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Introduction

Wetlands refer to the transition zone between terrestrial 
and water environments, particularly the land that covers 
the earth surface either for a year or for a considerable 
amount of time, including the growth period of living 
things. The land in which underground water is distrib-

uted near the ground surface can also be referred to as a 
wetland (Koo et al., 2013). Wetlands have an abundant 
biodiversity and provide ecosystem services to humans 
through various functions (de Groot et al., 2006; Gu et 
al., 2013; Halls 1997; Millennium Ecosystem Assessment, 
2005; Ministry of Environment, 2018; Joo et al., 2019). 
Existing policies on designation, conservation, and man-
agement of wetland protection areas were implemented 
with a focus on species/habitats. However, it is also nec-
essary to perform ecosystem service evaluation to actually 
assess the functions of wetlands as well as ecosystem ser-
vice (Joo et al., 2018; 2019). 

Ecosystem service evaluation refers to quantitative as-

This study aimed to verify the suitability of an air quality regulating service for wetland ecosystem service evaluation 
by investigating the effect of reducing particulate matter (PM) on vegetation in wetlands. We installed tunnel-type 
experimental plots at Yonghwasil Pond in the National Institute of Ecology and set up the input and output of PM 
by applying the natural vegetation of the relevant wetlands. We took measurements by replicating four different 
conditions four times each. The air quality regulating service in each experimental plot was measured based on PM10 
concentration; further, the difference between the input and the output concentration of PM passing through the 
Phragmites australis community tunnel was measured using a light scattering method. For the Phragmites australis 
community in the outdoor conditions and bare land, the PM concentration was measured with the same specifications 
as tunnel-type experimental plots without setting up the input and output. For the tunnel-type experimental plots, 
PM10 concentration was significantly lower in the output than in the input. Furthermore, in the outdoor conditions, a 
comparison between the Phragmites australis community and bare land showed that the concentration was relatively 
low in the former than in the latter. This confirmed the PM reducing effect due to the blockage and absorption of 
PM depending on the growth of Phragmites australis. Based on the results of this study, we assessed the air quality 
regulating service in wetlands as an evaluation indicator.
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sessment of the provisioning, regulation, and cultural 
services provided by wetlands as well as the functions of 
wetlands (Joo et al., 2018; 2019). The qualitative assess-
ment of wetland ecosystem service is focused on pro-
visioning service such as water, fishery, and agriculture; 
regulating service such as flood protection and water 
purification; and cultural service such as ecotourism, lei-
sure, and landscape value. However, there is a significant 
inadequacy in the assessment of an air quality regulating 
service (Table 1) (Janse et al., 2019; MA, 2005; Mcinnes, 
2013; Ramsar Convention on Wetlands, 2011; 2018; Russi 
et al., 2013).

The air quality regulating service refers to absorbing, 
adsorbing, and eliminating contaminants from the air 
during the process of plant respiration based on the ma-
terial cycling function of the ecosystem (de Groot et al., 
2006; Joo et al., 2017). The indicators to assess the air 
quality regulating service include gaseous and particu-
late contaminants such as NO2 and SO2 (Joo et al., 2018; 
2019). 

Based on the particle size, particulate contaminants are 
classified into total suspended particles (TSP) for particles 
below 50 μm, particulate matter (PM) for extremely small 
particles, and dust particles for those smaller than 10 μm, 

which are classified as PM10, and dust particles for those 
smaller than 2.5 μm, which are classified as PM2.5 (Min-
istry of Environment, 2016; National Institute of Forest 
Science, 2019). PM has harmful effects on the respira-
tory and cardiovascular systems such as lungs and blood 
vessels (Bae et al., 2011; Bae & Hong, 2018; Jang, 2014; 
Myong, 2016). The International Agency for Research on 
Cancer (IARC) operating under World Health Organiza-
tion (WHO) concluded that PM is highly carcinogenic to 
the human body, and thus, designated it as a Group 1 
carcinogen (IARC, 2016). The PM concentration in Korea 
has decreased since 1995 when observations were first 
made, but there is not significant change after 2010. Ko-
rea has approximately 1.4-2.8 times higher PM concen-
tration compared to Los Angeles (United States), London 
(England), Paris (France), and Tokyo (Japan) (Cha et al., 
2018; Lee, 2018). To address this issue, the government is 
defining air pollutants, climate/ecosystem-changing sub-
stances, and specified hazardous air pollutants in Articles 
2-4 of the Enforcement Decree of the Clean Air Conserva-
tion Act to reduce and manage the level PM. Moreover, 
the government selected “creating a pleasant air environ-
ment without concerns of particulate matter” as a major 
government project and is making policy efforts such as 

Table 1. Evaluation indicators for wetland ecosystem regulating service
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establishing the Comprehensive Plan on Particulate Mat-
ter (2020-2024) (Government Performance Evaluation 
Committee, 2020; Interagency, 2019). However, studies 
on PM reduction are still limited to research on absorp-
tion and adsorption of trees in forests or plants of interior 
landscaping (Jo et al., 2002; Kwon & Park, 2018; Manes 
et al., 2016; Nowak & Heiser, 2010), whereas it is still 
necessary to establish reduction plans that can be applied 
extensively to various ecosystems.

Studies on the air quality regulating service that re-
duces gaseous substances in the wetland ecosystem have 
been verified to a certain extent (Novitzki et al., 2001; 
Roucoux et al., 2017). However, studies on the air qual-
ity regulating service that reduces particulates or PM 
are nonexistent, except for research that compared the 
changes in concentration and plant dry weight after cre-
ating artificial wetlands and infusing PM2.5 and PM10 into 
the air (Son & Kim, 2020). 

This study aims at assessing the reduction levels of PM 
in the natural vegetation of wetlands that lacks sufficient 
research in relation to the air quality regulating service in 
wetlands. We intend to quantitatively measure the level 
of PM reduction while maintaining the natural attributes 
as they are without damaging the wetland ecosystem as 

much as possible. Finally, we will establish the grounds 
for objective evaluation indicators for the air quality reg-
ulating service in the wetland ecosystem. 

Materials and Methods

Experimental design
The study site was Yonghwasil Pond (68,199 m2) in the 

National Institute of Ecology located in Maseo-myeon, 
Seocheon-gun, Chungcheongnam-do. The experimental 
plots were installed in the most dominant Phragmites 
australis community in Yonghwasil Pond considering the 
ease of installation and accessibility (36°02′34.19″N, 
126°43′04.71″E).

To measure the PM reduction effect of wetlands, we 
installed three tunnel-type experimental plots using a 
greenhouse (Fig. 1). Their size was 10.8 m2 (W 2,400 
mm×L 4,500 mm×H 3,500 mm), and 2 out of 3 experi-
mental plots maintained the Phragmites australis commu-
nity in natural state, whereas the remaining one had all 
plants removed. The input, through which PM in the air 
flows in, was made with a mesh (air gap 1.2 mm), and the 
output was set up to induce PM to pass through Phrag-
mites australis. The PM was discharged via a shutter-type 

1.50 m

2.00 m

3.00 m

Ventilator

Ventilator

Output Input

PM laser sensor

PM laser sensor

1.50 m

2.00 m

PM laser sensor

Temp/RH sensor

PM laser sensor

4.50 m

Mash

A

B

Fig. 1. Design of particulate 
matter reduction measuring de-
vice for Phragmites australis. (A) 
Tunnel-type, (B) outside condi-
tion. PM, particulate matter.
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electric ventilator (600×600×490×750 W-1hp, Daeheung 
Industry, Korea) installed 2 m and 2.5 m above ground. 
To measure the level of PM reduction by analyzing the 
difference in PM concentration at the input and output 
of the experimental plots, we installed the PM measuring 
sensor at 1.5 m and 2.0 m above ground, separated at a 
50-cm distance each from the input and output.

There are various methods of measuring the PM such 
as the gravimetric method, β-ray absorption method, 
and light scattering method. This study applied the light 
scattering method that can take real-time measurements 
under natural conditions, which are easy to set up, and 
is relatively inexpensive (Cha et al., 2018). Laser Sensor 
(SDS011 v1.3; Nova Fitness Co. Ltd., Jinan, Shandong 
Province, China) was used as the PM measuring sensor 
and PM10 was measured every minute.

We also installed the ATMOS 14 sensor (METER group, 
Inc., Pullman, WA, USA) to measure the temperature and 
humidity inside the tunnel-type experimental plots.

To compare the PM reducing effect in outdoor condi-
tions, we installed only the PM measuring sensor in the 
Phragmites australis community and bare land (plants 
artificially removed) at the same height and with the same 
gap as that of the tunnel-type experimental plots (Fig. 1).

We measured the PM a total 4 times from April to June 

2020 (9 a.m.-6 p.m.) and surveyed the plants that ap-
peared inside and outside the experimental plots as well 
as the height and cover of Phragmites australis on the 
days of sensor data collection and the findings are shown 
in Table 2. The findings indicate that Phragmites australis 
cover is highest in both inside and outside the experimen-
tal plots, and Beckmannia syzigachne, Alopecurus aequa-
lis, Ranunculus sceleratus, and Cardamine flexuosa also 
appear (Table 3). From May (Date 2-Date 4), Phragmites 
australis cover was maintained at 100%, and the height 
increased up to 3.5 m (Experimental Plot 3) and the find-
ings are summarized in Table 2.

The morphological characteristics of Phragmites aus-
tralis were analyzed using ultra-high-resolution field-
emission scanning electron microscopy (FE-SEM, SU8220; 
Hitachi, Tokyo, Japan).

Statistical analysis
The light scattering method used in this study to mea-

sure PM has the disadvantage of being vulnerable to 
humidity (Cha et al., 2018). Actual measurement results 
showed that PM concentration was highly correlated with 
relative humidity. To make up for this, we excluded PM 
concentration during precipitation days and when the 
relative humidity levels were over 55%. 

Table 2. Schedule and experimental conditions for measurement of particulate matter reduction

Sampling Day
Temperature (°C) Reed height (m) Reed cover (%)

Tunnel Outside Tunnel 1 Tunnel 3 Outside Tunnel 1 Tunnel 3 Outside

DATE 1 4.21-4.24 0.9-23.3 5.2-21.3 0.40 0.50 0.01 67 33 0.01

DATE 2 5.21-5.25 8.2-31.1 10.3-26.4 2.30 2.50 1.70 100 100 100

DATE 3 5.28-5.30 10.8-34.1 12.4-27.3 2.80 3.00 2.00 100 100 100

DATE 4 6.80-6.90 17.2-38.0 16.4-33.9 3.25 3.49 2.40 100 100 100

Table 3. Specifications of tunnel-type experimental plots

Equipment Species* Sensor (ea) Humid sensor (ea)

Tunnel 1 Phragmites australis
Beckmannia syzigachne
Ranunculus sceleratus

Alopecurus aequalis
Cardamine flexuosa

Input 2
Output 2

○

Tunnel 2 - Input 2
Output 2

○

Tunnel 3 Phragmites australis
Ranunculus sceleratus

Alopecurus aequalis
Cardamine flexuosa

Input 2
Output 2

○

Reed Phragmites australis 4 ×

Bare land - 4 ×

*Only species with at least 30% cover. 
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To test the statistical significance of the differences in 
the concentration of PM concentration between input 
and output of each experimental plot as well as PM con-
centration between Phragmites australis community and 
bare land, we transformed the variables to log and con-
ducted a paired sample t-test (using IBM SPSS Statistics 
for Windows, Version 25.0; IBM Co., Armonk, NY, USA).

Results and Discussion

PM10 purification effect of wetlands
To verify whether the Phragmites australis community 

had PM purification effect, we compared the differences 
between the PM concentration of the input and that of 
the output for the experimental plots (Fig. 2). In Experi-
mental Plot 1 with Phragmites australis, the concentration 
of input at the beginning of the experiment (Date 1) was 
32.7 μg/m3 on average, but the output decreased to 16.8 
μg/m3. Furthermore, on Date 2, the input was 28.4 μg/
m3 and the output was 24.3 μg/m3, but on Date 4, the 
output was 44.9 μg/m3 and the input was 36.9 μg/m3, 

showing that the concentration in the input was higher. 
Experimental plot 3 also showed lower PM10 concentra-
tion in the output than compared to that in the input on 
Date 1 and Date 2. On Date 3, concentration in the out-
put was lower, but there was no statistical significance. 
On Date 4, the concentration in the output (40.3 μg/m3) 
was higher than that of in input (40.2 μg/m3), which is 
the same as Experimental Plot 1.

On the other hand, Experimental Plot 2 without plants 
showed a higher concentration in the output. The differ-
ence in the concentration of the input and output varied 
depending on the point of measurement, but the differ-
ence was maintained at a significant level.

April (Date 1) is the time when Phragmites austra-
lis was germinated, which is why the new Phragmites 
australis was in form of sprouts, while maintaining the 
plant wastes from the previous year in standing posi-
tion. Therefore, the wastes may have filtered and reduced 
the PM10 entering from the outside. In other words, even 
though Phragmites australis had withered, there was a PM 
reducing effect if the plant wastes had not fallen, thereby 

Fig. 2. Input and output concentration of PM10 of tunnel 1 (A), tunnel 3 (B), tunnel 2 (C) and outside condition (D). Vertical 
bars indicate average±standard deviation. Paired-Samples t-test was performed that variance between input and output 
concentration within a date. PM, particulate matter; NS, not significant at P<0.05. *P<0.05, **P<0.01, ***P<0.001. 
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blocking the movement of PM like plants (Fuchs, 1964). 
Moreover, the inside of the experimental plots had a 

higher temperature than that of the outside, which ac-
celerated the growth rate of Phragmites australis. It had 
grown to a high-density cover, filling up the inside of 
the experimental plots by May (Date 2-3). Thus, the 
PM10 purification effect was expected to increase as 
time passed, but there was no significant difference in 
June (Date 4). This may be due to the aphid infestation 
that occurred inside the experimental plots (Fig. 3). As 
the weather got warmer, the temperature and humidity 
increased inside the experimental plots that also signifi-
cantly increased the density of Phragmites australis caus-
ing aphid infestation to expand explosively almost to the 
point of covering all leaves. There was aphid outside as 
well, but the frequency was not high. Aphid infestation 
caused the adsorptive function of leaves to decline, which 
is likely to have decreased the effect of reducing the PM, 
but this could have been verified by a close, detailed 
analysis of leaves.

We compared the differences in PM concentration be-
tween the input and output in each experimental plot 
and found that it was higher in Experimental Plot 1 than 
that in Experimental Plot 3. Phragmites australis was 
dominant in both plots, but unlike Experimental Plot 3, 
Experimental Plot 1 showed an extremely high-density 
cover of Beckmannia syzigachne (cover 50% or higher, 
height 1.6 m). Even though it was the Phragmites austra-
lis community, Beckmannia syzigachne in the lower layer 
may have affected the PM reducing effect. A separate 
research is needed on the PM reducing effect of Beck-
mannia syzigachne. However, the height of Phragmites 
australis in Experimental Plot 3 was about 20 cm greater 

than that in Experimental Plot 1, and the density was also 
higher. Nonetheless, the concentration gap in Experimen-
tal Plot 1 is greater due to the effect of another subdomi-
nant species Beckmannia syzigachne, which implies that 
Beckmannia syzigachne also show a PM reducing effect. 
Son and Kim (2020) claimed that if plant bodies contrib-
uting to PM reduction are single species, the reduction 
effect is greater when the plants that have little effect are 
combined.

To check the PM10 purification effect in the natural 
conditions as well, we compared the Phragmites australis 
community distributed outside the experimental plots 
and the bare land without plants (Fig. 2). We found that 
the PM10 concentration inside the Phragmites australis 
community was lower compared to that in the bare land 
without plants. As time passed, PM10 concentration inside 
the Phragmites australis community was 23.4 μg/m3, 23.3 
μg/m3, 37.9 μg/m3, and 38.8 μg/m3 on average, whereas 
in the bare land it was 22.5 μg/m3, 25.0 μg/m3, 39.3 μg/
m3, and 40.9 μg/m3, proving that PM10 concentration in-
side the Phragmites australis community was lower than 
that in the bare land. The observation that concentration 
is lower where there is Phragmites australis compared to 
that in bare land without plants even in natural condi-
tions with many variables indicates that it has a great 
reduction effect.

However, considering that the bare land in this study 
is a place where plants were artificially removed from the 
wetlands, the PM reduction level may vary depending on 
the points of measurement such as species composition 
of plants, cover area, density, etc., even in the same wet-
lands.

Qiu et al. (2015) also reported that the wetland ecosys-
tem reduces PM, and PM that met the vapors in the wet-
lands are piled up in bubbles and settle in the water layer.

Son and Kim (2020), who designed an artificial wetland 
ecosystem environment with a small, simple greenhouse 
and compared the PM reducing ability in a terrestrial 
ecosystem, also reported that the wetland ecosystem has 
a greater PM reducing ability because the PM in the air is 
piled up in water that forms the wetlands and has sedi-
mented, and is also adsorbed on the above-ground parts 
of wetland plants.

In general, the PM reducing ability is greater in the 
wetland ecosystem with high humidity, and the ability 
may be enhanced depending on the function of plant 
species that form the ecosystem.

PM purification effect of Phragmites australis
The fact that plants reduce PM has been proved by sev-

eral studies (Jo et al., 2002; Kwon & Park, 2018; Manes 
et al., 2016; Nowak & Heiser, 2010). PM is absorbed by 
plant bodies or adsorbed on leaves, and this may vary de-
pending on the plant structure and form (He et al., 2020). Fig. 3. Aphid bloom on Phragmites australis leaves.
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This study also proved, through the experimental plots, 
that Phragmites australis is effective in reducing PM. To 
morphologically verify the PM reducing ability of Phrag-
mites australis, we observed the leaves using ultra-high-
resolution field-emission scanning electron microscope 
(Fig. 4). As a result, the stoma of Phragmites australis has 
a major axis of 10-15 μm and a minor axis of 4-7 μm, 
with approximately 1,500 stomas distributed per 1 mm2. 
Moreover, the surface was uneven, and the stomas were 
sunken. In addition, 4-7 μm long papillae shaped like 
eyelashes were surrounding the stomas in high density. 
This characteristic was equally observed in the study by 
Guan et al. (2019). PM10, which is PM in the size of 10 
μm, is not sufficiently small to enter the stomas of Phrag-
mites australis, and fine papillae are blocking the stomas 
as well, making it more difficult for PM10 to actually enter 
the stomas. 

Therefore, PM is not reduced by the adsorption on the 
stoma but the blocking effect of similar to trees. More-
over, the surface of Phragmites australis leaves was burr 
with small papillae distributed on them. Some research 
findings suggest that the plants with wrinkles on the 
back of their leaves are more effective in adsorbing PM 
than those with many leaf hairs. With too many leaf hairs, 
it is difficult to adsorb PM due to electrical phenomenon 
(Rural Development Administration Press Release, 2019). 
Furthermore, since there are wax layers on the surface of 
Phragmites australis leaves, they are likely to adsorb PM 
(Guan et al., 2019). It is necessary to verify more closely 
the adsorption effect through further research includ-
ing the component analysis of the surface of Phragmites 
australis leaves. However, morphologically, the leaves have 
a structure effective in adsorption and thus contribute to 
PM reducing effect.

To determine more closely the PM reducing ability in 
the wetland ecosystem, it is necessary to examine the 
PM reducing ability of the major plant species that form 
the wetlands, reduction effects depending on the size of 
plant bodies, patterns of PM, and tracer studies. 

This study is of great significance in that it verified the 

PM reducing ability of the wetland ecosystem in natural 
conditions while eliminating artificial manipulation as 
much as possible. Moreover, we also discovered that wet-
lands contribute to the purification of not only the water 
quality but also air quality. The PM reducing ability of the 
wetland ecosystem is one of the ecosystem services that 
must be considered as a suitable indicator for value as-
sessment of wetlands.
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