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Background: Lichens are widely recognized as bioindicators of air pollution due to their 
sensitivity to atmospheric contaminants. However, species-level responses in Southeast 
Asia, particularly in Malaysia, remain underreported. This study investigates the relation-
ship between lichen diversity and ambient air pollution across three land-use types in 
Peninsular Malaysia: urban (Shah Alam), suburban (Jerantut), and rural (Kuala Selangor).
Results: Lichen samples were collected from 10 Mimusops elengi trees per site using 
20 cm × 30 cm quadrats and identified morphologically and chemically. Air quality data 
(PM10, PM2∙5, NO2, SO2, O3, and CO) from 2023 were obtained from the Department of En-
vironment Malaysia. Urban sites exhibited the highest pollution levels, while suburban ar-
eas had the lowest. Interestingly, the rural site showed moderately high pollution levels, 
possibly due to local sources such as open burning, nearby markets and coastal aerosol. 
Correspondingly, the suburban site recorded the highest lichen diversity and index of at-
mospheric purity (IAP = 37.83). A strong negative correlation between IAP and PM10 (r = 
–0.957) underscores the impact of fine particulates on lichen community structure. Envi-
ronmental variables such as bark pH, temperature, and humidity also influenced species 
distribution but played a secondary role compared to air pollutants.
Conclusions: This study provides evidence that epiphytic lichen communities respond 
clearly to varying levels of atmospheric pollution, supporting their use as low-cost, effec-
tive bioindicators in tropical regions. While lichen sampling was conducted as a one-time 
event, the results remain ecologically meaningful due to lichens’ long-term integration 
of environmental conditions. These findings offer a valuable baseline for future ecologi-
cal assessments and contribute to the development of long-term lichen-based air quality 
monitoring frameworks in Malaysia.
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Introduction

Rapid urbanization and industrial growth are exacerbat-
ing environmental challenges globally, particularly air pol-
lution. Airborne pollutants such as particulate matter 
(PM10, PM2.5), nitrogen dioxide (NO2), sulphur dioxide 
(SO2), ozone (O3), and carbon monoxide (CO) pose signifi-
cant threats to both human health and biodiversity (Bel-
guidoum et al. 2022). These pollutants originate from in-
dustrial emissions, vehicular exhaust, and combustion 

processes, leading to air quality degradation and ecosystem 
disturbances especially in urban areas (Barzeghar et al. 
2022). Epiphytic lichens are among the organisms most 
impacted by air pollution, serving as key indicators in eco-
logical monitoring due to their exceptional sensitivity to 
changes in atmospheric contaminants.

Lichens, symbiotic relationships between fungi and algae 
or cyanobacteria, are widely recognized as bioindicators of 
air quality because they directly absorb atmospheric nutri-
ents and pollutants. Unlike vascular plants, lichens lack 
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protective features such as cuticles or stomata, making them 
particularly vulnerable to airborne contaminants in their 
surroundings (Shelyakin et al. 2024; Thakur et al. 2024). 
Their physiological traits allow them to reflect long-term 
air quality conditions in a given environment.

Air pollution levels vary significantly between urban, 
suburban, and rural areas, leading to different ecological 
conditions. Urban areas typically have the highest concen-
trations of pollutants due to industrial activities, vehicle 
emissions, and dense populations (Castells-Quintana et al. 
2021). Suburban and rural sites generally experience lower 
pollution levels, allowing for greater lichen diversity and 
richness (Lucheta et al. 2019). This pollution gradient in-
fluences lichen species composition and abundance, with 
pollution-tolerant species persisting in contaminated areas 
while sensitive species disappear.

Numerous studies have documented shifts in lichen 
community composition in response to air pollution and 
climate factors (Abas et al. 2019; Ismail et al. 2017). Lichens 
are particularly suitable for assessing pollution gradients, 
as their presence, diversity, and abundance reflect pollu-
tion intensity over time. Different species exhibit varying 
tolerance thresholds, making them useful for identifying 
areas of low and high pollution exposure (Harikrishna and 
Mukherjee 2024; Vitali et al. 2019). Their accessibility and 
long lifespan make lichens a cost-effective and reliable tool 
for tracking long-term pollution trends (Benítez et al. 
2019).

The index of atmospheric purity (IAP) is a widely used 
metric for quantifying the impact of air pollution on lichen 
communities. The IAP relies on phytosociological indica-
tors to assess air quality, particularly in urban areas. This 
method assumes that the presence and growth of epiphytic 
lichens are primarily influenced by air pollution levels (Ta-
nona and Czarnota 2020). The IAP expresses air quality as 
an index based on lichen diversity and incorporates an 
ecological value for each species, reflecting their sensitivity 
or tolerance to atmospheric contaminants (Silprasit et al. 
2023).

Developed by LeBlanc and Sloover (1970), higher IAP 
values indicate better air quality, characterized by a greater 
diversity of pollution-sensitive lichens, whereas lower val-
ues suggest pollution stress and biodiversity loss. Previous 
studies have shown that urban areas generally exhibit low-
er IAP values and reduced lichen diversity due to higher 
pollutant concentrations, while suburban and rural sites 
display higher IAP values and support more diverse lichen 

communities (Jayalal et al. 2016; Yatawara and Dayananda 
2019).

Despite growing interest in lichen-based air pollution 
monitoring, studies in Malaysia that examine lichen diver-
sity across urban–rural gradients remain limited. Malay-
sia’s rapidly changing landscape and diverse vegetation 
make it an important setting for community-level assess-
ments of lichen response to environmental quality. Howev-
er, baseline data on epiphytic lichen communities across 
different land-use types are still scarce.

This study investigates lichen diversity and community 
composition across selected urban, suburban, and rural 
sites in Peninsular Malaysia and examines their relation-
ship with ambient air pollution. In addition to long-term 
air quality data, we recorded on-site environmental param-
eters such as bark pH, temperature, and humidity to pro-
vide ecological context. The results contribute important 
baseline information for future biomonitoring efforts and 
support the application of lichen community patterns as 
indicators of air quality in tropical environments.

Materials and Methods

Study area
This study was conducted in three selected areas, each 

representing a different land-use category based on classi-
fication by the Department of Environment (DOE) Malay-
sia from 2017 to the present. The urban site was located in 
Shah Alam, Selangor; the suburban site in Jerantut, Pah-
ang; and the rural site in Kuala Selangor, Selangor. Table 1 
shows the selected sampling sites and their coordinates.

Site selection was based on proximity to Continuous Air 
Quality Monitoring (CAQM) stations, which provide long-
term, standardized pollutant data. These stations are part 
of a national DOE network of 51 CAQM sites across resi-
dential, industrial, and traffic-related areas, designed to 
detect variations in air quality that may affect health and 
the environment (Department of Environment Malaysia 
2010). Figure 1A shows a CAQM monitoring station, while 
Figure 1B shows the national CAQM network in Peninsu-
lar Malaysia. A detailed map of the study locations is pro-
vided in Figure 2.

The selected sites also reflect different land-use classifi-
cations defined by the DOE. Shah Alam, the capital of Se-
langor, is a densely populated urban center (population 
~438,745; Department of Statistics Malaysia 2023) covering 

Table 1  Selected study site and their coordinates

Station Classification Sampling site Latitude Longitude

Shah Alam Urban SK TTDI Jaya 03° 06’ 16.98” N 101° 33’ 22.39” E
Jerantut Suburban SMK Jerantut 03° 56’ 54.09” N 102° 21’ 59.87” E
Kuala Selangor Rural SM Sains Kuala Selangor 03° 19’ 16.70” N 101° 15’ 22.47” E
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290.3 km2 with annual rainfall of ~2,374 mm. Jerantut, a 
suburban town in central Pahang (~96,006 residents), 
serves as a gateway to Taman Negara and spans 7,563 km2 
with rainfall of ~2,093 mm. Kuala Selangor, a rural district 
covering 1,195 km2, has a population of ~171,266 and annu-
al rainfall of ~2,062 mm (Department of Statistics Malaysia 

2023).
In addition to land-use classification, the immediate sur-

roundings of each sampling location were noted, as these 
micro-scale environmental conditions may influence pol-
lution exposure and bioindicator responses. The urban site 
in Shah Alam was situated in a busy commercial and resi-

Fig. 1  (A) Shah Alam CAQM Station and (B) CAQM location in Peninsular Malaysia (Department of Environment Malaysia 2010). 
CAQM: Continuous Air Quality Monitoring.

(A) (B)

Fig. 2  Maps show the sampling sites (QGIS Desktop 3.34.10, 2024). (A) Peninsular Malaysia, (B) Selangor State—(B)(i) Kuala Selangor 
District, (B)(ii) Shah Alam District, and (C) Pahang State—(C)(i) Jerantut District.

(A)

(B)

(B)(i)

(B)(ii)

(C) (C)(i)
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dential area with nearby factories and industrial zones. 
The suburban site in Jerantut was located in a quiet resi-
dential neighborhood, surrounded by houses and a school 
with minimal traffic or commercial activity. In contrast, 
the rural site in Kuala Selangor was located near the coast, 
adjacent to open areas, small shops and a night market, 
with visible signs of rubbish burning activity.

Lichen sampling and identification
Lichen samples were collected from ten mature trees of 

the same species, Mimusops elengi, at each site. Sampling 
was conducted during the dry season to minimize seasonal 
variability: in April 2024 for urban sites, June 2024 for sub-
urban sites, and August 2024 for rural sites. The selection 
of trees was based on their accessibility, structural stability, 
proximity to pollution sources (such as roads or developed 
areas), and their location within a 500-meter radius of the 
nearest CAQM station.

To minimize habitat-related variability, all selected trees 
had a minimum diameter of 80 cm at breast height and 
shared similar bark texture. Sampling was performed on 
the side of the trunk facing the dominant pollution source. 
A 20 × 30 cm f lexible plastic quadrat marked with grid 
lines (Fig. 3) was used to standardize sampling and was 
positioned 1–3 meters above ground level. Lichen thalli 
within each grid were carefully removed using a ceramic 
knife or chisel, ensuring intact collection for accurate iden-
tification. Samples were stored in labeled paper envelopes 
and air-dried before identification.

Lichen identification was performed using both a stereo-
microscope and compound light microscope, focusing on 
morphological characteristics such as thallus form, repro-
ductive structures, and surface features. To support mor-
phological determination, standard chemical spot tests 

were conducted to detect the presence of secondary metab-
olites. The K test (10%–25% potassium hydroxide), C test 
(freshly prepared calcium hypochlorite), KC test (K fol-
lowed by C), and P test (1%–5% para-phenylenediamine in 
ethanol) were applied, with color reactions recorded im-
mediately.

Basic environmental parameters were also recorded at 
each sampling point. Bark pH was determined by mixing 
0.5 g of bark powder with 10 mL of deionized water, shak-
ing intermittently for one hour and measuring the pH of 
the filtered solution using a Mettler Toledo MP 230 pH 
meter. Ambient temperature and relative humidity were 
measured in situ at the time of sampling using a UNI-T 
UT333S Digital Temperature and Humidity Meter.

Air pollutant data
Air quality data for PM10, PM2∙5, NO2, SO2, O3, and CO 

were obtained from the DOE Malaysia through its network 
of CAQM stations. These stations provide standardized, 
long-term measurements of key atmospheric pollutants for 
environmental monitoring and public health reporting, in-
cluding the development of the air pollutant index (API).

For this study, monthly mean concentrations from the 
year 2023 were compiled to represent recent air quality 
conditions prior to lichen sampling, which was conducted 
in 2024. Although the DOE provides pollutant data across 
multiple years, 2023 was selected as it was the most recent 
complete dataset available at the time of analysis. Air qual-
ity data for 2024 were not yet published in the DOE’s Envi-
ronmental Quality Report when this study was finalized.

Each study site was matched with its nearest CAQM sta-
tion. The Shah Alam (urban) and Jerantut (suburban) sta-
tions recorded data for all six pollutants: PM10, PM2∙5, NO2, 
SO2, O3, and CO. In contrast, the Kuala Selangor station 

Fig. 3  Sampling method using 20 × 30 cm quadrat placed on the tree bark. (A) Illustration of quadrat placement 1 m above the ground. 
(B) Photograph of the quadrat used.

(B)(A)



Page 5 of 12Abd Hakim et al. 	 Journal of Ecology and Environment (2025)49:19

(rural) reported only PM10 and PM2∙5 levels, consistent with 
DOE monitoring practices in low-emission areas, where 
particulate matter typically dominates the API.

Although lichen sampling was conducted as a one-time 
event, the use of 2023 air pollutant data is ecologically jus-
tified. Lichens are slow-growing, long-lived organisms that 
passively accumulate airborne pollutants over time. There-
fore, a single sampling point can reliably reflect the effects 
of chronic air pollution, particularly when interpreted 
alongside recent data from standardized air quality moni-
toring networks.

Determination of IAP and lichen diversity
Phytosociological data from each sampling site were 

used to calculate the IAP following the method proposed 
by LeBlanc and Sloover (1970). The IAP serves as a com-
posite measure of air quality based on the presence, distri-
bution, and ecological behavior of lichen species on host 
trees. The index was calculated using the formula:

1 
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  where n is the total number of lichen species recorded at 
the site, Q is the ecological index of a species (defined as 
the average number of species that coexist with it across all 
trees), and f is the number of sampled trees on which the 
species was present. The factor of 10 is used to scale the in-
dex for easier interpretation.

Air quality levels based on IAP values were interpreted 
using the classification system proposed by Conti and Cec-
chetti (2001), as shown in Table 2.

To further assess lichen community structure, two diver-
sity indices were calculated: the Shannon–Wiener index 
(H') and the Simpson index (D). The Shannon–Wiener in-
dex accounts for both species richness (total number of 
species) and evenness (distribution of individuals among 
species). It was calculated using the formula:

2 
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where S is the total number of species, and p₁ is the pro-

portion of individuals of species i relative to the total num-
ber of individuals.

The Simpson index (D) ref lects species dominance by 
estimating the probability that two individuals randomly 
selected from a sample belong to the same species. It was 
calculated as:

3 
 

𝐷𝐷 𝐷 𝐷𝐷 𝐷 ∑𝑛𝑛𝑛𝑛𝑛 𝑛𝑛 𝑛
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 where n is the number of individuals of species and N is 
the total number of individuals across all species. Lower D 
values indicate higher diversity, as dominance by one or a 
few species is reduced. These indices offer complementary 
perspectives on lichen diversity and are useful in interpret-
ing the ecological responses of lichen communities to 
varying levels of atmospheric pollution.

Statistical analysis
Spatial maps of the study sites were generated using 

QGIS Desktop version 3.34.10. All statistical analyses were 
conducted using IBM SPSS Statistics version 30.0. Prior to 
hypothesis testing, data were assessed for normality using 
the Shapiro–Wilk test and for homogeneity of variances 
using Levene’s test.

Differences in air pollutant concentrations across the 
three land-use types were analyzed using one-way ANO-
VA, followed by Tukey’s post hoc test for multiple pairwise 
comparisons. Where appropriate, independent sample 
t-tests were applied to compare specific variables between 
two groups.

Lichen species diversity indices, including the Shannon–
Wiener index and Simpson index, were calculated using 
PAST software version 4.03 (University of Oslo, Norway). 
A heatmap showing Pearson’s correlation coefficients (r) 
between environmental variables and IAP across the three 
sampling sites was generated using GraphPad Prism ver-
sion 10.5.0. All statistical results are reported as mean ± 
standard error of the mean, and significance was deter-
mined at the 0.05 level unless stated otherwise.

Results

Comparison of pollutant data
To ensure temporal alignment with the one-time lichen 

sampling conducted in 2024, comparative analyses were 
based on air pollutant data from the most recent available 
year (2023), as provided by the DOE. Figure 4 presents the 
differences in PM10 and PM2∙5 concentrations across urban, 
suburban, and rural site.

For PM10, the rural site recorded the highest mean con-
centration (32.76 ± 2.59 µg/m3), followed by the urban 
(26.67 ± 2.10 µg/m3) and suburban (21.96 ± 1.72 µg/m3) 

Table 2  Air quality levels based on the IAP (Conti and Cecchetti, 
2001)

Pollution level IAP range Air quality classification

Level A 0 ≤ IAP ≤ 12.5 Very high level of pollution
Level B 12.5 < IAP ≤ 25 High level of pollution
Level C 25 < IAP ≤ 37.5 Moderate level of pollution
Level D 37.5 < IAP ≤ 50 Low level of pollution
Level E IAP > 50 Very low level of pollution

IAP: index of atmospheric purity.
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sites. A one-way ANOVA indicated a significant difference 
across sites (F = 6.248, p = 0.005), and Tukey’s post hoc test 
confirmed that the rural site had significantly higher PM10 
levels than the suburban site (p = 0.004). However, differ-
ences between urban and rural, and between urban and 
suburban sites, were not statistically significant.

For PM2∙5, the highest concentration was observed in the 
urban site (22.07 ± 2.02 µg/m3), followed by the rural (18.33 ± 
1.46 µg/m3) and suburban (13.69 ± 1.48 µg/m3) sites. ANO-

VA revealed a significant difference (F = 6.273, p = 0.005), 
with post hoc analysis indicating that PM2∙5 levels in the 
urban site were significantly higher than in the suburban 
site (p = 0.003). No significant differences were found be-
tween the urban and rural sites, or between rural and sub-
urban sites.

Figure 5 shows the 2023 concentrations of SO2, NO2, CO, 
and O3 in urban and suburban areas. The rural site was ex-
cluded from this comparison due to unavailable data for 
these pollutants.

The mean SO2 concentration was significantly higher in 
the urban area (0.0014 ± 0.0001 ppm) than in the suburban 
area (0.0010 ± 0.0001 ppm), with an independent t-test 
confirming this difference (t(22) = 4.161, p < 0.001).

NO2 levels exhibited the most substantial disparity, with 
the urban area recording a much higher mean concentra-
tion (0.0149 ± 0.0005 ppm) compared to the suburban area 
(0.0028 ± 0.0005 ppm), yielding a highly significant result 
(t(22) = 23.396, p < 0.001). Similarly, CO concentrations 
were significantly higher in the urban site (0.7282 ± 0.0350 
ppm) than in the suburban site (0.4346 ± 0.0350 ppm) 
(t(22) = 8.405, p < 0.001).

In contrast, O3 concentrations did not differ significantly 
between the urban (0.0184 ± 0.0016 ppm) and suburban 
(0.0162 ± 0.0016 ppm), (t(22) = 1.432, p = 0.166), indicating 
comparable O3 levels in both environments.Fig. 4  PM10 and PM2.5 concentrations.

(B)(A)

(D)(C)

Fig. 5  Concentration of (A) SO2, (B) NO2, (C) CO3 and (D) O3 between urban and suburban site.
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Lichen diversity
A total of 16 lichen species, representing 12 genera and 

11 families, were identified across the three study sites. The 
family Graphidaceae was the most represented, contribut-
ing four species. The lichen assemblage was dominated by 
crustose forms, with 13 crustose and three foliose species 
recorded.

Species richness varied across sites. The urban site ex-
hibited the highest richness (12 species), followed by the 
suburban site (10 species), and the rural site (7 species). 
Crustose lichens were prevalent at all sites, particularly in 
the urban area, where they accounted for 10 out of 12 re-
corded species. A summary of species presence and ab-
sence is provided in Table 3.

Figure 6 illustrates the abundance of species in each site. 
In terms of total individuals, the suburban site recorded 
the highest number (1,327 individuals, or 44.06% of all in-
dividuals), followed by the rural (972 individuals, 32.27%) 
and urban (713 individuals, 23.67%) sites. Several species 
were commonly encountered across all sites, including Di-
rinaria applanata, Phlyctis argena, and Arthonia albovires-
cens.

Species composition varied across the three sites. In the 
suburban site, dominant species included Graphis scripta 
(30.60%), P. argena  (19.59%), and Lecidea lithophila 
(16.13%). The urban site was dominated by D. applanata 
(31.42%), Graphis casiella (22.86%), and Buellia erubescens 
(17.53%). In contrast, the rural site showed a marked domi-

Table 3  Lichen species in each site

Thallus Families Genera Species Urban Suburban Rural

Crustose Graphidaceae Graphis Graphis librata + – –
Graphis scripta + + –
Graphis intricans – + +
Graphis casiella + – –

Arthoniaceae Arthonia Arthonia albovirescens + + +
Phlyctidaceae Phlyctis Phlyctis argena + + +
Lecideaceae Lecidea Lecidea lithophila – + –
Psoraceae Protoblastenia Protoblastenia rupestris – + –
Caliciaceae Amandinea Amandinea punctata + – –

Buellia Buellia erubescens + – +
Pyxine Pyxine cocoes

Lecanoraceae Lecanora Lecanora helva
Lecanora laxa

Chrysothricaceae Chrysothrix Chrysothrix candelaris + + –
Leprariaceae Lepraria Lepraria incana + – +
Leprocaulaceae Leprocaulon Leprocaulon 

microscopicum
+ – –

Foliose Parmeliaceae Parmotrema Parmotrema tinctorum – + –
Caliciaceae Dirinaria Dirinaria applanata + + +

Dirinaria picta + + +
Species richness 12 lichens  

(10 crustose,  
2 foliose)

10 lichens  
(7 crustose,  
3 foliose)

7 lichens  
(5 crustose,  
2 foliose)

+: present; –: absent.

Fig. 6  Relative species abun-
dance in urban site, suburban site 
and rural site.
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nance of B. erubescens (70.88%), with lesser contributions 
from Dirinaria picta (10.80%) and D. applanata (8.64%). 
Differences in community structure were evident across 
sites, as indicated by metrics of dominance, richness, and 
evenness (Table 4).

The suburban site exhibited the highest species diversity 
and balance, with the lowest dominance value (D = 0.1862), 
highest Simpson’s index (D’ = 0.8138), and greatest Shan-
non diversity (H’ = 1.863). Evenness was also highest in 
this site (E = 0.7156), indicating a more balanced distribu-
tion of individuals across species.

The urban site showed moderately high diversity (D’ = 
0.7985, H’ = 1.825), though evenness was slightly lower (E = 
0.6204). In contrast, the rural site had the lowest diversity 
and evenness. This site showed a high dominance index (D = 
0.5169), with the lowest values for D’ (0.4831), H’ (1.060), 
and E (0.4125), indicating that a few species dominated the 
community.

These findings highlight that lichen communities in sub-
urban environments tended to be more diverse and bal-
anced compared to both urban and rural settings.

Correlation between IAP and environmental 
variables

The IAP, derived from lichen community composition 

and abundance, serves as an indirect but ecologically rele-
vant measure of air quality, with higher values indicating 
lower levels of atmospheric pollution.

Among the three sites, the suburban site recorded the 
highest IAP value (37.83), followed by the rural site with 
27.07, and the lowest was at the urban site with 24.53. 
Based on Conti and Cecchetti (2001) classification, the 
suburban site falls within Level D (37.5 < IAP ≤ 50), indi-
cating low pollution. The rural site falls within Level C 
(25 < IAP ≤ 37.5), corresponding to moderate pollution, 
while the urban site is classified as Level B (12.5 < IAP ≤ 
25), reflecting high pollution conditions.

To better understand the influence of local conditions on 
lichen community patterns, microclimatic variables were 
measured at each site. These include bark pH, temperature, 
and relative humidity. Table 5 presents the mean values of 
these environmental factors across the urban, suburban, 
and rural sites.

To assess how these local environmental conditions may 
influence lichen diversity and IAP, a Pearson correlation 
analysis was conducted. The results, presented as a heat-
map in Figure 7, illustrate the relationships between IAP 
values and selected environmental parameters across the 
study sites. The analysis revealed several strong associa-
tions, indicating that IAP is influenced by both air pollut-
ants and local environmental conditions.

Table 4  Dominance index (D), Simpson’s index (D’), Shannon–Wiener 
diversity index (H’), and index of evenness (E)

Index
Value index

Urban Suburban Rural

Dominance (D) 0.2015 0.1862 0.5169
Simpson (D’) 0.7985 0.8138 0.4831
Shannon (H’) 1.825 1.863 1.06
Evenness (E) 0.6204 0.7156 0.4125

Table 5  Mean ± standard error of the mean of bark pH, temperature, 
and relative humidity across study sites

Site Bark pH Temperature (°C)
Relative 

humidity (%)

Urban 3.85 ± 0.10 30.03 ± 0.49 67.85 ± 3.10
Suburban 8.33 ± 0.16 34.94 ± 0.68 63.87 ± 2.09
Rural 6.66 ± 0.19 31.15 ± 0.51 68.60 ± 1.91

Fig. 7  Heatmap showing Pearson’s 
correlation coefficients (r) between 
environmental variables and the 
index of atmospheric purity (IAP) 
across three sampling sites. Color 
gradient represents the strength and 
direction of correlation: green indi-
cates strong positive correlation (r = 
+1) and red indicates strong nega-
tive correlation (r = –1).
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Correlation analysis revealed a very strong negative rela-
tionship between IAP and particulate matter concentra-
tions, specifically PM10 (r = –0.957) and PM2∙5 (r = –0.947), 
indicating that higher particulate concentrations are asso-
ciated with lower IAP values due to reduced lichen diversi-
ty in more polluted environments. A strong positive cor-
relation was also observed between IAP and bark pH (r = 
0.883), with higher pH values associated with higher IAP 
scores.

Additionally, IAP was positively correlated with tem-
perature (r = 0.999) and negatively correlated with relative 
humidity (r = –0.946), suggesting that local microclimatic 
factors also influence lichen community structure and air 
purity scores. The analysis highlights that IAP is primarily 
shaped by atmospheric pollutant concentrations, particu-
larly PM10 and PM2∙5, underscoring its relevance as a li-
chen-based index of air quality. Nonetheless, strong cor-
relations with bark pH, temperature, and relative humidity 
suggest that local environmental conditions may also in-
fluence lichen community structure and thereby may indi-
rectly affect IAP values.

Discussion

Air quality analysis across the three sampling sites re-
vealed marked spatial variation in both particulate and 
gaseous pollutants, with urban areas exhibiting the highest 
concentrations of PM2∙5, NO2, SO2, and CO. These elevated 
levels are attributed to high traffic volume, dense popula-
tion, and industrial activities. In contrast, suburban sites 
recorded the lowest pollutant levels, reflecting a less indus-
trialized landscape with reduced anthropogenic pressure.

Interestingly, in 2023, PM10 concentrations were highest 
in the rural site, surpassing both urban and suburban sites. 
This irregularity likely reflects episodic and localized in-
f luences, such as open biomass burning in agricultural 
fields and resuspension of coarse particles intensified by 
land–sea breeze circulation typical of Kuala Selangor’s 
coastal geography (Asmat et al. 2018; Department of Envi-
ronment Malaysia 2023). However, this does not contradict 
the long-term trend, where DOE annual reports show that 
urban areas consistently exhibit the highest mean concen-
trations of most pollutants over multiple years, reinforcing 
their status as chronically polluted environments.

More notably, rural sites consistently exhibited higher 
pollutant concentrations than suburban sites across multi-
ple years, which deviates from the typical expectation that 
air pollution decreases progressively from urban to subur-
ban to rural areas. This unexpected trend may be ex-
plained by the specific environmental and anthropogenic 
characteristics of the rural sampling location in Kuala Se-
langor. The site was situated near the coastline and sur-
rounded by open areas, small-scale commercial premises 

and a night market. During field visits, instances of open 
rubbish burning were observed in the vicinity, potentially 
contributing to elevated levels of airborne particulates. In 
contrast, the suburban site was located within a quiet resi-
dential area characterized by low traffic density, the ab-
sence of commercial activity, and no visible combustion 
sources, thereby supporting its consistently lower pollutant 
concentrations.

These air pollution patterns strongly influenced lichen 
community structure and composition. The urban site, de-
spite its higher pollution load, exhibited the greatest species 
richness, likely due to the dominance of pollution-tolerant 
taxa. However, this richness did not translate into greater 
ecological balance, as diversity and evenness metrics were 
lower compared to the suburban site. The rural site, though 
less polluted in the long term, was dominated by a few 
abundant species, notably B. erubescens, resulting in lower 
overall richness and evenness.

Crustose lichens made up over 80% of the identified spe-
cies, highlighting their adaptive advantages under polluted 
or stress-prone conditions. Their tightly adherent growth 
form, structural resilience, and tolerance to desiccation 
and surface pollutants make them well-suited for coloniz-
ing bark in urban environments. Conversely, more pollu-
tion-sensitive foliose species were rare and mostly confined 
to the suburban site. This is consistent with previous stud-
ies (Das et al. 2020; Tumur et al. 2025), which reported 
crustose lichens as the most pollution-tolerant growth 
form compared to foliose and fruticose lichens.

Species-specific responses further illustrate ecological 
filtering along pollution gradients. Tolerant species like D. 
picta and G. casiella were dominant in urban sites, where 
they withstand exposure to NO2, SO2, and vehicular emis-
sions. The high abundance of D. picta in the urban area 
aligns with previous findings by Khairuddin et al. (2017), 
which reported its resistance to traffic-related pollutants.

In contrast, species such as Parmotrema tinctorum and 
L. lithophila, known to be sensitive to atmospheric pollut-
ants, were found exclusively in the suburban site. The oc-
currence of P. tinctorum only in this less polluted area 
aligns with its known sensitivity to air pollution (Raimun-
do-Costa et al. 2024), further highlighting the suburban 
site as a favorable habitat for pollution-sensitive species.

Moreover, the distribution of P. argena and G. scripta, 
more abundant in suburban areas, aligns with their known 
sensitivity to nitrogenous pollutants such as NO2, which 
were lower in those environments (Okon et al. 2024).

IAP varied across the sites in a pattern consistent with 
pollution levels and lichen community diversity. The sub-
urban site recorded the highest IAP value, ref lecting its 
cleaner air and balanced species composition. The urban 
site, characterized by the highest levels of fine particulates 
and gaseous pollutants, showed the lowest IAP, indicating 
significant ecological stress. The rural site fell in between, 
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with a moderate IAP value.
Particulate matter, particularly PM2∙5, showed a strong 

negative correlation with IAP, highlighting its role in in-
hibiting lichen growth. Smaller particles are more likely to 
penetrate lichen tissues, clog gas exchange structures, and 
impair photosynthesis (Nawaz et al. 2025), contributing to 
lower IAP scores and reduced lichen diversity in polluted 
areas. Bark pH also emerged as a significant factor, with 
more alkaline substrates, particularly in suburban areas, 
being associated with higher IAP values and richer lichen 
assemblages (McDonald et al. 2017). This pattern is consis-
tent with the sensitivity of many species to bark acidifica-
tion caused by SO2 and other acidic pollutants (Chrabąszcz 
and Mróz 2017).

Microclimatic conditions also influenced lichen respons-
es. IAP was positively associated with temperature, possi-
bly due to enhanced metabolic activity and colonization in 
warmer sites (Colesie et al. 2018; Di Nuzzo et al. 2022). 
Conversely, a negative correlation was observed with rela-
tive humidity, which may ref lect indirect effects such as 
increased growth of pollution-tolerant species or competi-
tive exclusion under prolonged moist conditions (López et 
al. 2016).

Despite providing valuable insights, this study has cer-
tain limitations. Sampling was conducted only once per 
site and involved a limited number of trees, which may 
constrain the generalizability of the results. However, li-
chens are slow-growing organisms that integrate atmo-
spheric conditions over time, making one-time sampling 
ecologically meaningful. The use of 2023 pollutant data is 
justified as it represents the most recent available condi-
tions impacting lichen communities. Future studies should 
consider multi-seasonal sampling, increased spatial cover-
age and the inclusion of additional variables such as cano-
py structure and wind exposure to strengthen lichen-based 
air quality assessments.

Overall, these findings reinforce the value of epiphytic 
lichens as sensitive and integrative bioindicators of ecologi-
cal air quality. Their community structure responds clearly 
to variations in air pollution, particularly particulate mat-
ter, while also reflecting influences from bark pH and mi-
croclimatic conditions. Metrics such as the IAP enhance 
this assessment by quantifying complex ecological respons-
es across spatial gradients, especially in diverse land-use 
settings like those in Malaysia.

Conclusions

This study demonstrates that air pollution plays a critical 
role in shaping lichen diversity across different land-use 
types. The suburban site, which recorded the lowest pollut-
ant concentrations, exhibited the highest IAP and species 
richness. In contrast, the urban site, characterized by ele-

vated levels of PM, NO2, SO2, and CO, showed the lowest 
IAP and lichen diversity. A total of 16 species were identi-
fied, predominantly crustose forms, with tolerant species 
such as D. picta and G. casiella dominating urban environ-
ments, while sensitive species like P. tinctorum were found 
only in the suburban site. Strong negative correlations be-
tween IAP and particulate concentrations (PM10 and PM2∙5) 
show the detrimental impact of airborne particulates on li-
chen health. Additionally, environmental factors such as 
bark pH, temperature, and relative humidity also inf lu-
enced species composition, reflecting the interplay between 
pollution stress and microhabitat conditions. These find-
ings reinforce the value of integrating lichen-based indices 
with abiotic data to improve ecological air quality assess-
ments. Importantly, this study offers baseline data on li-
chen diversity and pollution gradients in Peninsular Ma-
laysia, contributing to regional bioindicator frameworks. 
Future research should focus on long-term monitoring and 
experimental approaches to investigate how specific pollut-
ants affect lichen physiology and how these effects interact 
with local habitat factors such as substrate pH, canopy cov-
er, and moisture availability.
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