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ABSTRACT 
Lichens play crucial roles in the ecosystems, contributing to soil formation and nutrient 
cycling, and being used in biomonitoring efforts to assess the sustainability of ecosystems 
including air quality. Previous studies on heavy metal accumulation in lichens have mostly 
relied on manipulated environments, such as transplanted lichens, leaving us with a dearth 
of research on how lichens physiologically respond to heavy metal exposure in their natural 
habitats. To fill this knowledge gap, we investigated lichens from two of South Korea’s geo
graphically distant regions, Gangwon Province and Jeju Island, and examined whether differ
ence in ambient heavy metal concentrations could be detected through physiological 
variables, including chlorophyll damage, lipid oxidation, and protein content. The physio
logical variables of lichens in response to heavy metals differed according to the collection 
area: Arsenic exerted a significant impact on chlorophyll degradation and protein content. 
The degree of fatty acid oxidation in lichens was associated with increased Cu concentra
tions. Our research highlights the value of lichens as a bioindicator, as we found that even 
small variations in ambient heavy metal concentrations can be detected in natural lichens. 
Furthermore, our study sheds light on which physiology variables that can be used as indi
cators of specific heavy metals, underscoring the potential of lichens for future ecology 
studies.
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1. Introduction

Lichen is a unique organism that consists of a sym
biotic relationship between a fungus and algae or 
cyanobacteria. The fungus provides a structure and 
protection for the photobionts, which in turn pro
vides food for the fungus through photosynthesis. 
This relationship is so close that lichen is considered 
a single organism, rather than two separate organ
isms living together. Lichens are highly prevalent in 
approximately 8% of terrestrial ecosystems [1], and 
are commonly found thriving in environments sub
jected to extreme temperatures, limited water avail
ability, and low nutrient levels [2]. Due to their 
ability to tolerate a wide range of environmental 
conditions, lichens are key components of many 
ecosystems and contribute significantly to the sus
tainability of natural systems. Lichens play essential 
roles in the ecosystems such as soil formation, habi
tat creation for plants and insects, food source, and 
nutrient cycling, indicating that they can contribute 
to the overall health of an ecosystem. Some species 

of lichens can fix nitrogen from the atmosphere, 
making it available to other plants in the ecosystem. 
Other species can absorb heavy metals from the soil, 
helping to detoxify polluted areas, one of how they 
can contribute to environmental sustainability. 
Therefore, it can be said that studying lichens can 
provide significant assistance in assessing the health 
of ecosystems. The study of lichens not only helps 
us understand the state of the environment but also 
provides valuable insights into the intricate interplay 
between different organisms and their surroundings, 
promoting a deeper appreciation of the complexity 
and beauty of our natural world.

Lichens are widely recognized as bioindicators of 
environmental pollution because of their sensitivity 
to various pollutants, including heavy metals [3]. 
Therefore their health and distribution can be used 
to monitor air quality. Heavy metal pollution is a 
significant environmental problem, with detrimental 
effects on ecosystems and human health, [4] that 
accumulate in lichens and cause multiple physio
logical changes. The surface of lichens and the 
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intercellular spaces of their medulla can serve as 
sites for the deposition of fine particles containing 
heavy metals that can remain unaltered for pro
longed periods [5]. Their ability to accumulate par
ticles allows them to retain significant quantities of 
heavy metals. Therefore, lichens have become highly 
regarded as bioindicators because of their capacity 
to retain these metals over time, which means that 
they are studied to assess the health of an ecosys
tem. The presence or absence of certain species of 
lichens can indicate the overall health of an ecosys
tem, and changes in lichen populations can be an 
early warning sign of environmental problems. 
Therefore, by studying lichens, scientists can gain 
valuable insights into the health of ecosystems, and 
take measures to ensure their sustainability.

Lichens are used in the field of biomonitoring, 
which involves monitoring environmental pollution 
using living organisms. Lichen biomonitoring 
involves measuring the concentrations of pollutants 
in lichen tissue and using that data to assess the lev
els of pollution in the surrounding environment. 
There are other research approaches on how the 
health of lichens within a particular area is nega
tively affected by the level of environmental pollu
tion in that area. The accumulation of heavy metals 
inside lichen thallus can have adverse effects on 
their physiology. Heavy metals accumulated in 
lichen thallus can lead to the disruption of their 
metabolic pathways and the inhibition of photosyn
thesis. One of the most commonly studied physio
logical responses of lichens to heavy metal pollution 
is the degradation of chlorophyll [6], which can lead 
to decreased photosynthetic efficiency and ultimately 
affect their overall health. Heavy metal accumulation 
can cause oxidative stress in lichens, leading to the 
production of reactive oxygen species and subse
quent lipid peroxidation [7]. Malondialdehyde 
(MDA) is a commonly used marker of lipid peroxi
dation [8] and is often used to assess oxidative stress 
in lichens exposed to heavy metals [9]. Furthermore, 
heavy metal accumulation can also affect the protein 
content of lichens, potentially leading to a decrease 
in overall metabolic activity [10]. As a result, the 
protein content, chlorophyll levels, and lipid oxida
tion in lichens can be negatively impacted. 
However, there is not much detailed research on 
which heavy metals specifically damage which physi
ology variable of lichen thalli.

Although considerable research has been con
ducted on the physiological responses of lichens to 
heavy metal pollution, most studies have been con
ducted in manipulated environments, including 
transplanted lichens [11–13] and artificial exposure 
to heavy metals in laboratories [14,15]. Therefore, 
little research has been conducted on how naturally 

occurring lichens react to heavy metals in different 
environments and whether lichen physiological vari
ables can be used as indicators of different heavy 
metal concentrations in these environments. Further 
investigations are necessary to gain a more compre
hensive understanding of the physiological effects of 
heavy metal exposure in natural lichen populations.

To bridge this knowledge gap, we collected lichens 
from four different natural habitats and explored 
whether their physiological variables, including 
chlorophyll degradation, MDA content, and protein 
content, could reveal slight differences in ambient 
heavy metal concentrations. The Gangwon Province 
and Jeju Island [16] in South Korea, known for their 
relatively pristine air quality, are suitable sites for our 
research. If lichens can accurately reflect fine varia
tions in heavy metal levels in clean environments, 
their potential as bioindicators would be remarkable. 
Furthermore, we aimed to investigate the impact of 
seven heavy metals (As, Cu, Fe, Mn, Ni, Pb, and Zn) 
on lichens by observing physiological variables.

2. Materials and methods

2.1. Lichen collection

Our investigation included four different sites: two 
on Jeju Island (A1: 33.2753 N, 126.6623 E and 
A2: 33.4591 N, 126.5584 E) and two in Gangwon 
Province (B1: 7.8015 N, 128.9033 E and B2: 38.1691 
N, 128.5211 E). Jeju Island is a large subtropical 
island off the southern coast of South Korea, whereas 
Gangwon Province is a mountainous province in the 
northeastern part of South Korea [16,17].

Because of the substantial quantity of thalli required 
for our subsequent experiments, we decided to exclude 
lichen colonies with a lower biomass, such as crustose 
lichens. We gathered lichens from the entire sampling 
area, except crustose lichens, and found that all of 
them were of the foliose lichens. Thirty foliose lichen 
thalli belonging to Candelaria, Cetrelia, Dirinaria, 
Heterodermia, Myelochroa, Parmotrema, Phaeophyscia, 
and Punctelia were collected from four distinct loca
tions in South Korea (Figure 1) in 2021. The collected 
lichens were identified using morphological analysis in 
the field. A total of 30 foliose lichens were experimen
tally sampled and utilized for subsequent analyses, 
with three replicates (Table 1).

At each site, all foliose lichen samples were col
lected from the branches of trees, using a sterilized 
scalpel. To ensure consistency in sample collection, 
the following criteria were used: 1) Only lichen sam
ples with a diameter greater than 1 cm were col
lected; 2) Lichen samples were collected from the 
outer edges of the thallus to avoid contamination 
from surrounding material; 3) Only healthy-looking 
lichen samples were collected. Each lichen sample 
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was placed in a separate sterilized plastic bag, 
labeled with the date and location of collection, and 
transported to the laboratory for analysis. Upon 
arrival at the laboratory, lichen samples were care
fully washed with deionized water to remove any 
extraneous material. Samples were then air-dried in 
a dust-free environment for a day, before being ana
lyzed for lichen physiology variables and heavy 
metal content.

2.2. Investigation of lichen physiology variables 
and accumulated heavy metal concentration

The effects of heavy metal accumulation on lichens 
were evaluated by measuring three lichen physio
logical variables: chlorophyll degradation, malondial
dehyde (MDA) levels, and aqueous soluble protein 
contents. Chlorophyll degradation was quantified 
using the method described by Ronen and Galun 
[18]. Grinded lichen powder (50 mg) was immersed 
in 2 ml of dimethyl sulfoxide and incubated in the 
dark for one day. The absorption spectrum of the 
supernatant was measured at 415 and 435 nm, and 
the degree of chlorophyll degradation was calculated 

as the ratio of the optical density at 435 nm to that at 
415 nm. MDA levels were measured as a marker of 
lipid peroxidation using the method described by 
Heath and Packer [8]. We homogenized 50 mg of 
powdered lichen thalli in 1 ml of distilled water and 
added 1 ml of 20% trichloroacetic acid (TCA) con
taining 0.5% 2-thiobarbituric acid. The resulting 
reagent was incubated at 95 �C for 30 min, after 
which the absorption spectrum of the supernatant 
was measured at 532 and 600 nm. MDA levels were 
calculated using the extinction coefficient [19], by 
subtracting the optical density for absorbance (OD) 
at 532 nm from that at 600 nm. The soluble protein 
content in the lichen samples was determined using 
the method described by Arb and Brunold [20]. First, 
50 mg of powdered lichen thalli was immersed in a 
solution of 0.1 M Tris-HCl buffer (pH 8.0) containing 
15 mM MgCl2. 100 ml of 10% TCA. To the concen
trated protein sample, we subjected the resulting mix
ture to centrifugation at 12,000 rpm for 1 min. The 
supernatant (50 ml) was then subjected to protein 
quantification using the Bradford method [21], and a 
standard curve generated with bovine serum albumin 
was used to calculate the protein concentration.

Figure 1. Lichen collection information. The figure displays information on the lichen samples used in this study. Panel (a) 
shows the collection mapping, with different colors indicating the location and lichen genus variation. Panel (b) shows the 
morphological features of the lichens collected at a scale of 1 cm.
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Approximately 0.1 g of homogenized lichen thalli 
was weighed and transferred to a digestion tube. 
The digestion procedure was performed following 
EPA method 3051 A [22]. Briefly, samples were 
digested with a mixture of HNO3 and HCl at a 3:1 
ratio using a microwave-assisted digestion system. 
The digested samples were diluted with deionized 
water to a final volume of 50 mL. Heavy metal anal
yses were performed using an inductively coupled 
plasma mass spectrometer (MultiWave 7000; Anton 
Paar, USA). Calibration standards for each metal 
were prepared by serial dilution of a certified multi- 
element stock solution (PerkinElmer, USA). All 
samples were analyzed in triplicate, and mean values 
were used for data analysis. Blank samples and certi
fied reference materials were analyzed alongside the 
samples to monitor potential contamination and 
ensure the accuracy and precision of the analyses. 
The concentration of each heavy metal in the lichen 
samples was calculated based on a calibration curve 
obtained from standards. The total concentration of 
heavy metals in the lichen samples was then calcu
lated by summing the concentrations of all detected 
metals. The concentration is reported in milligrams 
per kilogram of lichen tissue.

2.3. Statistics and visualization

The following analyses were performed using soft
ware R v.3.5.3 [23]. To check for data normality, we 
first conducted a Shapiro test [24]. Because the 

normality validation of acquired data was violated, 
we used the non-parametric Mann–Whitney U test 
[25] for pairwise comparisons and the Kruskal- 
Wallis test [26] followed by the Bonferroni correc
tion [27] for multiple comparisons. All graphs in 
this study were visualized using “ggplot2 [28]” and 
“ggpubr [29]” packages. Collection mapping was 
constructed with “rgdal” and “scatterpie [30]” pack
ages based on GPS data. Non-metric multidimen
sional scaling was ordinated using “vegan” [31] 
based on Bray-Curtis distance [32]. To assess the 
relationship between lichen physiology variables, we 
examined the distribution patterns of the data and 
Spearman correlation coefficients [33], utilizing the 
“GGally” package. To confirm the statistical signifi
cance of this relationship, we performed a simple 
linear regression analysis [34]. Multiple linear 
regression analyses were conducted to identify cor
relations between heavy metal concentrations and 
lichen physiological variables. We checked for mul
ticollinearity among factors found to be statistically 
significant using variance inflation factors (VIF) 
[35]. We attempted to exclude variables with a VIF 
value above 10 in the subsequent multiple regres
sion analysis as they were considered to have mul
ticollinearity, and all types of heavy metals showed 
a VIF below 10. We performed a simple linear 
regression analysis, excluding unexplainable fac
tors, and utilized the “ggplot2” and “reshape2” 
packages for visualizing the correlations between 
variables.

Table 1. Average heavy metals concentration in lichen thalli.
No Sample Genus Site As Cu Mn Ni Pb Zn Fe

1 LS01 Dirinaria A01 1.58 69.69 48.11 5.82 13.68 91.07 5177.83
2 LS02 Dirinaria A01 0.99 54.65 30.53 2.27 7.59 137.47 2632.18
3 LS03 Candelaria A01 1.25 33.81 68.49 5.68 11.4 228.44 5728.81
4 LS04 Dirinaria A01 1.1 17.16 35.13 5.35 10.26 209.08 5558.86
5 LS05 Dirinaria A01 1.1 24.36 19.54 2.27 5.84 164.62 3633.27
6 LS06 Dirinaria A01 1.4 41.91 48.67 4.31 4.78 75.99 3775.8
7 LS07 Dirinaria A01 1.62 22.83 46.38 3.77 6.04 49.27 2918.28
8 LS08 Dirinaria A01 1.64 63.27 53.64 4.88 8.62 52.88 3790.97
9 LS09 Dirinaria A01 1.37 78.71 40.14 3.53 6.88 173.84 2689.01
10 LS10 Phaeophyscia A01 1.51 53.35 64.51 5.79 12.21 54.9 4813.66
11 LS11 Dirinaria A01 1.13 34.46 44.61 3.26 13.55 68.67 2827.58
12 LS13 Dirinaria A01 1.85 19.29 39.73 3.76 17.16 76.15 2606.67
13 LS15 Heterodermia A02 0.69 13.75 21.2 1.63 2.63 83.42 584.32
14 LS23 Punctelia A02 0.81 13.24 50.88 2.14 2.07 32.01 1232.17
15 LS26 Dirinaria A02 1.38 25.11 32.84 2.57 15.02 63.97 3747.22
16 LS27 Cetrelia A02 0.85 32.22 35.67 2.57 14 83.73 1341.58
17 LS28 Dirinaria A02 1.12 25.96 25.79 2.34 7.65 52.32 1027.54
18 LS29 Myelochroa A02 0.98 19.51 43.61 2.83 6.28 66.03 1685.52
19 LS33 Cetrelia A02 0.53 44.47 29.99 1.61 7.24 78.66 413.18
20 LS36 Parmotrema B01 2.64 18.71 37.95 1.86 11.72 59.85 2270.27
21 LS37 Parmotrema B01 2.7 13.22 40.78 1.68 7.65 54.58 1579.71
22 LS40 Dirinaria B01 1.37 22.45 42.49 1.71 9.83 72.32 2100.07
23 LS41 Punctelia B01 2.78 17.97 80.55 3.24 11.44 58.14 5255.39
24 LS44 Myelochroa B02 2.76 21.45 47.72 2.47 9.57 71.01 2858.91
25 LS45 Punctelia B02 1.87 11.46 43.12 1.08 3.38 66.89 944.96
26 LS46 Myelochroa B02 2.91 25.58 59.77 2.1 13.24 76.24 3649.84
27 LS47 Myelochroa B02 1.89 10.33 39.11 1.09 12.85 63.28 536.76
28 LS48 Myelochroa B02 2.12 17.18 59.12 1.27 8.5 89.77 589.13
29 LS49 Myelochroa B02 3.36 21.74 75.56 2.38 11.75 87.12 2113.63
30 LS50 Myelochroa B02 2.3 19.26 81.35 2.3 7.69 68.99 5030.23

The unit is milligrams of the heavy metal per kilogram of lichen thallus.
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3. Results

3.1. Lichen diversity of the collection

The collected foliose lichens belonged to eight different 
genera: Candelaria, Cetrelia, Dirinaria, Heterodermia, 
Myelochroa, Parmotrema, Phaeophyscia, and Punctelia 
(Figure 1). The taxonomic composition of lichens varied 
by collection site. For example, at sites A1 and A2, 
Dirinaria applanta was the most abundant species, 
Parmotrema was strongly dominant at site B1, and 
Myelochroa occupied the largest proportion at site B2. 
Although D. appellant was found in all collection sites 
except B2, Heterodermia, and Cetrelia were only found in 
site A2. Although the collected areas contained a greater 
variety of lichens, the analysis excluded crustose lichens 
such as Lepraria due to their relatively low biomass, as 
outlined in the Materials and Methods section. In sum
mary, three, five, three, and two foliose lichen genera 
were collected in sites A1, A2, A3, and A4, respectively.

3.2. Significant variation in heavy metal 
concentrations within lichen thalli as a function 
of location

We tested whether there were significant lichen 
physiological responses related to heavy metals 

across different lichen genera at a single site or the 
presence in other sites regardless of the lichen 
genus. Regarding MDA levels, significant differences 
were observed among the genera (Fig. S1). At Site 
A1, no significant differences were found among the 
three genera: Candelaria, Dirinaria, and 
Phaeophyscia. At Site A2, numerical differences were 
significant among five genera: Cetralia, Dirinaria, 
Heterodermia, Myelochroa, and Punctelia. At Site 
B1, Parmotrema exhibited higher MDA levels com
pared to Punctelia. Punctelia showed higher levels 
than Myelochroa at Site B2. Overall, we observed 
higher MDA levels in three genera: Parmotrema, 
Punctelia, and Phaeophyscia. However, no significant 
differences in MDA levels were found across sites 
when considering all collected genera collectively.

Regarding chloroplast damage, except for Site A2, 
there were no significant differences observed among 
genera (Figure S2). In contrast, when considering all 
genera collectively, significant differences in chloro
phyll damage were observed across the sites. The con
tent of soluble proteins seemed to be influenced by 
both the lichen genus and the site (Fig. S3). While 
there were some differences in the three lichen physi
ology values among genera, we aggregated the genus 
data by site for subsequent analyses due to limitations 

Figure 2. Accumulated heavy metals concentration in lichen thalli. We utilized non-metric multidimensional scaling to exam
ine variation in heavy metal concentrations among different lichen genera and locations (a) and then displayed the results 
using a violin plot to highlight the differences in concentration levels across locations (b). ����p< 0.001, ���p< 0.005, 
��p< 0.01, �p< 0.05
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in the number of collected samples (Figure 2a). 
Interestingly, chlorophyll damage was higher in Site B 
compared to Site A, whereas soluble protein content 
was lower in Site B compared to Site A.

Heavy metals including those of copper (Cu), iron 
(Fe), nickel (Ni), and zinc (Zn) concentrations in 
lichens collected from site A1 were generally higher 
than those in other sites. Lichens collected from sites 
B1 and B2 showed higher levels of arsenic (As) accu
mulation compared to those from A1 and A2. 
Lichens collected from site A2 had relatively lower 
levels of accumulated heavy metals than those col
lected from the remaining three sites. Except for lead 
(Pb), all other heavy metal concentrations showed 
significant differences among collection sites (Figure 
2b). In addition, lichens collected from site B2 exhib
ited higher levels of manganese (Mn) accumulation 
than the remaining three sites. The concentrations of 
Cu, Fe, Ni, and Zn were highest in lichens collected 
from site A1. The largest difference in heavy metal 
concentrations within lichens between Jeju Island 
and Gangwon Province was found for As, with 
higher concentrations observed in Gangwon.

3.3. Linkage between three lichen physiological 
variables

Three physiological variables of lichens, namely 
malondialdehyde (MDA) content representing the 
degree of lipid oxidation, soluble protein content, 
and degree of chlorophyll damage, differed signifi
cantly depending on collection location (Figure 3a, 
Table 2). In particular, MDA content was higher, 
and soluble protein content was lower in lichens 
from Gangwon Province than in Jeju Island. Large 
differences in the degree of chlorophyll damage 
between lichens collected from Jeju Island and those 
collected from Gangwon Province, were apparent, 
with lichens from the latter showing the greatest 
damage. We used the Spearman correlation to 
examine the correlation between the three health 
indicators of lichens and found a significant nega
tive correlation between soluble protein content and 
the degree of chlorophyll damage. The MDA con
tent did not have a significant relationship with 
other two physiology parameters, chlorophyll deg
radation, and protein content.

Figure 3. Relationship between three physiological variables in lichens. Our study utilized data distribution and Spearman cor
relations to explore the relationships between the three lichen physiological variables (a), and we conducted a linear regres
sion to confirm the statistical significance of these associations (b). ���p< 0.005, ��p< 0.01, �p< 0.05
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A simple linear regression analysis of the three 
lichen health indicators was conducted to check stat
istical significance, and demonstrated a strong nega
tive correlation between soluble protein content and 
the extent of chlorophyll damage (Figure 3b). Similar 
to the results of Spearman correlation analysis, the 
amount of MDA was not significantly related to 
chlorophyll degradation or protein content.

3.4. Correlations between accumulated heavy 
metals and lichen physiology

To investigate the potential impact of heavy metal 
accumulation on lichen physiology, we performed 
Pearson correlation analysis between various varia
bles including heavy metals concentrations and 
lichen physiology variables (Figure 4a). Correlation 
analysis between the three physiological variables 
revealed that As was positively correlated with 
chlorophyll degradation and negatively correlated 
with soluble protein content. Moreover, as the Cu 
concentration in the lichen increased, there was a 
concomitant increase in MDA levels, indicating a 
heightened degree of lipid peroxidation. This 

Table 2. Lichen physiology variables.
No Sample Genus Location Chlorophyll MDA Protein

1 LS01 Dirinaria A01 1.02 130.16 67.37
2 LS02 Dirinaria A01 1.03 139.87 147.39
3 LS03 Candelaria A01 1.01 99.94 219.36
4 LS04 Dirinaria A01 1.02 68.79 43.54
5 LS05 Dirinaria A01 1.03 66.1 16.11
6 LS06 Dirinaria A01 1.02 111.05 15.28
7 LS07 Dirinaria A01 1.01 114.96 23.17
8 LS08 Dirinaria A01 1 106.96 48.96
9 LS09 Dirinaria A01 1.01 136.51 24.16
10 LS10 Phaeophyscia A01 1.01 115.22 195.37
11 LS11 Dirinaria A01 1.02 68.62 31.05
12 LS13 Dirinaria A01 1.03 63.13 162.84
13 LS15 Heterodermia A02 1.01 73.02 152.65
14 LS23 Punctelia A02 1 130.07 162.84
15 LS26 Dirinaria A02 1.03 100.39 11.34
16 LS27 Cetrelia A02 1.04 97.29 84.62
17 LS28 Dirinaria A02 1.03 119.15 15.45
18 LS29 Myelochroa A02 1.03 107.13 40.75
19 LS33 Cetrelia A02 1.03 105.58 63.26
20 LS36 Parmotrema B01 1.07 139.72 14.46
21 LS37 Parmotrema B01 1.08 121.64 14.95
22 LS40 Dirinaria B01 1.08 113.31 10.19
23 LS41 Punctelia B01 1.07 97.39 11.01
24 LS44 Myelochroa B02 1.03 111.93 25.8
25 LS45 Punctelia B02 1.05 132.58 14.95
26 LS46 Myelochroa B02 1.06 68.85 9.86
27 LS47 Myelochroa B02 1.02 77.1 83.8
28 LS48 Myelochroa B02 1.02 108.21 25.8
29 LS49 Myelochroa B02 1.06 101.4 21.69
30 LS50 Myelochroa B02 1.05 111.38 21.2

The unit is OD435nm/OD415nm for the degree of chlorophyll damage, 
lmol/gfw for the amount of malondialdehyde, and lgproteinㆍmgthallus

−1 

for the amount of soluble protein.

Figure 4. Correlation between heavy metals concentration and three physiological variables in lichens. To investigate the rela
tionships between heavy metal concentrations and the three physiological variables in lichens, we used the Pearson correl
ation coefficient (a) and confirmed the statistical significance of these associations using linear regression (b).
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supports the notion that different heavy metals lead 
to different physiological responses in lichens.

Multiple regression analysis was performed to 
assess the significance of the relationship between 
heavy metal concentrations in the lichens and their 
physiological variables. A significant correlation was 
observed between the extent of chlorophyll damage 
and the presence of the heavy metals As and Ni, 
with no evidence of multicollinearity between the 
two metals (Figure 4b, Table 3). In order to mitigate 
the effects of multicollinearity, we attempted to 
exclude variables with a variance inflation factor 
(VIF) greater than 10 from our multiple regression 
analysis, and observed that all heavy metal types 
had VIF values below this threshold. The absence of 
multicollinearity among heavy metals in the mul
tiple regression analysis implies that the sources of 
heavy metal occurrence vary by type. The levels of 
soluble proteins were significantly correlated with 
the accumulation of two heavy metals, As and Mn. 
Statistical significance was found to be much greater 
for As than for Mn. Our results indicate a robust 
positive relationship between MDA levels and the 
accumulation of Cu and Pb, which is in line with 
the findings of the Pearson correlation analysis.

4. Discussion

Lichens are remarkable organisms with the ability to 
respond sensitively to a wide range of environmen
tal factors, making them valuable bioindicators of 

ecological health. Our study adopted a new 
approach by venturing into two of Korea’s most 
pristine regions, namely Gangwon Province and Jeju 
Island, to collect lichens and investigate their 
physiological responses to ambient heavy metal con
centrations. Specifically, our study aimed to identify 
the physiological variables of lichens that could be 
used as indicators of heavy metal exposure, and to 
determine which types of heavy metals affect these 
variables.

An inverse relationship between protein content 
and the degree of chlorophyll damage in lichens was 
apparent in this study. In general, earlier studies 
have shown that exposure to pollutants can lead to 
a decline in lichen chlorophyll content, which in 
turn can affect their protein content [36, 37]. This is 
because chlorophyll is required for photosynthesis, 
which produces the fixed C required for subsequent 
protein synthesis. [38]. The reason for the inverse 
relationship between protein content and chloro
phyll damage in lichens observed in this study may 
be due to the role that proteins play in protecting 
the photosynthetic machinery of lichens from vari
ous stresses, including oxidative stress caused by 
environmental factors such as heavy metals, UV 
radiation, and air pollution. Proteins are involved in 
various functions in lichens, including the synthesis 
of enzymes and pigments necessary for photosyn
thesis, as well as the repair and protection of cellular 
structures and membranes from oxidative damage. 
Therefore, higher levels of protein in lichens may 
confer greater protection against stressors such as 
heavy metals, which can induce oxidative damage to 
chlorophyll molecules and the photosynthetic 
machinery. In contrast, lower protein content may 
result in a greater susceptibility to oxidative stress, 
leading to chlorophyll damage and reduced photo
synthetic efficiency. This may explain the inverse 
relationship between protein content and the degree 
of chlorophyll damage observed in the study. 
However, the exact relationship between chlorophyll 
degradation and protein content is influenced by 
several factors [39]. Further research is needed to 
better understand the underlying mechanisms and 
relationships between chlorophyll content, protein 
content, and lichen health.

A significant increase in MDA levels was 
observed in the present study, indicative of a 
decrease in membrane integrity, in lichens exposed 
to high Cu concentrations. This suggests that Cu 
accumulation inside lichen thallus can cause phys
ical damage to the cell membrane, which may fur
ther exacerbate the negative effects of Cu on lichen 
health. Membrane integrity is essential for proper 
cellular physiological functioning [7] because it 
allows the selective transport of nutrients and water 

Table 3. Multiple linear regression analysis results between 
heavy metals concentration and lichen physiology 
parameters.

Chlorophyll Estimate p value VIF�

(Intercept) 1.03Eþ 00 <2e-16
As 1.28E-02 0.003 2.06
Cu −5.41E-05 0.70 1.44
Mn −5.04E-05 0.79 2.07
Ni −9.18E-03 0.0004 2.74
Pb 6.82E-04 0.28 1.27
Zn 9.77E-07 0.99 1.3
Fe 2.99E-06 0.07 2.1
Protein

(Intercept) 52.01 0.04
As −45.2 0.0001
Cu −0.44 0.24
Mn 1.05 0.04
Ni 12.19 0.07
Pb 2.05 0.22
Zn 0.12 0.38
Fe −0.007 0.12

MDA
(Intercept) 1.08Eþ 02 <2e-16
As 5.91Eþ 00 0.19
Cu 6.15E-01 0.0001
Mn 9.98E-02 0.62
Ni −1.92Eþ 00 0.47
Pb −2.42Eþ 00 0.0005
Zn −1.00E-01 0.08
Fe 4.47E-04 0.8

The heavy metals that showed statistical significance are indicated in 
bold font.
VIF: variance inflation factor.
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across the cell membrane. However, Cu can damage 
the membrane structure by generating reactive oxy
gen species (ROS) [40], which can cause damage to 
cellular components such as proteins, lipids, and 
DNA. ROS can also disrupt the integrity of the 
plasma membrane by oxidizing membrane lipids, 
leading to the leakage of MDA into the extracellular 
environment. Our findings are consistent with those 
of a previous study that reported the negative effects 
of Cu on membrane integrity in lichens [41], as well 
as with broader research indicating the deleterious 
effects of heavy metal pollution on ecosystems [42]. 
In addition to its direct impact on lichen health, Cu 
pollution can have cascading effects at other trophic 
levels, because lichens serve as an important food 
source for a variety of organisms [43].

Our results demonstrate that heavy metal accu
mulation has a significant negative impact on the 
health of lichens. Specifically, we observed a signifi
cant increase in damaged chlorophyll in lichens 
exposed to high levels of heavy metals, as previously 
reported [44], indicating that heavy metal pollution 
can interfere with normal metabolic processes in 
lichens [45]. Furthermore, the previously described 
levels of proteins and oxidized fatty acids are based 
on diverse underlying mechanisms, making it diffi
cult to explain how heavy metals specifically harm 
these variables. Therefore, we recommend chloro
phyll content as a suitable primary variable for 
lichens that respond to external pollutants.

5. Conclusions

Environmental sustainability is a critical issue in 
today’s world, with increasing levels of pollution 
and degradation of natural resources threatening the 
health of ecosystems and human populations. Our 
study highlights the potential of lichen studies in 
promoting environmental sustainability, particularly 
in the context of heavy metal pollution. Our find
ings demonstrate that lichens can serve as effective 
bioindicators of heavy metal pollution in the envir
onment, providing a cost-effective and noninvasive 
way to monitor environmental health. By studying 
lichens, we can gain insight into the impact of 
human activities on the environment, and develop 
effective strategies for reducing heavy metal pollu
tion. Furthermore, our study underscores the impor
tance of sustainable practices in promoting 
environmental health. Sustainable practices, such as 
reducing greenhouse gas emissions, conserving nat
ural resources, and minimizing waste, are essential 
for preserving the health of ecosystems and protect
ing human health. By promoting sustainable practi
ces, we can reduce the impact of human activities 

on the environment and mitigate the effects of 
pollution.
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