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Abstract

:

Particulate matter (PM) is the most dangerous form of air pollution and is known to cause severe health problems to humans. Plants as biological filters can reduce PM in urban areas by accumulating PM on the surface and epicuticular wax of leaves. The present study determined the amount of PM (large PM (10–100 µm) and coarse PM (2.5–10 µm)) collected on 10 plant species from two sites (urban forest and roadside) of Cheongju City, South Korea. Selected leaf traits (chlorophyll a (Chl a), chlorophyll b (Chl b), total chlorophyll (TChl), carotenoid, relative leaf water content (RWC), specific leaf area (SLA), and pH of these plant species at the two sites were concurrently determined to find about the correlation between the leaf straits and PM accumulation on leaf. Study results showed that the amount of accumulated large PM (10–100 µm) and coarse PM (2.5–10 µm) were different depending on the plant species and the collection site. Plants from the roadside tended to have higher amounts of PM accumulation as compared to the same plant species from the urban forest. In addition, the amount of PM accumulated on the leaf surface was higher than that of the epicuticular wax. PM accumulation on the leaf surface was positively correlated with the amount of PM accumulated on the epicuticular wax. Among the 10 plant species selected, P. strobus, P. densiflora, M. denudata, and S. vulgaris were the most effective plant for PM accumulation, while M. glyptostroboides was the least effective plant ones. Chl a, Chl b, TChl, and carotenoid contents were higher in plants collected along the roadside than in those collected from the urban forest, whereas RWC was higher in plants from the urban forest. No distinct tendency was noted regarding the pH. Coarse PM (2.5–10 µm) was negatively correlated with leaf traits of plants along the roadside. The tolerance of plants to pollution might be due to an increase in chlorophyll content. Features of the leaf were also essential in increasing PM accumulation on the leaf surface.
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1. Introduction


Air pollution is a global problem adversely affecting human health, animals, and vegetation. Natural events (volcano eruptions, forest fire) and anthropogenic activities, such as the use of polluting fuels for cooking, heating, and lighting are the main causes of air pollution [1]. Particulate matter (PM), consisting of complex solid and liquid particles suspended in the air, is one of the most dangerous forms of air pollution. In addition, human activities and natural events, the reaction of nitrogen oxide (from vehicle and industrial emission) with other air pollutants is one of the sources of PM [2]. According to their diameter, these PM pollutants are commonly classified into three categories, namely, PM 10 (diameter less or equal to 10 µm), PM 2.5 or fine particles (diameter less or equal to 2.5 µm), and ultrafine particles (diameter less than 0.1 µm [3]. PM 10 and PM 2.5, which include many small diameter particles, are very dangerous because these can easily penetrate the respiratory system and cause respiratory and cardiovascular morbidity, and even mortality [4]. Therefore, reducing air pollution has become an urgent task worldwide.



Nowadays, heavy traffic in urban areas has significantly increased the concentrations of pollutants in the atmosphere [5]. Plants play an important role in mitigating air pollution in urban areas [6,7,8,9,10]. The phytoremediation method involves the use of plants to improve the quality of soil, air, and water [11]. Using plants to improve air quality was reported to be the best strategic solution that uses plants as natural biological filters or sink to mitigate PM in the air [12]. PM can accumulate on the leaf surface or epicuticular wax [13]. However, the amount of PM captured by plant leaves differs depending on the plant species as well as environmental conditions [14,15,16,17]. Firstly, the amount of PM accumulated on the leaf depends on the leaf characteristics [18]. The micromorphology of leaves, such as roughness, stomata density, leaf shape, and leaf growth expansion can act as combination factors to increase the amount of PM accumulated on leaves [19,20]. For example, plants with rough leaf surfaces can capture more PM than those with smoother leaf surfaces [21,22]. Plants with leaf hair show more effective PM accumulation than those without leaf hair. In addition, the amount of PM accumulation on leaf depends on other factors, such as the levels of pollution and the environmental conditions, namely, wind, rainfall, and temperature [23,24,25]. In a highly polluted environment, the amount of PM accumulated by a plant would be higher than that of a plant in a less polluted environment [26]. Moreover, PM can be washed off from leaf because of strong wind and rainfall. However, the wash-off rate of different plants would differ [27].



Conversely, air pollution also can impact plants. The morphological, biochemical, physiological, and genetic traits of plants can be affected by PM in the atmosphere [28]. PM on leaf surface can reduce plant growth, flowering, leaf area, and the number of leaves. Rai [29] showed that PM can also destroy the structure of epicuticular wax. Modification of the biochemical and physiological traits of plants is due to changes of the leaf traits, such as chlorophyll content, carotenoid content, leaf extract pH, relative leaf water content (RWC), and specific leaf area (SLA) [24,30]. A high amount of PM on leaves can block stomatal pores, reducing stomatal conductance, and can also reduce light absorption, impacting the photosynthesis rate [13,31]. However, changes of leaf traits are different for various plant species. Leaf traits can be increased or decreased at a polluted site depending on the response of a plant species to air pollution and environmental conditions [13,23,31,32,33].



The purpose of this study was to determine the ability of PM to accumulate on leaves of plant species under different air pollution levels areas. Understanding the effect of air pollution on leaf traits is as important as determining the capacity of the plant species to reduce PM. Therefore, determining the correlation between PM accumulation on leaves and leaf traits has a prominent role in choosing which plant species to plant to reduce air pollution in urban areas. In this study, we determined PM accumulation capacities of leaf surface and epicuticular wax layer of 10 common plant species at two sites (roadside and urban forest) in Cheongju City, South Korea, with different levels of pollution. In addition, responses of these plants to air pollution were determined by measuring leaf traits, such as chlorophyll a (Chl a), chlorophyll b (Chl b), total chlorophyll (TChl), carotenoid, relative leaf water content (RWC), specific leaf area (SLA), and pH. We hypothesized that (1) PM accumulation on plants along the roadside was higher than plants in the urban forest because of the difference in air pollution between these two sites, (2) PM has a negative effect on leaf traits.




2. Materials and Methods


2.1. Study Area


Cheongju is the biggest city in Chungcheongbuk-do province in South Korea. Plant samples were collected at two sites of Chungcheongbuk-do, Cheongju City, South Korea (36°38′0″ N, 127°29′0″ E). One site was Chungcheongbuk-do Forest Environment Research Institute (urban forest) where 1593 plant species were planted on 25 ha. This site is located about 16 km from the city center and is not affected by traffic or industrial pollution. The other study site was a crossroad in the city center near the Cheongju Express Bus Terminal (roadside). This area is affected by the high traffic this city and the traffic of the Express Bus Terminal (Figure 1).




2.2. Sample Collection


Ten common plant species in South Korea were collected for this study (Table 1). Leaf samples were collected on the same day in October 2020. Leaves in good condition (i.e., not affected by disease or pests) were selected. For each plant species, the leaves of five different trees were collected at 1.0–1.5 m above the ground (n = 5 replication). Leaf samples were cut to make up a leaf area of about 300 to 400 cm2 and were placed into a paper bag. Subsequently, all samples were immediately conveyed to the laboratory for analysis. All samples were collected after 10 days of no rain.




2.3. Analysis of Accumulation of Surface PM, In-Wax PM, and Epicuticular Wax on Leaves


The wash-off method was used to determine the amount of leaf surface PM (sPM) and in-wax PM (wPM) [34]. For each species, leaves with an area of about 300 cm2 were rinsed with distilled water to collect PM on the leaf surface (sPM), then with chloroform to collect PM on the epicuticular wax (wPM). The leaves were placed in individual glass beakers and washed with 250 mL distilled water for 60 s. These beakers were placed in ultrasonic cleaners (WUC-A22H, Daihan Scientific, Wonju, Korea) for 6 min to ensure that particles were separated from the leaf surface. The solution was passed through a metal sieve with a diameter of 100 µm mesh to remove particles with size over 100 µm. Subsequently, a glass filter funnel set connected to a vacuum pump (2546c-10, Welch, Concord, MA, USA) was used to filter the solution with pre-weighed type 91 and type 42 filter papers (Whatman, UK) with pore size 10 µm and 2.5 µm, respectively. After passing through type 91 filter, the collected solution was filtered with type 42 filter immediately. These collected PM in the two types of filter papers were divided into two sizes: large PM (10–100 µm) and coarse PM (2.5–10 µm), respectively. These paper filters were weighted before and after filtration with the same method. All samples were then placed in an auto desiccator cabinet (SLDeBG1K, SciLab, Seoul, Korea) for 48 h to remove humidity and were later weighted on a microbalance (EX125D, Ohaus, Parsippany, NJ, USA). The same method was used to determine the amount of PM accumulation on wax of plant. However, the chloroform was used instead of water. Leaf samples were then washed with 100 mL chloroform for 60 s and placed in an ultrasonic cleaner for 2 min. After that, the two type 91 and type 42 filter papers were used to collect PM. Collected PM was divided into two types: large PM (10–100 µm) and coarse PM (2.5–10 µm). The amount of epicuticular wax that dissolved in chloroform was measured in a pre-weighed beaker at the filtration end and was determined after chloroform evaporation. Before washing with chloroform, the total leaf area of the leaf samples was determined with an area meter (LI-3100C, LI-COR, Lincoln, NE, USA). In this study, the amounts of PM and epicuticular wax were expressed in microgram per square centimeter. PM of each leaf sample was photographed using a mini-SEM (Scanning Electron Microscope, SNE-4500M Plus A, SEC, Suwon, Korea) according to Noh [35].




2.4. Leaves Traits


2.4.1. Leaf Extract pH (pH)


The leaf extract pH was measured based on the method described by [30]. Briefly, 1.0 g of fresh leaf sample and 10 mL of distilled water were homogenized and centrifuged at 2700 rpm for 3 min. Afterward, a pH meter (HI 8424, Hana Instruments, Woonsocket, RI, USA) was used to measure the pH of the collected homogenate.




2.4.2. Relative Leaf Water Content (RWC)


After sampling, leaf samples were immediately washed to remove particles from the leaf surface. For each species, leaves were weighed to determine their fresh weight. These leaves were weighed again after soaking in distilled water at 4 °C in a dark place for 24 h to obtain their turgid weight. Finally, leaf samples were dried in an oven at 80 °C for 24 h and weighted to obtain their dry weight. Following the method of [36], the RWC was determined using Equation (1):


RWC (%) = [(FW − DW)/(TW − DW)] × 100



(1)




where, FW = fresh weight, TW = turgid weight, and DW = dry weight.




2.4.3. Chlorophyll and Carotenoid Contents


Using the Lichtenthaler [37] method, 0.05 g of each leaf sample was crushed in liquid nitrogen with a mortar and a pestle. After adding 10 mL of 100% acetone into the crushed leaf sample, the liquid was collected and centrifuged (Cef-6, Daihan Scientific, Korea) at 2700 rpm for 10 min. Then, 10 mL of the supernatant was used to determine the absorbance at 470 nm, 616.6 nm, and 644.8 nm using a spectrophotometer (UV-1800, Simazuda, Japan). Chlorophyll a (Chl a), chlorophyll b (Chl b), total chlorophyll (TChl), and carotenoid contents were calculated using Equation (2):


Chlorophyll a = (11.24 × A616.6) − (2.04 × A644.8)










Chlorophyll b = (20.13 × A 644.8) − (4.19 × A616.6)



(2)






Total chlorophyll = (7.05 × A616.6) + (18.09 × A644.8)










Carotenoids = (1000 × A470) − (1.90 × Chl a − 63.14 × Chl b)/214








where A616.6, A644.8, and A470 are absorbance values at corresponding wavelengths.




2.4.4. Specific Leaf Area (SLA)


According to Chaturvedi et al. [38], the SLA present the ratio of leaf area to dry weight of leaf. An leaf area meter (LI-3100C, LI-COR Biosciences, Lincoln, NE, USA) was used to determine the leaf area of each sample for each plant species. Then, the leaf samples were dried in an oven at 80 °C for 24 h and were weighed to record the dry weight. After that, SLA was determined using Equation (3):


SLA (cm−2·g−1) = Leaf area/dry weight



(3)










3. Statistical Analysis


All data were analyzed using SAS software 9.4 version (SAS Institute, Cary, NC, USA) for two-way analysis of variance (ANOVA) with Duncan’s multiple range test (DMRT). The significance level was set at 5%. Two-way ANOVA was also used to identify the influence of two different factors (sites and plant species) on leaf PM accumulation and biological characteristics of plants. Pearson’s correlation analysis was used to identify the relationship between the amount of PM accumulation on leaf and the plant’s biochemical characteristics. The presented data are given as means with standard error (±SE).




4. Results and Discussion


4.1. PM Accumulation in Plant Species


In this study, we found that the amount of PM accumulation on the leaf of plant species was different depending on the plant species and the leaf sample collection site. In the urban forest area, the amount of large PM (10–100 µm) accumulation on leaf surface ranged from 5.03 to 43.12 µg·cm−2. The highest accumulation of large PM (10–100 µm) on leaf surface was on P. strobus, followed by P. densiflora, M. denudata, and S. vulgaris with an amount of large PM (10–100 µm) accumulation of 36.52, 22.26, and 17.41 µg·cm−2 respectively, whereas M. glyptostroboides showed the lowest accumulation of large PM (10–100 µm) on leaf surface. The amount of coarse PM (2.5–10 µm) accumulation on leaf surface ranged from 1.94 to 9.61 µg·cm−2. A. palmatum showed the highest coarse PM (2.5–10 µm) accumulation while T. cuspidata showed the lowest coarse PM (2.5–10 µm) accumulation. The amount of large PM (10–100 µm) on leaf surface accumulation was higher than that of coarse PM (2.5–10 µm) for all 10 plant species (from 1.30 to 6.92 times).



The amount of large PM (10–100 µm) accumulation in wax of the selected plant species ranged from 1.88 to 23.01 µg·cm−2. Plant species with the highest and lowest accumulation of large PM (10–100 µm) in wax layer were P. strobus and M. glyptostroboides, respectively. P. strobus also showed the highest accumulation of large PM (10–100 µm) while A. palmatum showed the lowest value. Furthermore, among the 10 plant species, the amount of coarse PM (2.5–10 µm) in wax layer accumulation on S. vulgaris, M. denudata, R. yedoense, J. chinensis, and M. glyptostroboides was higher than that of large PM (10–100 µm) accumulation. The total PM accumulation of the 10 plant species at the urban forest ranged from 11.84 to 89.33 µg·cm−2, with the highest and lowest PM accumulation on P. trobus and M. glyptostroboides, respectively (Table 2).



For samples collected along the roadside, the amount of large PM (10–100 µm) accumulation on leaf surface ranged from 14.36 to 96.10 µg·cm−2. M. denudata showed the highest accumulation of large PM (10–100 µm) followed by P. strobus and P. densiflora. The plant species that showed the lowest accumulation of large PM (10–100 µm) was M. glyptostroboides. The amount of coarse PM (2.5–10 µm) accumulation ranged from 4.34 to 29.61 µg·cm−2, with the highest coarse PM (2.5–10 µm) accumulation on P. strobus and the lowest accumulation on A. palmatum. We also found that the amount of large PM (10–100 µm) accumulation on the leaf surface of S. vulgaris, J. chinensis, and T. cuspidata was lower than the amount of coarse PM (2.5–10 µm) accumulation. On the epicuticular wax, the amount of large PM (10–100 µm) accumulation ranged from 2.26 to 49.97 µg·cm−2, while the highest PM accumulation plant species was P. strobus followed by P. densiflora and A. palmatum. The lowest PM accumulation plant species was M. glyptostroboides. Conversely, the amount of coarse PM (2.5–10 µm) accumulation ranged from 0.77 to 13.60 µg·cm−2 with the highest and lowest PM accumulation plant species being S. vulgaris and T. cuspidata, respectively. The total PM accumulation of the 10 plants at the urban forest ranged from 31.28 to 165.73 µg·cm−2. P. strobus and M. glyptostroboides were still the highest and lowest total PM accumulation plant species (Figure 2).



When comparing the two sites, the amount of total PM accumulation on the leaf of the selected plants species along the roadside was higher than the amount of total PM accumulation of the same plant species at the urban forest (from 1.5 to 3.4 times). Plant species with the highest difference in the ratio of PM accumulation between the roadside and the urban forest were J. chinensis and M. denudata (about 3.4 and 2.9 times, respectively). Among the 10 plant species, P. strobus, M. denudata, P. densiflora, and S. vulgaris had the highest PM accumulation while M. glyptostroboides had the lowest PM accumulation.



Additionally, the amount of wax on the leaves of the selected plant species differed with respect to the different sites and the different plant species. At both sites, we found that P. strobus showed the highest amount of wax followed by P. densiflora, J. chinensis, and M. glyptostroboides while the plant species with the lowest amount of wax were A. palmatum and Z. serrata at the urban forest and the roadside, respectively. The amount of wax of needle leaves was higher than that for broad leaves at both sites, except for T. cuspidata. Among the five species with broad leaves, the wax of S. vulgaris, at the urban forest and roadside (161.08 and 154.53 µg·cm−2, respectively), was highest.



The amount of PM accumulation on the leaves of plants differed with respect to the plant species. Many studies showed that the difference in the structure on the leaf between plant species was one of the main reasons that led to the difference in the effective accumulation of PM on the leaf [5,23,26,39]. A similar result was found in our study. Additionally, we found that the amount of total PM accumulated on plants growing along the roadside was higher than that of plants growing in the urban forest. The different concentrations of air pollution between the roadside and the urban forest could be a reason that influenced the amount of PM accumulation on the leaves of the same plant species between the two sites. Several studies have shown that the capacity PM accumulation of plants depends on PM level in the air and that higher PM level in the air could increase the amount of PM accumulated on the leaf [26,40]. However, we also found that the average total PM accumulated on plant species with needle leaves was higher than that of plant species with broad leaves at both sites. He et al. [41] and Leonard et al. [42] have also indicated that needle leaves accumulated PM more than broad leaves. Plants with needle leaves are less affected by wind that removes PM from the leaf surface due to their smaller leaf area and higher concentration of leaves than plants with broad leaves [19,42,43]. Additionally, the high roughness and high stomatal density of needle leaves enhance the adsorption of PM on leaf surface as compared to broad leaves [44]. In the urban forest, P. strobus had the highest PM accumulated on both the leaf surface and epicuticular wax, while M. glyptostroboides showed lowest PM accumulation on the leaf surface. Deep grooves observed on the leaf surface of P. strobus (Figure 3s,t) could have helped PM accumulation. Furthermore, P. strobus had the highest amount of wax that also significantly contributed to increasing PM accumulation. Many studies showed that the grooves on leaves help contain large particles, causing an increase in the PM mass accumulated on the leaf [45]. The amount of epicuticular wax of P. strobus has an essential role in increasing the capacity of PM accumulation. The PM accumulated on the epicuticular wax of P. strobus makes up a large part of the total PM accumulated. The critical role of quantity and structure of epicuticular wax in PM accumulation has been reported previously [32,46]. Additionally, M. glyptostroboides is a plant with needle leaves and has smooth and thin leaves. This might be the reason why PM accumulated on leaves of M. glyptostroboides could be easily removed by wind or washed off by rain [47]. Along the roadside, M. denudata was the most excellent plant species for PM accumulation on the leaf surface. Based on SEM images, we found that M. denudata had large PM accumulation on the leaf surface (Figure 3c,d). Kwak et al. [39] have shown that M. denudata has high stomatal density and leaf hairs on both the adaxial and the abaxial leaf surfaces. In this study, we did not assess the leaf hairs of plant, but we guessed that the presence of leaf hair could help increase the amount of PM accumulation. This might be the reason for the significant increase in the amount of PM accumulated on leaves of M. denudata. Leaf hairs can increase the area of the leaf to accumulate more PM and impede the removal of PM from the leaf surface by wind as suggested by Leonard et al. [42]. Additionally, we found grooves on the leaf surface of S. vulgaris and T. cuspidata and large size particles on the leaf surface of these plant species. In addition, we found that the amount of wax had an important role in increasing amount of PM accumulation. In the present study, we found that the feature of leaf was a key factor impacting the capacity for PM accumulation.




4.2. Leaf Traits


Leaf traits are factors that affect the amount of PM accumulation in plants. However, PM can also impact leaf traits and cause decreased growth in plants. In this study, Chl a, Chl b, TChl content, and carotenoid contents were higher of plants from roadside site than plants growing in the urban forest for all plant species excepted for S. vulgaris and P. strobus. Relative leaf water content (RWC) of plants growing along the roadside were higher than those of plants growing in the urban forest. However, the RWC of M. denudata did not follow this trend. The pH of plants with needle leaves growing along the roadside tended to be higher as compared to the pH of broad leaves as (Table 3). Additionally, the amount of wax of the 10 plant species was different between species and sampling sites. Among the 10 plant species, the quantity of wax of S. vulgaris, Z. serrata, M. glyptostroboides, and P. strobus were higher for plants from the urban forest than that of plants from the roadside (Table 2).



In this study, aside from a positive correlation between large PM (10–100 µm) and epicuticular wax quantity and a negative correlation between PM 10 and SLA at both study sites, we did not find any other correlations between large PM (10–100 µm) and the other leaf traits. The large PM (10–100 µm) accumulation on a leaf can lead to increasing shape area, caused reducing light absorption of the leaf [24,29]. While coarse PM (2.5–10 µm) had a positive correlation with epicuticular wax quantity at both study sites, it had negative correlations with all leaf traits (Chl a, Chl b, TChl, carotenoid, and SLA) of plants from the roadside. Thus, some leaf traits, notably SLA and epicuticular wax, are correlated with the PM accumulation capability in these plants (Table 4). Thus, the feature of leaf structures is one of the determining factors influencing the capability of PM accumulation on plants (Table 4). Conversely, PM could also affect leaves by changing leaf traits, such as leaf pigment (chlorophyll content and carotenoid), RWC, SLA, and leaf extract pH [20,22]. Under the impact of PM, plants have to respond to air pollution to stay alive. Some plants are sensitive to air pollution while others are tolerant. Plant species have different responses to air pollution [30]. The effect of PM on leaf traits, such as SLA, RWC, and chlorophyll content has been reported previously [38].



Chlorophyll content is a crucial factor because a reduction of chlorophyll content causes decreased photosynthesis, which is a critical factor for plant growth. Environmental conditions and air pollution can affect chlorophyll content. Depending on the tolerance of plants and chemical components of pollutants, the influence of pollution on a plant’s chlorophyll content is different [48]. As a result, PM accumulation on the leaf surface could reduce the chlorophyll content in leaves [23,26,48,49]. A pollutant covering the leaf surface can impact light absorption by the plant or block the stomatal pores and reduce photosynthetic gas exchange of the plant, leading to reduced chlorophyll content [24]. Moreover, chlorophyll content is also strongly dependent on pH. Pollution on leaves can reduce their extract pH, leading to decreased chlorophyll content [30]. In this study, chlorophyll and carotenoid contents were increased in all plant species growing along the roadside except for S. vulgaris and P. strobus. The same result has been reported previously [50]. We found that coarse PM (2.5–10 µm) was weakly correlated with chlorophyll and carotenoid contents of plants at the roadside. Such weak correlations might not affect plants too much. The increase of chlorophyll content in plants growing along the roadside might have increased the tolerance of plants to pollution. The plant species showing the highest increase of chlorophyll content was R. yedoense. The chlorophyll content of R. yedoense was increased 2-fold, whereas the chlorophyll content of S. vulgaris was reduced by half compared to that of the same plant species growing in the urban forest. These results suggest that the decreasing chlorophyll content of S. vulgaris might be due to the large amount of coarse PM (2.5–10 µm) accumulation on leaves of this plant (Figure 3). The PM accumulation on leaf surface can caused decreasing light absorption. Coarse PM (2.5–10 µm) with small size can easily penetrate and block the stomatal pores, thus influencing chloroplast and resulting in reduced chlorophyll content [51].



In this study, PM accumulated on the leaf surface had a significant correlation with epicuticular wax quantity. Epicuticular wax is an important element of plants. The epicuticular wax can prevent pollution from penetrating plant cells and losing leaf water. In this study, we found that the quantity of epicuticular wax was different depending on the plant species. This is because the amount and structure of epicuticular wax depend on genetic factors, environmental (rain, temperature, and humidity) factors, and air pollution. In the present study, the amount of epicuticular wax was higher in six plant species growing along the roadside than in plants growing in the urban forest, and the species that did not follow this trend were S. vulgaris, Z. serrata, M. glyptostroboides, and P. trobus. It was also higher in plants with needle leaves than in those with broad leaves. Similar results have been reported previously [25]. However, the epicuticular wax structure can be destroyed by air pollution or acid rain, leading to erosion of the epicuticular wax [51,52]. In the industrial and traffic regions, the epicuticular wax could be eroded because of PM on leaf [53]. It might be the reason for a large reduction in the amount of epicuticular wax on M. glyptostroboides and some other plant species growing along the roadside.



RWC was used as an indicator to evaluate water status of the plants. RWC is intimately associated with growth, photosynthesis, and stomatal conductance [50]. RWC not only maintains physiological balance, but also influences water and nutrients of a plant. Increasing air pollution level can increase cell permeability, resulting in the loss of water and dissolved nutrients [30,50,54]. RWC content tends to decrease in plants growing at sites with higher pollution [23]. In this study, we did not find any significant correlation between PM and RWC. However, RWC was increased in all plant species from the roadside except for M. denudata. We suppose that the RWC of M. denudata growing along the roadside was decreased due to a large amount of large PM (10–100 µm) on its leaf surface. Conversely, the increase of RWC content can contribute to a tolerance against pollution for plants growing along the roadside [33].



SLA is leaf area divided by leaf biomass. It is used to determine the leaf thickness and density. Plants with thick leaves can be more effective in absorbing light. SLA depends on the degree of shading and PM accumulation on the leaf surface that can increase shadow on the leaf. However, SLA fluctuates depending on plant species and is related to a plant’s protective or adaptive mechanism [33,55,56]. In this study, 4 (P. densiflora, M. glyptostroboides, R. yedoense, and S. vulgaris) out of 10 plant species had higher SLA at the roadside. It was found that large PM (10–100 µm) had negative correlation with SLA at both sites. At polluted sites, coarse PM (2.5–10 µm) also had negative correlation with SLA. These findings are consistent with research results of [57].



The other important trait of a plant is its leaf extract pH (pH), which is a sensitive indicator of air pollution. A low pH makes a plant more sensitive to air pollution while a high pH could increase the conversion of hexose sugar to ascorbic acid, thus increasing the plant’s tolerance to air pollution [58]. In this study, the pH of plants growing in the urban forest ranged from 4.50 to 6.09, while the pH of plants growing along the roadside ranged from 5.09 to 6.02. Some pH values of plants were significantly different between the two sites or between species (Table 3). The leaf extract pH of the plant can be affected by air pollutions, such as SO2 and NO2 [59]. The pH values of some plant species growing along the roadside were higher than those growing in the urban forest for the same plant species (A. palmatum, J. chinensis, T. cuspidata, P. densiflora, and P. strobus), while pH values of a few other plant species at the roadside were lower (S. vulgaris, M. denudata, Z. serrata, R. yedoense, and M. glyptostroboides). These differences in pH values were due to the difference in tolerance of the plants to air pollutants. In this study, we found that the amount of coarse PM (2.5–10 µm) had negative correlation with pH only in the roadside. In addition to influence of PM, the leaf extract pH of plant can be influenced by other factors, such as soil pH. We need more study to determine the influence of the individual factors on the pH value.





5. Conclusions


The ability of PM accumulation of 10 different plant species and the influence of PM on leaf traits was analyzed. In this study, we found that PM accumulation was different depending on plant species and collection site. The amount of PM accumulation on the leaf surface and the amount of PM accumulation in wax were also different. The total PM accumulation of roadside plants was higher than that of urban forest plants. Additionally, needle leaves showed higher PM accumulation than broad leaves. Among the 10 plant species, P. strobus was the most effective plant species for PM accumulation at both sites. The micromorphology of leaves affected PM accumulation of plants. In some plant species, we found that leaves with specific features, such as grooves or thick wax layers, could increase the PM accumulation capacity. The epicuticular wax quantity of plants was positively correlated with the amount of PM accumulation on the leaf, and the amount of PM accumulation in wax contributed to the total PM accumulation on the leaf. Coarse PM (2.5–10 µm) affected all the leaf traits of plants growing along the roadside, while large PM (10–100 µm) affected SLA and the amount of epicuticular wax. The tolerance of plants to air pollution might be due to increased chlorophyll content, carotenoid, pH, and SLA for plants growing along the roadside. Epicuticular wax was positively correlated with large PM (10–100 µm) and coarse PM (2.5–10 µm). Among the 10 plant species, on the basis of the present work evidence, P. strobus can be a great choice to improve air quality in urban sites. Assessing the correlation between PM and other leaf trait is considered a future study. This study showed the ability of PM accumulation of different plant species, and the influence of PM concentration level on the amount of PM accumulation on the leaves. Additionally, the influence of PM on leaf traits was also clarified in this study. However, the PM concentration levels of the two sites need to be analyzed, and the influence of different factors on leaf traits also needs analysis to determine more exactly the influence of PM on leaf traits.







Author Contributions


Conceptualization, S.-Y.K. and B.-J.P.; methodology, S.-Y.K. and B.-J.P.; investigation, H.-T.B. and U.O.; data analysis, H.-T.B. and U.O.; writing—review and editing, S.-Y.K. and B.-J.P.; funding acquisition B.-J.P. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the support of the R&D program for Forest Science Technology (Project No. 2019155B10-2021-001) provided by Korea Forest Service (Korea Forestry Promotion Institute).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


All data supporting the conclusions of this article are included in this manuscript.




Acknowledgments


The authors gratefully appreciated the support of this study by the Korean Forest Service.




Conflicts of Interest


The authors declare that they have no conflict of interest.




References


	



Kampa, M.; Castanas, E. Human health effects of air pollution. Environ. Pollut. 2008, 151, 362–367. [Google Scholar] [CrossRef] [PubMed]

	



Myong, J.P. Health effects of particulate matter. Korean J. Med. 2016, 91, 106–113. [Google Scholar] [CrossRef]

	



Łukowski, A.; Popek, R.; Karolewski, P. Particulate matter on foliage of Betula pendula, Quercus robur, and Tilia cordata: Deposition and ecophysiology. Environ. Sci. Pollut. Res. 2020, 27, 10296–10307. [Google Scholar] [CrossRef] [PubMed]

	



Iriti, M.; Piscitelli, P.; Missoni, E.; Miani, A. Air pollution and health: The need for a medical reading of environmental monitoring data. Int. J. Environ. Res. Public Health 2020, 17, 2174. [Google Scholar] [CrossRef] [PubMed]

	



Barwise, Y.; Kumar, P. Designing vegetation barriers for urban air pollution abatement: A practical review for appropriate plant species selection. Npj Clim. Atmos. Sci. 2020, 3, 12. [Google Scholar] [CrossRef]

	



Chiam, Z.; Song, X.P.; Lai, H.R.; Tan, H.T.W. Particulate matter mitigation via plants: Understanding complex relationships with leaf traits. Sci. Total Environ. 2019, 688, 398–408. [Google Scholar] [CrossRef] [PubMed]

	



Jin, E.J.; Yoon, J.H.; Bae, E.J.; Jeong, B.R.; Yong, S.H.; Choi, M.S. Particulate matter removal ability of ten evergreen trees planted in Korea urban greening. Forests 2021, 12, 438. [Google Scholar] [CrossRef]

	



Popek, R.; Gawrońska, H.; Wrochna, M.; Gawroński, S.W.; Sæbø, A. Particulate matter on foliage of 13 woody species: Deposition on surfaces and phytostabilisation in waxes–a 3-year study. Int. J. Phytoremediation 2013, 15, 245–256. [Google Scholar] [CrossRef]

	



Singh, H.; Yadav, M.; Kumar, N.; Kumar, A.; Kumar, M. Assessing adaptation and mitigation potential of roadside trees under the influence of vehicular emissions: A case study of Grevillea robusta and Mangifera indica planted in an urban city of India. PLoS ONE 2020, 15, e0227380. [Google Scholar] [CrossRef]

	



Yoo, S.Y.; Kim, T.; Ham, S.; Choi, S.; Park, C.R. Importance of urban green at reduction of particulate matters in Sihwa Industrial Complex, Korea. Sustainability 2020, 12, 7647. [Google Scholar] [CrossRef]

	



Reichenauer, T.G.; Germida, J.J. Phytoremediation of organic contaminants in soil and groundwater. ChemSusChem 2008, 1, 708–717. [Google Scholar] [CrossRef] [PubMed]

	



Klingberg, J.; Broberg, M.; Strandberg, B.; Thorsson, P.; Pleijel, H. Influence of urban vegetation on air pollution and noise exposure–a case study in Gothenburg, Sweden. Sci. Total Environ. 2017, 599, 1728–1739. [Google Scholar] [CrossRef] [PubMed]

	



Popek, R.; Przybysz, A.; Gawrońska, H.; Klamkowski, K.; Gawroński, S.W. Impact of particulate matter accumulation on the photosynthetic apparatus of roadside woody plants growing in the urban conditions. Ecotoxicol. Environ. Saf. 2018, 163, 56–62. [Google Scholar] [CrossRef] [PubMed]

	



Jeong, N.R.; Kim, J.H.; Han, S.W.; Kim, J.C.; Kim, W.Y. Assessment of the particulate matter reduction potential of climbing plants on green walls for air quality management. J. People Plants Environ. 2021, 24, 377–387. [Google Scholar] [CrossRef]

	



Kwon, K.J.; Urrintuya, O.; Kim, S.Y.; Yang, J.C.; Sung, J.W.; Park, B.J. Removal potential of particulate matter of 12 woody plant species for landscape planting. J. People Plants Environ. 2020, 23, 647–654. [Google Scholar] [CrossRef]

	



Kwon, K.J.; Odsuren, U.; Kim, S.Y.; Yang, J.C.; Park, B.J. Comparison of the particulate matter removal capacity of 11 herbaceous landscape plants. J. People Plants Environ. 2021, 24, 267–275. [Google Scholar] [CrossRef]

	



Pandit, J.; Sharma, A.K. A review of effects of air pollution on physical and biochemical characteristics of plants. Int. J. Chem. Stud. 2020, 8, 1684–1688. [Google Scholar] [CrossRef]

	



Goude, M.; Nilsson, U.; Holmström, E. Comparing direct and indirect leaf area measurements for Scots pine and Norway spruce plantations in Sweden. Eur. J. For. Res. 2019, 138, 1033–1047. [Google Scholar] [CrossRef]

	



He, C.; Qiu, K.; Pott, R. Reduction of urban traffic–related particulate matter—leaf trait matters. Environ. Sci. Pollut. Res. 2020, 27, 5825–5844. [Google Scholar] [CrossRef]

	



Sgrigna, G.; Baldacchini, C.; Dreveck, S.; Cheng, Z.; Calfapietra, C. Relationships between air particulate matter capture efficiency and leaf traits in twelve tree species from an Italian urban-industrial environment. Sci. Total Environ. 2020, 718, 137310. [Google Scholar] [CrossRef]

	



Viecco, M.; Vera, S.; Jorquera, H.; Bustamante, W.; Gironás, J.; Dobbs, C.; Leiva, E. Potential of particle matter dry deposition on green roofs and living walls vegetation for mitigating urban atmospheric pollution in semiarid climates. Sustainability 2018, 10, 2431. [Google Scholar] [CrossRef]

	



Zhang, W.; Wang, B.; Niu, X. Relationship between leaf surface characteristics and particle capturing capacities of different tree species in Beijing. Forests 2017, 8, 92. [Google Scholar] [CrossRef]

	



Chen, X.; Zhou, Z.; Teng, M.; Wang, P.; Zhou, L. Accumulation of three different sizes of particulate matter on plant leaf surfaces: Effect on leaf traits. Arch. Biol. Sci. 2015, 67, 1257–1267. [Google Scholar] [CrossRef]

	



Popek, R.; Łukowski, A.; Grabowski, M. Influence of particulate matter accumulation on photosynthetic apparatus of Physocarpus opulifolius and Sorbaria sorbifolia. Pol. J. Environ. Stud. 2018, 27, 2391–2396. [Google Scholar] [CrossRef]

	



Przybysz, A.; Popek, R.; Gawrońska, H.; Grab, K.; Łoskot, K.; Wrochna, M.; Gawroński, S.W. Efficiency of photosynthetic apparatus of plants grown in sites differing in level of particulate matter. Acta Sci. Pol. Hortorum Cultus 2014, 13, 17–30. [Google Scholar]

	



Lu, T.; Lin, X.; Chen, J.; Huang, D.; Li, M. Atmospheric particle retention capacity and photosynthetic responses of three common greening plant species under different pollution levels in Hangzhou. Glob. Ecol. Conserv. 2019, 20, e00783. [Google Scholar] [CrossRef]

	



Wang, B.; Wei-kang, Z.; Niu, X.; Wang, X. Particulate matter adsorption capacity of 10 evergreen species in Beijing. Huanjing Kexue/Environ. Sci. 2015, 36, 408–414. [Google Scholar] [CrossRef]

	



Kong, L.; Yu, H.; Chen, M.; Piao, Z.; Dang, J.; Sui, Y. Effects of particle matters on plant: A review. Phyton 2019, 88, 367. [Google Scholar] [CrossRef]

	



Rai, P.K. Impacts of particulate matter pollution on plants: Implications for environmental biomonitoring. Ecotoxicol. Environ. Saf. 2016, 129, 120–136. [Google Scholar] [CrossRef]

	



Singh, S.; Rao, D.; Agrawal, M.; Pandey, J.; Naryan, D. Air pollution tolerance index of plants. J. Environ. Manag. 1991, 32, 45–55. [Google Scholar] [CrossRef]

	



Gupta, G.P.; Kumar, B.; Kulshrestha, U. Impact and pollution indices of urban dust on selected plant species for green belt development: Mitigation of the air pollution in NCR Delhi, India. Arab. J. Geosci. 2016, 9, 1–15. [Google Scholar] [CrossRef]

	



Bharti, S.K.; Trivedi, A.; Kumar, N. Air pollution tolerance index of plants growing near an industrial site. Urban Clim. 2018, 24, 820–829. [Google Scholar] [CrossRef]

	



Rai, P.K. Particulate matter tolerance of plants (APTI and API) in a biodiversity hotspot located in a tropical region: Implications for eco-control. Part Sci. Technol. 2020, 38, 193–202. [Google Scholar] [CrossRef]

	



Dzierżanowski, K.; Popek, R.; Gawrońska, H.; Sæbø, A.; Gawroński, S.W. Deposition of particulate matter of different size fractions on leaf surfaces and in waxes of urban forest species. Int. J. Phytoremediation 2011, 13, 1037–1046. [Google Scholar] [CrossRef] [PubMed]

	



Noh, K.; Thi, L.T.; Jeong, B.R. Particulate matter in the cultivation area may contaminatie leafy vegetables with heavy metals above safe leves in Korea. Environ. Sci. Pollut. Res. 2019, 26, 25762–25774. [Google Scholar] [CrossRef]

	



Turner, N.C. Techniques and experimental approaches for the measurement of plant water status. Plant Soil 1981, 58, 339–366. [Google Scholar] [CrossRef]

	



Lichtenthaler, H.K. Chlorophylls and carotenoids: Pigments of photosynthetic biomembranes. In Methods in Enzymology; Elsevier: Amsterdam, The Netherlands, 1987; Volume 148, pp. 350–382. [Google Scholar]

	



Chaturvedi, R.; Prasad, S.; Rana, S.; Obaidullah, S.; Pandey, V.; Singh, H. Effect of dust load on the leaf attributes of the tree species growing along the roadside. Environ. Monit. Assess. 2013, 185, 383–391. [Google Scholar] [CrossRef]

	



Kwak, M.J.; Lee, J.K.; Park, S.; Kim, H.; Lim, Y.J.; Lee, K.A.; Son, J.A.; Oh, C.Y.; Kim, I.; Woo, S.Y. Surface-based analysis of leaf microstructures for adsorbing and retaining capability of airborne particulate matter in ten woody species. Forests 2020, 11, 946. [Google Scholar] [CrossRef]

	



Chen, L.; Liu, C.; Zou, R.; Yang, M.; Zhang, Z. Experimental examination of effectiveness of vegetation as bio-filter of particulate matters in the urban environment. Environ. Pollut. 2016, 208, 198–208. [Google Scholar] [CrossRef]

	



He, C.; Qiu, K.; Pott, R. Reduction of traffic-related particulate matter by roadside plants: Effect of traffic pressure and sampling height. Int. J. Phytoremediation 2020, 22, 184–200. [Google Scholar] [CrossRef]

	



Leonard, R.J.; McArthur, C.; Hochuli, D.F. Particulate matter deposition on roadside plants and the importance of leaf trait combinations. Urban. For. Urban Green. 2016, 20, 249–253. [Google Scholar] [CrossRef]

	



Zhang, W.K.; Wang, B.; Niu, X. Study on the adsorption capacities for airborne particulates of landscape plants in different polluted regions in Beijing (China). Int. J. Environ. Res. Public Health 2015, 12, 9623–9638. [Google Scholar] [CrossRef]

	



Zhang, W.; Zhang, Z.; Meng, H.; Zhang, T. How does leaf surface micromorphology of different trees impact their ability to capture particulate matter? Forests 2018, 9, 681. [Google Scholar] [CrossRef]

	



Shao, F.; Wang, L.; Sun, F.; Li, G.; Yu, L.; Wang, Y.; Zeng, X.; Yan, H.; Dong, L.; Bao, Z. Study on different particulate matter retention capacities of the leaf surfaces of eight common garden plants in Hangzhou, China. Sci. Total. Environ. 2019, 652, 939–951. [Google Scholar] [CrossRef] [PubMed]

	



Popek, R.; Łukowski, A.; Karolewski, P. Particulate matter accumulation-further differences between native Prunus padus and non-native P. serotina. Dendrobiology 2017, 78, 85–95. [Google Scholar] [CrossRef]

	



Przybysz, A.; Sæbø, A.; Hanslin, H.; Gawroński, S. Accumulation of particulate matter and trace elements on vegetation as affected by pollution level, rainfall and the passage of time. Sci. Total Environ. 2014, 481, 360–369. [Google Scholar] [CrossRef]

	



Prusty, B.; Mishra, P.; Azeez, P. Dust accumulation and leaf pigment content in vegetation near the national highway at Sambalpur, Orissa, India. Ecotoxicol. Environ. Saf. 2005, 60, 228–235. [Google Scholar] [CrossRef] [PubMed]

	



Kaur, M.; Nagpal, A.K. Evaluation of air pollution tolerance index and anticipated performance index of plants and their application in development of green space along the urban areas. Environ. Sci. Pollut. Res. 2017, 24, 18881–18895. [Google Scholar] [CrossRef]

	



Sharma, A.P.; Tripathi, B. Biochemical responses in tree foliage exposed to coal-fired power plant emission in seasonally dry tropical environment. Environ. Monit. Assess. 2009, 158, 197–212. [Google Scholar] [CrossRef]

	



Tripathi, A.; Gautam, M. Biochemical parameters of plants as indicators of air pollution. J. Environ. Biol. 2007, 28, 127–132. [Google Scholar]

	



Huttunen, S. Effects of air pollutants on epicuticular wax structure. In Air Pollutants and the Leaf Cuticle; Springer: Berlin/Heidelberg, Germany, 1994; pp. 81–96. [Google Scholar]

	



Singh, S.; Bhattacharya, P.; Gupta, N. Dust particles characterization and innate resistance for Thevetia peruviana in different land-use pattern of urban area. Int. J. Environ. Sci. Technol. 2018, 15, 1061–1072. [Google Scholar] [CrossRef]

	



Tak, A.A.; Kakde, U.B. Biochemical, morphological and anatomical changes in tree foliage exposed to vehicular-pollution. Int. J. Environ. Agric. Biotechnol. 2020, 5, 699–708. [Google Scholar] [CrossRef]

	



Wen, D.; Kuang, Y.; Zhou, G. Sensitivity analyses of woody species exposed to air pollution based on ecophysiological measurements. Environ. Sci. Pollut. Res. 2004, 11, 165–170. [Google Scholar] [CrossRef] [PubMed]

	



Wuytack, T.; Verheyen, K.; Wuyts, K.; Kardel, F.; Adriaenssens, S.; Samson, R. The potential of biomonitoring of air quality using leaf characteristics of white willow (Salix alba L.). Environ. Monit. Assess. 2010, 171, 197–204. [Google Scholar] [CrossRef]

	



Sæbø, A.; Popek, R.; Nawrot, B.; Hanslin, H.M.; Gawronska, H.; Gawronski, S. Plant species differences in particulate matter accumulation on leaf surfaces. Sci. Total Environ. 2012, 427, 347–354. [Google Scholar] [CrossRef]

	



Ter, S.; Chettri, M.K.; Shakya, K. Air pollution tolerance index of some tree species of Pashupati and Budhanilkantha Area, Kathmandu. Amrit. Res. J. 2020, 1, 20–28. [Google Scholar] [CrossRef]

	



Yadav, R.; Pandey, P. Assessment of air pollution tolerance index (APTI) and anticipated performance index (API) of roadside plants for the development of greenbelt in urban area of Bathinda City, Punjab, India. Bull. Environ. Contam. Toxicol. 2020, 105, 906–914. [Google Scholar] [CrossRef]








[image: Atmosphere 13 01351 g001 550] 





Figure 1. The location map of the two sampling sites. (a) Urban forest (Chungcheongbuk-do Forest Environment Research Institute) and (b) Roadside (Crossroad near Chenogju Express Bus Terminal). 
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Figure 2. Particulate matter accumulation on leaves of 10 plant species in (a) urban forest and (b) roadside. 
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Figure 3. SEM (Scanning Electron Microscope) micrographs of 10 plant species (a,b) S. vulgaris, (c,d) M. denudata, (e,f) A. palmatum, (g,h) Z. serrata, (i,j) R. yedoense, (k,l) J. chinensis, (m,n) M. glyptosboises, (o,p) T. cuspidata, (q,r) P. densiflora, and (s,t) P. trobus in urban forest and roadside. The scale bar is 50 μm. 
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Table 1. Scientific name and leaf shape of 10 plant species sampled in this study.
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	Plant Species
	Family
	Foliage
	Leaf Shape
	Habit





	Rhododendron yedoense f. poukhanense (H.Lév.) M. Sugim. ex T.Yamaz.
	Ericaceae
	Deciduous broad-leaved
	Oval
	Shrub



	Zelkova serrata (Thunb.) Makino
	Ulmaceae
	Deciduous broad-leaved
	Ovate
	Tree



	Acer palmatum Thunb.
	Aceraceae
	Deciduous broad-leaved
	Palmate
	Tree



	Magnolia denudata Desr.
	Magnoliaceae
	Deciduous broad-leaved
	Obovate
	Tree



	Syringa vulgaris L.
	Oleaceae
	Deciduous broad-leaved
	Cordate
	Shrub



	Metasequoia glyptostroboides Hu & W.C. Cheng
	Cupressaceae
	Deciduous conifer
	Opposite
	Tree



	Juniperus chinensis L.
	Cupressaceae
	Evergreen needle-leaved
	Scale
	Tree



	Taxus cuspidata Siebold & Zucc.
	Taxaceae
	Evergreen needle-leaved
	Lanceolate
	Tree



	Pinus densiflora Siebold & Zucc.
	Pinaceae
	Evergreen needle-leaved
	Needle-like
	Tree



	Pinus strobus L.
	Pinaceae
	Evergreen needle-leaved
	Needle-like
	Tree
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Table 2. Amount of particulate matter on leaf surface and epicuticular wax of 10 plant species from two sites.
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sPM (Mean ± SE)

	
wPM (Mean ± SE)

	
Total PM (μg·cm−2)

	
Epicuticular Wax (μg·cm−2)




	

	

	
10–100 (μg·cm−2)

	
2.5–10 (μg·cm−2)

	
10–100 (μg·cm−2)

	
2.5–10 (μg·cm−2)






	
S. vulgaris

	
Urban forest

	
17.41 ± 13.05

	
4.87 ± 1.21

	
8.47 ± 4.48

	
9.27 ± 4.76

	
40.01 ± 13.63

	
161.08 ± 39.73




	

	
Roadside

	
23.20 ± 6.52

	
26.41 ± 5.57

	
6.04 ± 2.30

	
13.60 ± 8.06

	
69.25 ± 11.50

	
154.53 ± 30.30




	
M. denudata

	
Urban forest

	
22.26 ± 3.86

	
9.14 ± 2.02

	
2.94 ± 1.26

	
3.27 ± 1.96

	
37.61 ± 4.47

	
20.59 ± 4.14




	

	
Roadside

	
96.10 ± 37.37

	
8.07 ± 2.72

	
2.67 ± 1.67

	
2.60 ± 1.77

	
109.43 ± 35.49

	
38.92 ± 34.69




	
A. palmatum

	
Urban forest

	
12.45 ± 2.19

	
9.61 ± 3.07

	
3.73 ± 1.15

	
0.83 ± 0.26

	
26.62 ± 2.82

	
18.13 ± 2.25




	

	
Roadside

	
23.23 ± 10.89

	
4.34 ± 1.15

	
14.67 ± 6.37

	
9.82 ± 4.35

	
52.06 ± 16.10

	
34.00 ± 9.02




	
Z. serrata

	
Urban forest

	
11.16 ± 3.24

	
6.82 ± 1.00

	
5.91 ± 2.62

	
3.08 ± 1.48

	
26.97 ± 4.33

	
60.02 ± 15.64




	

	
Roadside

	
27.16 ± 5.76

	
5.85 ± 0.68

	
2.88 ± 1.14

	
4.56 ± 2.52

	
40.44 ± 7.53

	
30.18 ± 7.36




	
R.yedoense

	
Urban forest

	
8.66 ± 5.00

	
3.94 ± 2.52

	
2.37 ± 0.94

	
3.30 ± 1.72

	
18.27 ± 8.04

	
58.85 ± 4.32




	

	
Roadside

	
21.56 ± 14.81

	
7.36 ± 5.22

	
4.60 ± 3.15

	
8.89 ± 6.93

	
42.40 ± 17.63

	
90.52 ± 25.80




	
J. chinensis

	
Urban forest

	
5.41 ± 2.00

	
3.61 ± 1.58

	
3.23 ± 2.17

	
4.57 ± 1.58

	
16.82 ± 4.70

	
368.71 ± 69.46




	

	
Roadside

	
22.57 ± 8.33

	
23.37 ± 9.45

	
7.13 ± 4.40

	
4.60 ± 3.02

	
57.68 ± 9.29

	
578.64 ± 34.73




	
M. glyptostroboides

	
Urban forest

	
5.03 ± 0.76

	
2.19 ± 2.14

	
1.88 ± 0.90

	
2.74 ± 0.73

	
11.84 ± 2.87

	
223.92 ± 60.21




	

	
Roadside

	
14.36 ± 4.33

	
10.89 ± 1.49

	
2.26 ± 1.54

	
3.77 ± 3.00

	
31.28 ± 7.51

	
166.72 ± 40.32




	
T. cuspidata

	
Urban forest

	
10.59 ± 3.26

	
1.94 ± 0.51

	
4.10 ± 0.99

	
2.47 ± 0.79

	
19.10 ± 2.29

	
77.65 ± 4.54




	

	
Roadside

	
18.33 ± 2.99

	
21.85 ± 4.92

	
6.30 ± 4.22

	
0.77 ± 0.63

	
47.25 ± 5.09

	
102.59 ± 35.07




	
P. densiflora

	
Urban forest

	
36.52 ± 10.31

	
5.28 ± 1.95

	
12.64 ± 1.87

	
7.08 ± 2.37

	
61.51 ± 13.22

	
723.04 ± 59.87




	

	
Roadside

	
60.78 ± 11.63

	
12.66 ± 7.13

	
17.03 ± 8.51

	
8.15 ± 4.55

	
98.62 ± 20.29

	
883.46 ± 125.51




	
P. strobus

	
Urban forest

	
43.12 ± 16.64

	
6.82 ± 3.85

	
23.01 ± 5.10

	
16.37 ± 6.93

	
89.33 ± 28.13

	
1127.78 ± 242.82




	

	
Roadside

	
73.75 ± 25.22

	
29.61 ± 9.51

	
49.97 ± 37.25

	
12.40 ± 5.56

	
165.73 ± 35.91

	
1055.31 ± 248.51




	
ANOVA †

	
Df

	
Error

	
F

	
p

	
F

	
p

	
F

	
p

	
F

	
p

	
F

	
p

	
F

	
p




	
Species

	
9

	
80

	
23.19

	
<0.0001

	
10.2

	
<0.0001

	
13.11

	
<0.0001

	
10.77

	
<0.0001

	
40.33

	
<0.0001

	
176.36

	
<0.0001




	
Site

	
1

	
80

	
65.79

	
<0.0001

	
124.14

	
<0.0001

	
6.3

	
0.0141

	
4.36

	
0.04

	
129.19

	
<0.0001

	
2.77

	
0.1002




	
Species × site

	
9

	
80

	
6.14

	
<0.0001

	
15.17

	
<0.0001

	
2.39

	
0.0186

	
2.37

	
0.0198

	
4.37

	
0.0001

	
2.57

	
0.0119








† ANOVA was used to analyze the significance of PM difference between different sites and plant species. 10–100 µm: particulate matter accumulated on leaf surface with diameter ranging from 10 to 100 µm; 2.5–10 µm: particulate matter accumulated on leaf surface with diameter ranging from 2.5 to 10 µm; wPM: particulate matter accumulated on the epicuticular wax; sPM: particulate matter accumulated on the leaf surface. Total PM: sPM + wPM.
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Table 3. Average leaf trait parameter values of 10 plant species at two different sites.
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SLA (cm−2·g−1)

	
Chl a (mg·g−1 FW)

	
Chl b (mg·g−1 FW)

	
TChl (mg·g−1 FW)

	
Carotenoid (mg·g−1 FW)

	
pH

	
RWC (%)






	
S. vulgaris

	
Urban forest

	
90.39 ± 24.02

	
0.105 ± 0.03

	
0.043 ± 0.01

	
0.148 ± 0.04

	
10.17 ± 2.79

	
5.72 ± 0.16

	
73.99 ± 3.16




	

	
Roadside

	
97.16 ± 37.64

	
0.047 ± 0.01

	
0.021 ± 0.00

	
0.068 ± 0.02

	
4.37 ± 1.18

	
5.39 ± 0.20

	
87.05 ± 2.81




	
M. denudata

	
Urban forest

	
203.34 ± 92.08

	
0.057 ± 0.01

	
0.027 ± 0.00

	
0.083 ± 0.02

	
5.58 ± 1.27

	
6.09 ± 0.09

	
78.79 ± 2.30




	

	
Roadside

	
183.27 ± 51.58

	
0.098 ± 0.03

	
0.041 ± 0.01

	
0.139 ± 0.04

	
9.13 ± 2.09

	
6.02 ± 0.14

	
77.90 ± 7.48




	
A. palmatum

	
Urban forest

	
289.523 ± 119.18

	
0.068 ± 0.02

	
0.032 ± 0.01

	
0.101 ± 0.02

	
6.75 ± 1.70

	
4.50 ± 0.42

	
92.79 ± 3.52




	

	
Roadside

	
246.55 ± 77.05

	
0.118 ± 0.04

	
0.052 ± 0.02

	
0.170 ± 0.06

	
11.09 ± 3.72

	
5.65 ± 0.15

	
97.75 ± 3.69




	
Z. serrata

	
Urban forest

	
300.10 ± 111.24

	
0.072 ± 0.03

	
0.035 ± 0.01

	
0.107 ± 0.04

	
7.61 ± 3.23

	
5.92 ± 0.09

	
67.65 ± 5.72




	

	
Roadside

	
76.74 ± 32.43

	
0.089 ± 0.02

	
0.036 ± 0.01

	
0.125 ± 0.02

	
8.00 ± 1.69

	
5.71 ± 0.11

	
69.91 ± 3.61




	
R. yedoense

	
Urban forest

	
115.93 ± 44.30

	
0.061 ± 0.02

	
0.029 ± 0.01

	
0.090 ± 0.02

	
5.73 ± 1.77

	
5.59 ± 0.33

	
72.97 ± 3.81




	

	
Roadside

	
198.35 ± 77.19

	
0.146 ± 0.01

	
0.060 ± 0.00

	
0.206 ± 0.02

	
13.84 ± 0.94

	
5.58 ± 0.12

	
86.72 ± 3.78




	
J. chinensis

	
Urban forest

	
54.12 ± 22.96

	
0.050 ± 0.02

	
0.020 ± 0.01

	
0.070 ± 0.03

	
4.10 ± 1.78

	
5.15 ± 0.18

	
71.07 ± 1.93




	

	
Roadside

	
51.49 ± 18.18

	
0.057 ± 0.01

	
0.023 ± 0.00

	
0.080 ± 0.02

	
4.81 ± 0.92

	
5.48 ± 0.25

	
83.52 ± 8.63




	
M. glyptostroboides

	
Urban forest

	
226.94 ± 105.01

	
0.122 ± 0.02

	
0.049 ± 0.01

	
0.171 ± 0.03

	
11.19 ± 2.09

	
5.63 ± 0.05

	
72.71 ± 6.69




	

	
Roadside

	
297.92 ± 135.54

	
0.149 ± 0.04

	
0.058 ± 0.02

	
0.207 ± 0.06

	
13.30 ± 3.77

	
5.45 ± 0.12

	
73.39 ± 9.57




	
T. cuspidata

	
Urban forest

	
110.51 ± 32.16

	
0.063 ± 0.02

	
0.026 ± 0.01

	
0.089 ± 0.03

	
5.45 ± 1.80

	
5.25 ± 0.10

	
80.24 ± 4.78




	

	
Roadside

	
92.72 ± 27.21

	
0.063 ± 0.02

	
0.027 ± 0.01

	
0.090 ± 0.03

	
5.70 ± 1.63

	
5.34 ± 0.16

	
84.85 ± 2.45




	
P. densiflora

	
Urban forest

	
33.24 ± 10.61

	
0.059 ± 0.01

	
0.026 ± 0.00

	
0.085 ± 0.02

	
5.08 ± 1.05

	
4.80 ± 0.04

	
81.91 ± 2.91




	

	
Roadside

	
39.45 ± 7.25

	
0.082 ± 0.01

	
0.036 ± 0.01

	
0.188 ± 0.02

	
7.31 ± 0.94

	
5.09 ± 0.13

	
87.68 ± 2.25




	
P. strobus

	
Urban forest

	
16.01 ± 8.45

	
0.100 ± 0.01

	
0.044 ± 0.01

	
0.144 ± 0.02

	
8.27 ± 1.13

	
4.99 ± 0.04

	
72.70 ± 6.75




	

	
Roadside

	
8.58 ± 4.79

	
0.100 ± 0.02

	
0.042 ± 0.01

	
0.142 ± 0.03

	
9.29 ± 1.90

	
5.11 ± 0.15

	
75.52 ± 1.56




	
ANOVA†

	
DF

	
Error

	
F

	
p

	
F

	
p

	
F

	
p

	
F

	
p

	
F

	
p

	
F

	
p

	
F

	
p




	
Species

	
9

	
80

	
19.18

	
<0.0001

	
11.46

	
<0.0001

	
11.28

	
<0.0001

	
11.77

	
<0.0001

	
11.85

	
<0.0001

	
40.09

	
<0.0001

	
21.97

	
<0.0001




	
Site

	
1

	
80

	
65.79

	
<0.0001

	
124.14

	
<0.0001

	
6.3

	
0.0141

	
4.36

	
0.04

	
129.19

	
<0.0001

	
11.48

	
0.0011

	
2.77

	
0.1002




	
Species × site

	
9

	
80

	
6.14

	
<0.0001

	
15.17

	
<0.0001

	
2.39

	
0.0186

	
2.37

	
0.0198

	
4.37

	
0.0001

	
14.28

	
<.0001

	
2.57

	
0.0119








† ANOVA was used to analyze the significance of difference in leaf traits between different sites and plant species. SLA: specific leaf area; Chl a: chlorophyll a concentration; Chl b: chlorophyll b concentration; TChl: Total chlorophyll concentration; Carotenoid: carotenoid concentration; pH: leaf extract pH; RWC: relative leaf water content.
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Table 4. Pearson correlation analysis of PM accumulation and leaf traits of 10 plant species.
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	SLA
	Chl a
	Chl b
	TChl
	Carotenoid
	pH
	RWC
	Epicuticular Wax





	Urban forest
	Total large PM
	−0.442 **
	0.078
	0.067
	0.093
	0.005
	−0.260
	0.071
	0.810 ***



	
	Total coarse PM
	−0.258
	0.166
	0.161
	0.205
	0.152
	−0.149
	0.035
	0.545 ***



	Roadside
	Total large PM
	−0.317 *
	0.010
	0.107
	0.057
	0.041
	−0.086
	−0.137
	0.564 ***



	
	Total coarse PM
	−0.434 **
	−0.391 *
	−0.314 *
	−0.384 **
	−0.386 **
	−0.510 ***
	0.085
	0.479 ***







ns, *, **, and ***: non-significant, significant at p < 0.05, p < 0.01, and p < 0.001, respectively. Total large PM: sPM (10–100 µm) + wPM (10–100 µm); Total coarse PM: sPM (2.5–10 µm) + wPM (2.5–10 µm); SLA: specific leaf area; Chl a: chlorophyll a concentration; Chl b: chlorophyll b concentration; TChl: Total chlorophyll concentration; Carotenoid: carotenoid concentration; pH: leaf extract pH; RWC: relative leaf water content.
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