lichen were provided in Table 2. 
In the measured values, all of Cd, the majority of As, and 

many of Pb and Cu were detected below the limit. For this 
reason, Cd is not shown in the table and is excluded from 
graphical evaluation.

The mean values of X. parietina monitoring samples 
from all areas were found to be 43.3 times higher for Ni, 
8 times higher for Fe, 2.9 times higher for Al, 2.5 times 
for Cu and 1.7 times higher for Zn when compared with 
the measured reference lichen (R-m). All measured val-
ues of the As element in Salda samples were below the 
R-m value. Accordingly, airborne metals accumulated in 
abundance by lichen thalli in Salda were listed in decreas-
ing order as Ni > Fe > Al > Cu > Zn > Pb > Mn > Cr > V > 
As. Compared to the certified reference (R–c) values (*Ni 
non-certified), the average concentrations of the measured 
elements were found to be higher 25.4 times for Cr, 5.1 
times higher for Fe, 4 times higher for V, 2.8 times for Al, 
2.5 for As 1.8 for Cu,, 1.2 times for Pb and 1.1 times for 
Zn. In this case, the ranking was as follows; * Ni > Cr > F
e > V > Al > As > Cu > Pb > Zn > Mn (Table 2).

Xanthoria parietina, observed at each of the sampling 
sites in the Salda region, has been reported to be a physio-
logically toxic-tolerant lichen species suitable for measur-
ing the spatial level of air pollution (Parviainen et al. 2019; 
Dzubaj et al. 2008). In terms of its performance in metal 
accumulation, it can be said that X. parietina in the present 
study was a good collector for Al, Cr, Cu, Fe, Mn, Ni, Pb 
and Zn, but their maximum concentrations vary by locali-
ties. In a biomonitoring study conducted with the same 
species in Poland, it was stated that X. parietina thalli 
showed the highest accumulation in terms of Cu, Fe, Mn 
and Zn, and the least accumulation in Pb and Ni (Parzych 
et al. 2016). When compared with the results of our study, 
the elements reported to have high accumulation levels are 

Fig. 1   a Epiphytic foliose orange lichen, Xanthoria parietina b Study area with sampling sites (1–14) around Salda Lake basin in Burdur prov-
ince c Mining map of Salda Lake surroundings
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similar, while those with the lowest accumulation differ; It 
was observed that Ni in our study was at the highest level 
in the ranking of average metal concentrations compared 
to the reference.

Spatial analysis

The distribution of the mean concentration level of each 
element measured in X. parietina across the monitoring 
sites is shown in Fig. 2.

By evaluating the elemental data, spatial variation of 
pollution levels based on mean values across the monitor-
ing sites is arranged rom high to low as follows: 12 > 2 
> 13 > 1 > 8 > 14 > 4 > 9 > 6 > 5 > 10 > 11 > 3 > 7 (Fig. 3). 
Among the monitoring sites, the four most intensively 
measured metals were significantly similar and followed 
the decreasing order of sites 2, 12, 9, 7, 13 for Ni, 2, 12, 
11, 7, 13 for Fe, 12, 9, 10, 6, 11 for Al, and 2, 13, 7, 8, 
12 for Cu. Maximum concentration levels were detected 
for Fe, Mn and Pb in site #12; for Cr in site #13; for Ni 
in site #2; for Al in site #1 (the forest land at the entrance 
of Lake Salda); for Zn in site #6. Although Cr, Fe and Ni 
concentrations were recorded above the reference in site 
#4 (Doğanbaba village), they were still below the average 
values in Salda.

The ranking of the monitoring sites with the highest 
pollution level above the average in Salda is 12, 2, 13, 
1, 8, 14, and the least polluted sites are 3, 7, 11, 10, 5, 6 
(Fig. 3). The sample areas in the Central Village (#12, 13, 
14), which are the monitoring areas in the west of Salda 
Lake, the rocky area further north (#1, 2), and the recrea-
tion facility area (#8), were determined as the most pol-
luted areas with the highest Al, Cr, Cu, Fe, Ni, Pb, V, Mn 
and Zn concentrations. It turned out that the cleanest loca-
tions were around the rocky terrain located in the north of 
the Lake (#3) in Doganbaba village in the northwest and 
Kayadibi village (#5, 6, 7) in Yeşilova district in eastern 
parts of Salda Lake, and area behind the forest side of the 

campsite (#10). Spatial distribution maps created for each 
element based on average concentrations in biomonitoring 
lichen samples in the study area are presented in Fig. 4.

Heavy metals from anthropogenic emissions enter the 
atmosphere as particles and/or byproducts from activi-
ties such as mining, smelting, fossil fuel combustion and 
waste incineration, sewage sludge, sewage effluents, com-
mercial fertilizers and pesticides, and accumulate in lichens 
as reported in numerous studies (Kousehlar and Wisdom 
2020; Loppi 2000; Vitali et al. 2019). Mining and smelting 
activities are considered the main sources of atmospheric 
heavy metals (Milow et al. 2022). It has also been pointed 
out that these air pollutants do not remain at the emission 
source and can spread over long distances with different 
meteorological factors such as wind direction, wind speed, 
and thermal slope (Çobanoğlu 2015). The monitoring areas 
in our study, where heavy metals such as Ni, Fe, Al, Cu 
and Cr are in high concentrations, correspond to the visit 
entrance, the campsites and the road route around the lake, 
especially in the west and south of the lake. The effect of 
the northeast prevailing wind is thought to contribute to the 
transport of atmospheric heavy metals to the west of the 
lake. This situation also reveals the negative impact of peo-
ple and vehicle density. These heavy metals, detected at high 
levels in the study area, are among the metals with sufficient 
human evidence to be classified as carcinogenic (Tchounwou 
et al. 2012), and they have been shown to cause DNA dam-
age through base pair mutation, deletion, or oxygen radical 
attack on DNA (Briffa et al. 2020).

Nickel, which ranks first among airborne heavy metals 
around Salda Lake with an average value of 44.6 μg g−1, 
was detected at the maximum level (146.6 μg g−1) in site 
#2. The European Union (EU) has set a target value for Ni, 
a human genotoxic carcinogen, of 20 ng/m3 for its concen-
tration in ambient air (Communities 2001). The vast major-
ity of nickel emissions are cited as anthropogenic sources, 
including the burning of oil for heat or energy production, 
nickel mining, burning of waste and sewage sludge, steel-
making, electroplating, and coal combustion. High levels 

Fig. 2   Location-based con-
tamination levels based on mean 
element values accumulated 
in thalli of X. parietina (X.p.) 
across the monitoring sites
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of Ni can be toxic to plants and humans since it causes res-
piratory system cancers (Briffa et al. 2020). Atmospheric Ni 
is closely associated with metallurgical industry emissions 
and the combustion of liquid fuels (Parzych et al. 2016) and 
probably released into the atmosphere from industry and 
vehicle exhausts in the Salda region.

Although copper is relatively lower, the significantly high 
levels of iron detected in the study region is alarming. While 
Cu increases mostly due to mining, traffic, fungicides and 
fertilizers used in agriculture, the main source of Fe is min-
ing and heavy traffic. It has been noted that inhalation of 
iron-rich air pollution nanoparticles emitted from industrial 
and traffic-related sources can catalyze the formation of 
harmful reactive oxygen species (ROS), leading to oxida-
tive stress and cell damage or death (Maher et al. 2020). 
Long-term exposure to Fe and Cu in airborne fine particulate 
PM2.5, together with their combined effect on ROS, has been 

consistently associated with increased CVD mortality from 
early childhood (Zhang et al. 2021).

Aluminum levels in the air were found to be high, most 
likely due to industrial emissions. Al concentrations did not 
exceed the Salda average in sampling sites #3, 5, 9 and 11, 
and the reference in site #7, but it was observed to increase up 
to 2.9 times in all other areas (Fig. 3 and 4). Compared to the 
mean value of X. parietina conducted in rural-industrial Düzce 
province (3149.2 μg g−1) (Bozkurt 2017) and in urban-indus-
trial İstanbul Asia (2938 μg g−1) (Özkök and Çobanoğlu 2023), 
concentration level of Al in Salda (1915 μg g−1) appeared 
lower. However, it is not a coincidence that Al contents is 
mostly found in sample sites where people are crowded, such 
as areas close to the central village of Salda, human recreation 
areas and the shore and entrance part of the lake.

In humans, zinc is an important element primarily in 
cell-mediated immunity and also as an antioxidant and 

Fig. 3   Distribution of elemental concentration values (μg g−1) in monitoring sites (#1–14)
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anti-inflammatory (Prasad 2014). However, Zn, which is 
approximately 2 times the reference value in the work area 
air, is at a level that can threaten human health.

Pb, which humans are exposed to from sources such 
as food, water and contaminated dust, is a nonessential 
trace metal with no safety threshold (Stojsavljevic et al. 
2024). Lead reached the highest value (6.51 μg g−1) in the 
12th sample site, which turned out to be the most polluted 

area in terms of heavy metal levels, and was found to 
be higher than the reference in the 8th and 10th sam-
ple sites, but remained below the limit value in the other 
sites around Salda Lake. The primary and secondary Pb 
standards are 0.15 μg/m3 limited by EPA to protect human 
health and the environment from lead pollution in the air. 
Lead can be emitted into the air in the form of particles 
small enough to stay suspended in the air. Depending on 

Fig. 4   Spatial distribution levels of elements (μg g−1) in the Salda Lake region
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the exposure level, lead can adversely affect the nervous 
system, kidney function, immune system, reproductive 
and developmental systems and cardiovascular system, 
and the oxygen-carrying capacity of the blood (https://​

www.​epa.​gov/​lead-​air-​pollu​tion). Especially Salda central 
village seems to be under threat in terms of Pb in the air.

Due to the widespread chromium mineral deposits in 
the region, Cr contents are most likely quite pronounced 
around Salda Lake, especially at sampling sites #12 and 

Fig. 5   a Group affinities based 
on the average of the elements 
are shown by a two-way strati-
graphic dendrogram (Ward’s 
method, cophen. corr.: 0.8382) 
b Box plots for the distribu-
tion of element concentrations 
(excluding Al and Fe due to 
their higher numerical values), 
Error bars indicate standard 
deviations

Fig. 6   Element levels (μg g−1) 
of different monitoring studies 
conducted with X. parietina in 
the literature (Al and Fe are pre-
sented on separate axes in order 
not to obscure those of other 
elements, as they have much 
higher concentration values than 
the others)

Table 1   Geographic 
information on the sampling 
sites around Salda Lake

Site Number Geographic coordinates Tree substrate Habitat/ Place name

1 37°54′23’’ N—29°64′04’’ E cedar rocky area to the west of the lake
2 37°55′25’’ N—29°64′46’’ E juniper Woodland to the west of the lake
3 37°57′49’’ N—29°64′05’’ E cedar Doganbaba beach in the northwest
4 37°59′39’’ N—29°65′45’’ E cherry lakeside, Doganbaba village
5 37°53′77’’ N—29°71′79’’ E red pine rocky area in the east of the lake
6 37°52′22’’ N—29°74′20’’ E oak wooded area, way to Kayadibi village
7 37°51′29’’ N—29°74′60’’ E acacia Kayadibi village, east side of the lake
8 37°50′76’’ N—29°70′69’’ E oak recreational facility area
9 37°51′24’’ N—29°68′82’’ E mulberry Hasmet tent garden
10 37°50′75’’ N—29°70′65’’ E cedar forest area, behind the Lake campsite
11 37°52′67’’ N—29°63′29’’ E plum Salda central village, roadside
12 37°53′05’’ N—29°63′26’’ E acacia Salda central village, roadside
13 37°52′28’’ N—29°66′46’’ E black pine lakeside, Salda central village
14 37°52′12’’ N—29°66′63’’ E black pine roadside woodland, exit from Salda

https://www.epa.gov/lead-air-pollution
https://www.epa.gov/lead-air-pollution
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#13 with the higher levels (Fig. 1c). In addition to mining 
activities, building stones such as sand, gravel, granite, 
andesite, basalt, limestone and marble extracted by open 
pit operations are among the activities that cause air pol-
lution in the form of dust emissions. In the report of the 
Union of Chambers of Turkish Engineers and Architects 
(TMMOB 2020), it is stated that marble quarries around 
the lake basin and mining activities, especially chromite, 
are among the activities that affect and pollute the lake 
and its immediate surroundings. The report also draws 
attention to the damage caused by agricultural activities 
such as the use of fertilizers and pesticides to forests, 
agricultural areas and water regime. Along with these, 
recent increase in tourism and leisure activities such as 
picnics, camping, bicycle and off-road tours, and festivals 
threaten the sensitive lake.

Statistical analysis

The dendrogram constructed by hierarchical cluster anal-
ysis reflects some indicative results regarding the average 
concentrations of toxic elements (Table 2) measured in 

lichen thalli samples in the monitored areas (Fig. 5A). 
Box plots for visualizing the distribution level of each 
metal in the data set are indicated in Fig. 5B.

The affinity of metal levels showed a distinct grouping 
for Fe and Al, while the others were grouped in two sub-
groups: Mn, Zn, Ni, Cr, V and As, Cu, Pb (Fig. 5).

The spatial distribution of each element in X. parietina 
monitoring samples gave rise to two main clusters. Clus-
ter I was divided into 2 sub-groups; one included both 
certified and measured reference lichen (E. prunastri), 
and sites #3, 7, 6, 9, 5, 10, 11, and the other grouped 
together with mean of Salda, and site #4. The areas with 
metal levels closest to the reference are sites 3 and 7.

In cluster II, sampling sites #2, 12, 1, 13, 8, and 14 
were included together. Elements converged within the 
same group, with strong intercorrelations. This second 
cluster of the sampling sites based on metal pollution 
levels includes areas where human activities are con-
centrated, such as visitor entrances and recreation areas, 
mostly in the west and south of the lake. According to 
this conclusion, human density and wind factors emerge 
as two reasons for the low air quality in these areas.

Table 2   Elemental 
concentrations (μg g−1 dry 
weight) of the monitoring 
samples of X. parietina 

 < DL: below detection limit; * not certified; # number; Min: Minimum; Max: Maximum; S.D.: Standard 
deviation; C.I.: Confidence Intervals; R-m: Reference-measured; R-c: Reference-certified (IAEA-336)

Site # Al As Cr Cu Fe Mn Ni Pb V Zn

1 4780  < DL  < DL  < DL 2031 22.16  < DL  < DL  < DL 41.39
2 2698  < DL 34.53 5.5 5848 99.9 146.6  < DL 4.44 33.71
3 748  < DL  < DL  < DL 556 18.89  < DL  < DL  < DL 55.09
4 1622  < DL 10.33  < DL 1457 45.6 14.7  < DL 1.15 26.2
5 973  < DL 11.63  < DL 808 37.49 10.58  < DL 1.69 51.69
6 1060  < DL  < DL  < DL 996 34.14 9.01  < DL  < DL 57.34
7 498  < DL 16.63  < DL 407 33.6 5.85  < DL 4.32 11.75
8 3224  < DL 21.33 6.6 3130 67.1 33.25 5.29 8.04 42.14
9 1108  < DL 8.18  < DL 1035 36.19 15.16  < DL 2.43 21.3
10 939  < DL 6.43  < DL 741 39.23 10.58 5.17 2.74 18.51
11 830 2.94 10.88  < DL 786 21.62 9.38  < DL 4.31 12.64
12 2930 0.26 50.43 6.23 5888 108 143 6.51 11.31 47.34
13 2593  < DL 84.58 7.88 4087 106.3 93.45  < DL 11.14 27.29
14 2808  < DL 41.43  < DL 3055 73.75 43.55  < DL 13.11 7.43
Min 498 0.26 6.43 5.5 407 18.89 5.85 4.01 1.15 7.43
Max 4780 2.94 84.58 7.88 5888 108 146.6 6.51 13.11 57.34
Mean 1915 1.60 26.94 6.55 2202 53.14 44.59 5.66 5.88 32.42
S.D. 1261 1.90 24.13 1.00 1910 31.98 52.82 0.74 4.27 16.94
Median 1365 1.60 16.63 6.42 1246 38.36 14.93 5.29 4.32 30.50
95% C.I.  ± 320.2  ± 1.3  ± 6.9  ± 0.5  ± 485.0  ± 8.1  ± 14.5  ± 0.4  ± 1.2  ± 4.3
R-m 661 4.85 46.33 2.60 275 57.80 1.03 4.01 13.61 19.49
R-c
95% C.I.

680
 ± 110

0.63
 ± 0.08

1.06
 ± 0.17

3.60
 ± 0.50

430
 ± 50

63
 ± 7

* 4.90
 ± 0.6

1.47
 ± 0.22

30.40
 ± 3.40
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Comparison of results with five other biomonitoring 
studies

Trace element levels were compared with several lichen 
biomonitoring studies in Turkey, which were conducted 
with X. parietina samples around urban and industrial 
areas in Istanbul, an industrial city, Kocaeli, and Düzce, 
where urban and industrial areas are intertwined. Addi-
tionally, a similar study in the Aegean region covering 
many provinces and a study conducted in Kosice, the 
industrial city of Slovakia, were also included in this 
comparison. The results of these studies compiled from 
the literature based on the average concentrations of 
atmospheric elements monitored in X. parietina (Table 3) 
are shown in Fig. 6.

When compared with those in five other studies in 
terms of the first three elements, Ni, Cr and Fe, which 
are at higher concentrations in Salda than the certified 
reference, the Ni value in this study is the highest among 
the values measured in other places. Although the Cr in 
Salda is lower than in Istanbul (Özkök and Çobanoğlu 
2023), it is at a much higher level than in the Aegean and 
Düzce (Bozkurt 2017). Fe in the air of Salda is at a value 
approaching the measurements in Turkey's industrial cit-
ies Kocaeli, Istanbul and Düzce, and was found to be very 
high compared to the Aegean region (Fig. 6).

The Al level in Salda is lower than in Düzce, Istanbul 
and Kosice-SR (Dzubaj et al. 2008), but higher than in 
the Aegean region (Yenisoy-Karakas and Tuncel 2004) 
and Kocaeli (Doğrul-Demiray et al. 2012). Although Cu, 
Pb, Mn and Zn levels are slightly higher than certified 
IAEA-336 in Salda, they are quite low compared to all 
other places (Table 3). These comparative results reveal 
that Salda's air quality is low enough to compete with 
many urban and industrial regions in terms of the amount 
of heavy metals in the air.

Conclusions

Global warming, drought risk, unconscious agriculture, 
mining activities, quarries, increasing tourism activities 
and construction works are the main factors threatening 
Salda Lake and its surroundings, which is a unique natural 
heritage and 1st Degree Natural Protected Area. The lack 
of information based on biomonitoring on air pollution 
around this important natural area necessitated the study. 
Data obtained based on lichen biomonitoring are impor-
tant in the study area where aerial measurement devices 
are not sufficient. In addition, while element measure-
ments directly from air samples show instant results, 
lichen biomonitoring provides advantages in long-term 
evaluation of pollution. Epiphytic foliose biomonitoring 
lichen X. parietina provided reliable long-term data to 
estimate the extent of air quality in the Salda region by 
the level of toxic metals.

The results of the current biomonitoring study, based on 
elemental analysis of lichen samples around Salda Lake, 
provided evidence that the air quality in the region has 
seriously decreased in terms of heavy metals. Conclusive 
results showed that Al, Cu, Fe, Mn, Ni, Pb and Zn in the 
air were quite high and their levels varied mostly depend-
ing on wind direction and the intensity of human activities 
and traffic. It is clear that the high levels of airborne Cr, 
mostly detected in the lichens in the western and southern 
sample areas (#2, 8, 12, 13, 14) of the lake, originate from 
chromium mineral deposits and wastes released into the 
environment without appropriate reclamation processes, 
as well as the prevailing northeast wind.

Although the economy of Burdur Province, where Salda 
Lake is located, is largely based on agriculture and animal 
husbandry, it has become inevitable to be exposed to the 
impacts of atmospheric heavy metal pollution due to the 
natural stone, metal-machine manufacturing, iron joinery, 

Table 3   Mean concentrations 
(μg g−1) of elements in the 
current study and 5 other lichen 
biomonitoring studies of X. 
parietina 

1The present study, TR Turkish Rebublic; 2 Doğrul-Demiray et al. (2012); 3 Özkök and Çobanoğlu (2023); 
4 Yenisoy-Karakas and Tuncel (2004); 5 Bozkurt (2017); 6 Dzubaj et al. (2008), SR Slovak Republic; * not 
measured

Monitoring area Al As Cr Cu Fe Mn Ni Pb V Zn

1Salda Lake TR, rural 1915 1.60 26.94 6.55 2202 53.14 44.59 5.66 5.88 32.42
2Kocaeli TR, urban−suburban 1513 1.63 * 15.26 2828 88 6.03 41.18 8.00 167
3Istanbul Asia TR, urban 2938 1.7 49.7 17.6 2959 71.5 6.8 10.1 17.3 71.5
4Aegean region TR, industrial 780 0.68 1.36 * 470 61 * * 1.78 37.3
5Düzce TR, rural−industrial 3149.2 1.1 10.2 12.2 2340.1 123.8 6.8 12.8 15.2 87.3
6Kosice SR, urban−industrial 1620 * * 30,1 3033 211 * 34,3 * 146
IAEA-336 certified 680 0.63 1.06 3.60 430 63 * 4.90 1.47 30.40
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mining and building-construction materials industries that 
have come to the fore in recent years. With increasing 
tourism activity, extremely important environmental prob-
lems arise in and around Salda Lake. In order to keep 
this heritage alive, public awareness should be raised, the 
people of the region should live more consciously, and 
the protection of the lake should be given priority in the 
decisions taken by the authorities.

Acknowledgements  We would like to thank Dr. Sevda İldan Özmen 
from Mersin University, Department of Advanced Technology, where 
the ICP-MS analysis was performed. We also thank Dr. Mustafa Yavuz 
for his help in creating the contour maps. We appreciate the anonymous 
reviewers for their constructive comments.

Authors contribution  Authors GÇ, TK: design and methodology, col-
lection of samples. TK: perform pre-analysis and mapping procedures 
and writing first draft of manuscript, GÇ: determination and super-
vision, writing and finalizing the manuscript. All authors read and 
approved the final manuscript.

Funding  Open access funding provided by the Scientific and Tech-
nological Research Council of Türkiye (TÜBİTAK). This work was 
supported by Marmara University Scientific Research Projects Unit 
(BAPKO) with the number FEN-C-YLP-130219–0034.

Data availability  All the data generated or analyzed during this study 
are included in this published article.

Declarations 

Ethical approval  This article does not contain any studies with human 
or animals’ participants.

Consent to participate  All authors given his/her consent to participate 
in the manuscript.

Consent to publish  All authors have given his/ her consent for publica-
tion and authors have no conflicts of interest.

Competing interest  The authors declare that they have no conflict of 
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

Balci N, Gunes Y, Kaiser J, On SA, Eris K, Garczynski B, Horgan 
BH (2020) Biotic and abiotic imprints on Mg-Rich stromatolites: 

Lessons from Lake Salda, SW Turkey. Geomicrobiol J 37:401–
425. https://​doi.​org/​10.​1080/​01490​451.​2019.​17107​84

Bargagli R, Nimis PL (2002) Guidelines For The Use Of Epiphytic 
Lichens As Biomonitors Of Atmospheric Deposition Of Trace 
Elements. In: Nimis PL, Scheidegger C, Wolseley PA (Eds.) 
Monitoring With Lichens- Monitoring Lichens. 1st Ed, Sec-
tion 3, Methods for Monitoring Lichens, Chapter 23, Springer 
Science+Business Media Dordrecht, Pp 295–299. https://​doi.​org/​
10.​1007/​978-​94-​010-​0423-7

Bozkurt Z (2017) Determination of airborne trace elements in an urban 
area using lichens as biomonitor. Environ Monit Assess 189:573. 
https://​doi.​org/​10.​1007/​s10661-​017-​6275-x

Briffa J, Sinagra E, Blundell R (2020) Heavy metal pollution in the 
environment and their toxicological effects on humans. Heliyon 
6:e0469. https://​doi.​org/​10.​1016/j.​heliy​on.​2020.​e04691

Ceylan S, Bulut İ (2019) Salda Gölü özel çevre koruma bölgesinde 
turizm baskısı, koruma ve sürdürülebilirlik. Türk Coğrafya Der-
gisi 73:79–89

Cislaghi C, Nimis PL (1997) Lichens, air pollution and lung cancer. 
Nature 387:463–464

Communities EE (2001) Ambient Air Pollution by As. Office for Offi-
cial Publications of the European Communities, Luxembourg, Cd 
and Ni Compounds. Position Paper

Conti ME, Tudino M (2016) Lichens as Biomonitors of Heavy-Metal 
Pollution. In: Guardia M, Armenta S (Eds.) Comprehensive Ana-
lytical Chemistry 73, 1st Ed, The Quality of Air, Chapter 6, Else-
vier, pp 117–145. https://​doi.​org/​10.​1016/​bs.​coac.​2016.​02.​005

Çobanoğlu Özyiğitoğlu G (2020) Use of Lichens in Biological Moni-
toring of Air Quality. In V. Shukla Dr. N. Kumar (Eds.), Envi-
ronmental Concerns and Sustainable Development - Volume 1: 
Air, Water and Energy Resources. Springer Nature, Singapore, pp 
61–95. https://​doi.​org/​10.​1007/​978-​981-​13-​5889-0_3

Çobanoğlu G (2015) The Use of Lichens for Biomonitoring of Atmos-
pheric Pollution. Sigma J Eng Nat Sci 33(4):591–613

Demir F (2021) Ağır Metal Toksisitesinin Kanser ile İlişkisi. Gazios-
manpasa J of Sci Res 10(1):21–29

Doğrul-Demiray A, Yolcubal I, Akyol NH, Çobanoğlu G (2012) Bio-
monitoring of airborne metals using the lichen Xanthoria pari-
etina in Kocaeli Province, Turkey. Ecol Indic 18:632–643. https://​
doi.​org/​10.​1016/j.​ecoli​nd.​2012.​01.​024

Dzubaj A, Backor M, Tomko J, Peli E, Tuba Z (2008) Tolerance 
of the lichen Xanthoria parietina (L.) Th. Fr. to metal stress. 
Ecotoxicol Environ Saf 70:319–326. https://​doi.​org/​10.​1016/j.​
ecoenv.​2007.​04.​002

Fortuna L, Adami G, Princivalle F, Tretiach M (2021) New insight 
on element bioaccumulation performance of two lichen biomoni-
tors: When morpho-chemical details mark the difference. Sci 
Total Environ 782:146360. https://​doi.​org/​10.​1016/j.​scito​tenv.​
2021.​146360

Garty J (2001) Biomonitoring Atmospheric Heavy Metals with 
Lichens: Theory and Application. Crit Rev Plant Sci 20(4):309–
371. https://​doi.​org/​10.​1080/​20013​59109​9254

Ghenam K, Attou F, Abdoun F (2021) Impact of atmospheric pollution 
on asthma and bronchitis based on lichen biomonitoring using 
IAP, IHI and GIS in Algiers Bay (Algeria). Environ Monit Assess 
193:198. https://​doi.​org/​10.​1007/​s10661-​021-​08965-8

Heller-Zeisler SF, Zeisler R, Zeiller E, Parr RM, Radecki Z, Burns 
KI, De Regge P (1999) Report on the intercomparison run for 
the determination of trace and minor elements in lichen material 
IAEA-336. NAHRES-33, (IAEA/AL/79), International Atomic 
Energy Agency, Vienna

Kousehlar M, Widom W (2020) Identifying the sources of air pollution 
in an urban-industrial setting by lichen biomonitoring- A multi-
tracer approach. Appl Geochemistry 121:104695. https://​doi.​org/​
10.​1016/j.​apgeo​chem.​2020.​104695

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1080/01490451.2019.1710784
https://doi.org/10.1007/978-94-010-0423-7
https://doi.org/10.1007/978-94-010-0423-7
https://doi.org/10.1007/s10661-017-6275-x
https://doi.org/10.1016/j.heliyon.2020.e04691
https://doi.org/10.1016/bs.coac.2016.02.005
https://doi.org/10.1007/978-981-13-5889-0_3
https://doi.org/10.1016/j.ecolind.2012.01.024
https://doi.org/10.1016/j.ecolind.2012.01.024
https://doi.org/10.1016/j.ecoenv.2007.04.002
https://doi.org/10.1016/j.ecoenv.2007.04.002
https://doi.org/10.1016/j.scitotenv.2021.146360
https://doi.org/10.1016/j.scitotenv.2021.146360
https://doi.org/10.1080/20013591099254
https://doi.org/10.1007/s10661-021-08965-8
https://doi.org/10.1016/j.apgeochem.2020.104695
https://doi.org/10.1016/j.apgeochem.2020.104695


	 Air Quality, Atmosphere & Health

Loppi S (2000) Lichen biomonitoring as a tool for assessing air qual-
ity in geothermal areas.  Iglesis E, Blackwell D, Hunt T, Kund J, 
Tamanyu S, Kimbara K (Eds.) Proceedings of World Geothermal 
Congress, Kyushu-Tohoku, Japan, pp 645–648

Maher BA, González-Maciel A, Reynoso-Robles R, Torres-Jardón R, 
Calderón-Garcidueñas L (2020) Iron-rich air pollution nanopar-
ticles: An unrecognised environmental risk factor for myocardial 
mitochondrial dysfunction and cardiac oxidative stress. Environ 
Res 188:109816. https://​doi.​org/​10.​1016/j.​envres.​2020.​109816

Milow P, Abdullah R, Sin Yong SL, Halim NSA, Panhwar QA (2022) 
Atmospheric deposition of heavy metals in different land uses 
and biomonitoring of heavy metals using lichen. In: Aftab T and 
Hakeem K (eds.) Metals and Metalloids in Soil-Plant-Water Sys-
tems- Phytophysiology and Remediation Techniques. Elsevier, pp 
233–254. https://​doi.​org/​10.​1016/​B978-0-​323-​91675-2.​00019-6

Nimis PL, Andreussi S, Pittao E (2001) The performance of two lichen 
species as bioaccumulators of trace metals. Sci Total Environ 
275:43–51

Özkök EA, Çobanoğlu G (2023) Spatial evaluation of air quality by 
biomonitoring of toxic element accumulation in lichens in urban 
green areas and nature parks on the Anatolian side of Istan-
bul. Environ Monit Assess 195:908. https://​doi.​org/​10.​1007/​
s10661-​023-​11496-z

Paoli L, Fačkovcová Z, Lackovičová A, Guttová A (2021) Air pol-
lution in Slovakia (Central Europe): a story told by lichens 
(1960–2020). Biologia 76:3235–3255. https://​doi.​org/​10.​1007/​
s11756-​021-​00909-4

Parviainen A, Casares-Porcel M, Marchesi C, Garrido CJ (2019) 
Lichens as a spatial record of metal air pollution in the industri-
alized city of Huelva (SW Spain). Environ Pollut 253:918–929. 
https://​doi.​org/​10.​1016/j.​envpol.​2019.​07.​086

Parzych A, Astel A, Zduńczyk A, Surowiec T (2016) Evaluation of 
urban environment pollution based on the accumulation of macro- 
and trace elements in epiphytic lichens. J Environ Sci Health 
A51(4):297–308. https://​doi.​org/​10.​1080/​10934​529.​2015.​11093​87

Prasad AS (2014) Impact of the discovery of human zinc deficiency on 
health. J Trace Elem Med Biol 31:135–141

Scerbo R, Ristori T, Possenti L, Lampugnani L, Barale R, Barghigiani 
C (2002) Lichen (Xanthoria parietina) biomonitoring of trace 
element contamination and air quality assessment in Pisa Province 
(Tuscany, Italy). Sci Total Environ 286:27–40. https://​doi.​org/​10.​
1016/​S0048-​9697(01)​00959-7

Stojsavljevic A, Markovic K, Lukac A, Ristanovic A, Maric N, Marko-
vic S, Sarac I, Scancar J (2024) Quantitative profiling and baseline 
intervals of trace elements in healthy lung tissues. J Trace Elem 
Med Biol 84:127440. https://​doi.​org/​10.​1016/j.​jtemb.​2024.​127440

Tchounwou PB, Yedjou CG, Patlolla AK, Sutton DJ (2012) Heavy 
Metal Toxicity and the Environment. In: Luch A (eds) Molecu-
lar, Clinical and Environmental Toxicology. Experientia Sup-
plementum vol 101. Springer, Basel. https://​doi.​org/​10.​1007/​
978-3-​7643-​8340-4_6

Temurçin K, Atayeter Y, Tozkoparan U (2019) Salda Gölü ve Çevresinin 
Turizm Potansiyeli ve Yeşilova İlçesi’nin Sosyo-Ekonomik Yapısına 
Etkisi. SDÜ Fen Ed Fak Sosyal Bilimler Dergisi 47(2):40–63

TMMOB (2020) Lake Salda report. The Union Of Chambers Of Turk-
ish Engineers And Architects (TMMOB), pp 1–138. https://​www.​
tmmob.​org.​tr/​yayin/​tmmob-​lake-​salda-​report

Vigneri R, Malandrino P, Gianì F, Russo M, Vigneri P (2017) Heavy 
metals in the volcanic environment and thyroid cancer. Mol Cell 
Endocrinol 457:73–80. https://​doi.​org/​10.​1016/j.​mce.​2016.​10.​027

Vitali M, Antonucci A, Owczarek M, Maurizio Guidotti M, Astolfi 
ML, Manigrasso M, Avino P, Bhattacharya B, Protano C (2019) 
Air quality assessment in different environmental scenarios by 
the determination of typical heavy metals and Persistent Organic 
Pollutants in native lichen Xanthoria parietina. Environ Pollut 
254A:113013. https://​doi.​org/​10.​1016/j.​envpol.​2019.​113013

WHO (2020) Integrating health in urban and territorial planning: a 
sourcebook. Geneva: United Nations Human Settlements Pro-
gramme/World Health Organization

Yenisoy-Karakas S, Tuncel SG (2004) Geographic patterns of elemen-
tal deposition in the Aegean region of Turkey indicated by the 
lichen, Xanthoria parietina (L.) Th. Fr Sci Total Environ 329:43–
60. https://​doi.​org/​10.​1016/j.​scito​tenv.​2004.​03.​003

Zeydan Ö (2021) Assessment of Particulate Matter (PM10) Pollution 
in Turkey in 2019. JIST 11(1):106–118. https://​doi.​org/​10.​21597/​
jist.​745539

Zhang Z, Weichenthal S, Kwong JC, Burnett RT, Hatzopoulou M, 
Jerrett M, van Donkelaar A, Bai L, Martin RV, Copes R, Lu H, 
Lakey P, Shiraiwa M, Chen H (2021) Long-term exposure to iron 
and copper in fine particulate air pollution and their combined 
impact on reactive oxygen species concentration in lung fluid: a 
population-based cohort study of cardiovascular disease incidence 
and mortality in Toronto. Canada Int J Epidemiol 5(2):589–601. 
https://​doi.​org/​10.​1093/​ije/​dyaa2​30

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

https://doi.org/10.1016/j.envres.2020.109816
https://doi.org/10.1016/B978-0-323-91675-2.00019-6
https://doi.org/10.1007/s10661-023-11496-z
https://doi.org/10.1007/s10661-023-11496-z
https://doi.org/10.1007/s11756-021-00909-4
https://doi.org/10.1007/s11756-021-00909-4
https://doi.org/10.1016/j.envpol.2019.07.086
https://doi.org/10.1080/10934529.2015.1109387
https://doi.org/10.1016/S0048-9697(01)00959-7
https://doi.org/10.1016/S0048-9697(01)00959-7
https://doi.org/10.1016/j.jtemb.2024.127440
https://doi.org/10.1007/978-3-7643-8340-4_6
https://doi.org/10.1007/978-3-7643-8340-4_6
https://www.tmmob.org.tr/yayin/tmmob-lake-salda-report
https://www.tmmob.org.tr/yayin/tmmob-lake-salda-report
https://doi.org/10.1016/j.mce.2016.10.027
https://doi.org/10.1016/j.envpol.2019.113013
https://doi.org/10.1016/j.scitotenv.2004.03.003
https://doi.org/10.21597/jist.745539
https://doi.org/10.21597/jist.745539
https://doi.org/10.1093/ije/dyaa230

	Biomonitoring of atmospheric heavy metals in native lichen Xanthoria parietina around Salda Lake (Burdur – Turkey), a special environmental protection area
	Abstract
	Introduction
	Materials and methods
	Description of the study site
	Lichen sampling
	Quantitative analysis
	Data analysis

	Results and discussion
	Elemental composition of biomonitoring samples

	Spatial analysis
	Statistical analysis
	Comparison of results with five other biomonitoring studies

	Conclusions
	Acknowledgements 
	References


