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Abstract 

Roadside green spaces function as critical ecological barriers in urban environments, and their plant 
communities play a key role in improving regional air quality. This study investigates typical 
roadside plant communities in southern Xinjiang, a region characterized by extreme aridity and 
frequent dust storms. By quantifying indicators such as dust retention capacity at both individual 
and community levels, together with leaf surface microstructural characteristics, we evaluate the 
comprehensive dust retention performance of different community configuration patterns. The 
results show that: (1) Among the studied species, Juniperus chinensis ‘Kaizuca’ exhibited the highest 
dust retention capacity per unit leaf area, followed by Juniperus chinensis L. and Rosa rugosa Thunb. 
Among trees, Platanus acerifolia (Aiton) Willd showed the greatest dust retention capacity per 
individual plant; among shrubs, Rosa rugosa Thunb. performed strongly; and among herbaceous 
species, Lolium perenne L. exhibited relatively high dust retention capacity. (2) Leaf dust retention is 
governed by the synergistic effects of multiple traits, including leaf aspect ratio, stomatal aspect ratio, 
stomatal protrusion, stomatal density, wax layer characteristics, and surface roughness. Leaf aspect 
ratio exerts a significant positive direct effect on dust retention, whereas stomatal aspect ratio shows 
a significant negative direct effect. (3) At the community level, the multi-layered tree–shrub–
herbaceous configuration dominated by Platanus acerifolia (Aiton) Willd exhibited the strongest dust 
retention capacity, making it the most effective configuration for roadside green spaces. Overall, this 
study provides a robust theoretical framework and empirical evidence for the scientific selection and 
optimized configuration of roadside vegetation in arid regions, thereby supporting the sustainable 
improvement of urban roadside air quality in southern Xinjiang. 

Keywords: urban roadside green spaces; plant communities; dust retention capacity; leaf surface 
microstructure; arid environment; southern Xinjiang 
 

1. Introduction 

Against the backdrop of growing global concern over atmospheric particulate pollution and the 
rapid expansion of urbanization and industrialization, airborne particulate matter has become a 
critical environmental issue threatening human health and urban ecosystems [1]. Fine particulate 
matter can remain suspended in the atmosphere for extended periods, adsorb toxic substances, and 
penetrate deep into the human respiratory system, thereby inducing respiratory and pulmonary 
diseases [2]. It significantly increases the incidence of chronic respiratory disorders and 
cardiovascular conditions such as hypertension [3] , making particulate pollution a central concern 
in urban atmospheric environments [4]. In arid and semi-arid regions, frequent dust storms further 
elevate particulate concentrations, posing persistent risks to residents’ quality of life and urban air 
quality [5]. 
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Plant communities provide essential ecological services, including cooling, humidification, and 
microclimate regulation, while also enhancing recreational spaces and human thermal comfort [6]. 
Roadside green spaces function as important ecological buffers in cities, and the dust retention 
capacity of their vegetation represents an effective natural mechanism for mitigating air pollution 
[7,8]. Previous studies have demonstrated that urban green spaces can substantially reduce airborne 
particulate concentrations through processes such as adsorption, interception, and deposition [9]. 
Consequently, the scientific and rational planning of green space structures to suppress dust and 
improve local air quality has become a key issue in contemporary urban ecological development 
[10,11]. 

Southern Xinjiang, located in China’s largest inland basin, contains the Taklamakan Desert—the 
largest desert in China, the world’s tenth largest desert, and the second-largest shifting desert 
globally—at the center of the Tarim Basin. According to the 2024 Xinjiang Ecological Environment 
Status Bulletin and the National Economic and Social Development Statistical Bulletin, supplemented 
by data from the National Qinghai–Tibet Plateau Scientific Data Center, air quality in southern 
Xinjiang reached the “good” level for 88% of the year in 2024. However, days with air quality at or 
above the “light pollution” level accounted for 12%. Among polluted days, exceedances were 
dominated by coarse particulate matter (PM₁₀), which accounted for 85.5% of all exceedance events. 
Existing research further indicates that dust storms are a major driver of elevated PM₁₀ concentrations 
in this region [12] . Therefore, dust storms constitute a primary source of atmospheric particulate 
pollution in urban areas of southern Xinjiang [13]. 

Extensive research has explored the dust retention capacity of urban vegetation from multiple 
perspectives, including tree species composition, leaf microstructure, canopy characteristics, 
community scale, and configuration patterns, providing valuable insights for optimizing urban green 
space design. For example, studies in Xi’an (annual precipitation 500–690 mm) have shown that plant 
communities with higher canopy closure exhibit stronger particulate adsorption capacity [14]. 
Research in the Baramati region of India (annual precipitation ~1000 mm) has identified the Air 
Pollution Tolerance Index (APTI) as a key determinant of particulate retention potential in roadside 
vegetation [15]. Similarly, studies in Nanjing (annual precipitation ~1100 mm) have demonstrated 
that leaf surface roughness and nitrogen content are primary factors driving differences in dust 
retention among plant species [16]. These findings indicate that existing research on plant dust 
deposition has largely focused on humid regions with high urbanization levels, where atmospheric 
particulate matter is dominated by PM₂.₅ and PM₁₀. However, the mechanisms governing variations 
in dust retention capacity under arid climatic conditions—where sand dust interacts with PM₂.₅ and 
PM₁₀—remain insufficiently understood. 

In this context, the present study focuses on southern Xinjiang, a region characterized by extreme 
aridity, fragile ecosystems, and frequent spring dust storms [17]. We quantify the dust retention 
dynamics of typical roadside plant communities during the main growing season from May to 
August, with the following objectives: (1) to quantitatively evaluate dust retention capacity across 
different plant species at the levels of unit leaf area, individual plants, and plant communities; (2) to 
analyze leaf surface structural characteristics and elucidate the microstructural mechanisms 
underlying interspecific differences in dust retention capacity; and (3) to identify plant species with 
high particulate retention potential and optimize community configuration patterns for roadside 
green spaces. 

2. Research Area and Methods 

2.1. Study Area 

Alaer City is located in Aksu Prefecture and is one of the core cities in southern Xinjiang, China 
(80°35′–81°58′E, 40°22′–40°57′N). The city lies at an average elevation of approximately 1,011 m and 
is situated at the southern foothills of the Tianshan Mountains and the northern margin of the Tarim 
Basin (Figure 1). It is located near the confluence of the Yarkant, Hotan, and Aksu rivers in the upper 
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reaches of the Tarim River. Alaer City borders Shaya County to the east, Awati County to the west, 
the Taklamakan Desert to the south, and the Tianshan Mountains to the north. The administrative 
area of Alaer City covers approximately 6,923.4 km². The mean annual temperature is about 10.7 °C. 
The recorded extreme minimum temperature is −28 °C (with a minimum of −33.2 °C in the Fourth 
Brigade Reclamation Area), whereas the extreme maximum temperature reaches 35 °C (with 
temperatures up to 40 °C occurring every 5–10 years in the Shajingzi Reclamation Area). The region 
is characterized by low precipitation, minimal winter snowfall, and intense surface evaporation. 
Mean annual precipitation ranges from 40.1 to 82.5 mm, while mean annual evaporation ranges from 
1,876.6 to 2,558.9 mm, far exceeding precipitation. Consequently, Alaer City exhibits a typical warm-
temperate, extremely continental arid desert climate. 

 

Figure 1. Location of the main urban area of Alaer City, Xinjiang. 

The study area is adjacent to the Taklamakan Desert and located at the northern edge of the 
Tarim Basin. Statistical data from Alaer City over the past decade (National Qinghai–Tibet Plateau 
Science Data Center) indicate that Alaer City has one of the highest average particulate matter 
concentrations among counties and cities in Xinjiang. Sandstorms occur frequently during spring and 
summer, particularly from May to August. Based on plant phenology, the experimental period was 
therefore defined as May–August 2025. 

 

Figure 2. Temporal variation in PM₂.₅ and PM₁₀ concentrations in Alaer City over the past decade. 

2.2. Plot Selection and Plot Layout 

Based on literature review and field surveys, the dominant tree species in Alaer’s urban areas 
include Malus spectabilis, Fraxinus chinensis, Platanus acerifolia, Sophora japonica, Ulmus pumila, and 
Juniperus chinensis. The main shrub species include Juniperus chinensis, Platycladus orientalis, Ligustrum 
obtusifolium, Ulmus pumila ‘Jinye’, and Prunus triloba. Accordingly, this study focused on three 
representative tree species—Malus spectabilis (Aiton) Borkh., Fraxinus chinensis Roxb., and Platanus 
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acerifolia (Aiton) Willd. Four major urban roads (Xingfu Road, Shengli Avenue, Kungang Avenue, and 
Banchao Avenue) were selected, and eight roadside green spaces representing three vegetation 
configuration patterns were established as study plots (Table 1). Typical roadside green space 
configurations in Alaer were selected, excluding extremely small saplings and unusually large old 
trees. Sample plots of 6 m × 10 m and 7 m × 10 m were established, and sampling was conducted from 
May to August. 

Table 1. Information on study plots for dust retention in different plant communities. 

Community 
Structure 

Plot 
Number Plot size Plant Name Crown 

density 

Tree-Shrub-
Herbaceous 

1# 
6 m × 10 

m 

Malus spectabilis (Aiton) Borkh. 

0.91 
Ulmus pumila 'Jinye' 

Ligustrum obtusifolium Siebold & Zucc. 
Juniperus chinensis L. 

Poa annua L. 

2# 
7 m × 10 

m 

Malus spectabilis (Aiton) Borkh. 
0.94 Rosa rugosa Thunb. 

Lolium perenne L. 

3# 
6 m × 10 

m 

Fraxinus chinensis Roxb. 
0.92 Amorpha fruticosa L. 

Lolium perenne L. 

4# 
7 m × 10 

m 

Platanus acerifolia (Aiton) Willd 

0.94 

Malus spectabilis (Aiton) Borkh. 
Prunus triloba Lindl. 

Ligustrum obtusifolium Siebold & Zucc. 
Rosa chinensis Jacq. 

Poa annua L. 

Tree-Shrub 

5# 
6 m × 10 

m 

Malus spectabilis (Aiton) Borkh. 

0.87 
Juniperus chinensis 'Kaizuca' 

Platycladus orientalis (L.) Franco 
Rosa chinensis Jacq. 

6# 
7 m × 10 

m 

Platanus acerifolia (Aiton) Willd 

0.93 
Malus spectabilis (Aiton) Borkh. 

Juniperus chinensis 'Kaizuca' 
Ulmus pumila 'Jinye' 

Tree-Herbaceous 

7# 
6 m × 10 

m 

Malus spectabilis (Aiton) Borkh. 

0.92 
Catalpa speciosa (Warder ex Barney) 

Engelm. 
Lolium perenne L. 

8# 
6 m × 10 

m 

Fraxinus chinensis Roxb. 
0.91 Malus spectabilis (Aiton) Borkh. 

Lolium perenne L. 

2.3. Materials and Methods 

2.3.1. Measurement of Leaf Dust Retention Capacity in Plant Communities 

Sampling was conducted from May to August 2025 on clear, rain-free days with calm or weak 
wind conditions, and all sampling was completed within one day. Based on plant morphology and 
height within each plot, the canopy was divided into upper, middle, and lower layers for stratified 
sampling. Nine leaves were collected evenly from the east, south, west, and north directions of each 
sampled plant. Leaves were placed in polyethylene resealable bags and stored in a cooler for 
subsequent analysis. Vibration during collection and transportation was minimized to prevent 
particulate loss from leaf surfaces. 
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Figure 3. Schematic diagram of leaf sampling positions. 

Leaf samples were soaked for at least 2 h to remove surface dust and rinsed repeatedly with 
distilled water until all particulate matter was transferred into the soaking solution [18]. The solution 
was filtered under vacuum using pre-dried and weighed quantitative filter paper (M₁). The filter 
paper was then dried at 60 °C for 24 h, reweighed, and Surface-Based recorded as M₂. Leaf area was 
determined by scanning leaves and analyzing images using ImageJ software (Fiji, Version 2023.09.25) 
[19,20] . 

Dust retention capacity per unit leaf area was calculated as: 𝑋ଵ = 𝑀ଶ −𝑀ଵ𝑆  (1)

Total leaf area per plant was estimated as: 

R=exp{0.6031+0.2375H+0.6906D-0.0123[π（H+D)/2)}+0.1824 (2)

Dust retention capacity per plant was calculated as: 𝑋ଶ = 𝑋ଵ × 𝑅 (3)

where X₁ is dust retention per unit leaf area (g·m⁻²); M₁ and M₂ are the masses of filter paper 
before and after filtration (g); S is leaf area (m²); R is total leaf area per plant; H is crown height; and 
D is mean crown width. 

2.3.2. Scanning Electron Microscopy of Leaf Surface Structure 

Fixed leaf samples were sequentially dehydrated in ethanol solutions of 30%, 50%, 70%, 85%, 
and 95%, followed by two 20-min treatments with absolute ethanol. Samples were then dried using 
a critical point dryer and sputter-coated with gold. Leaf microstructures were observed using a field-
emission scanning electron microscope (Thermo Fisher Scientific, Apreo S, USA). Representative 
fields of view were selected, and micrographs were obtained [21]. 

2.3.3. Calculation of Dust Retention Capacity in Roadside Plant Communities 

Representative roadside plant communities were selected, and vegetation information within 10 
m × 6 m and 10 m × 7 m plots was recorded. Community dust retention capacity per unit area was 
calculated as the sum of dust retention capacity per individual plant multiplied by the number of 
individuals of each species, divided by plot area [22] . 
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2.3.4. Calculation of Community Cooling and Humidification Rates 

The cooling rate of plant communities was calculated as: 𝑇 = 𝑇௦ − 𝑇௠𝑇௦ × 100%  (4)

The humidification rate was calculated as: 𝑅𝐻 = 𝑅𝐻௦ − 𝑅𝐻௠ × 100% (5)𝑅𝐻௦
where Tₛ and RHₛ represent temperature and relative humidity at control points outside the green 
space, and Tₘ and RHₘ represent values measured within the green space. 

2.3.5. Comprehensive Evaluation of Community Dust Retention Capacity 

Raw data were standardized as: 𝑍 = 𝑥௜௝ − 𝑥పఫതതതത𝜎 (6)

The proportion of the i-th community under the j-th indicator was calculated as: 𝑝௜௝ = 𝑥௜௝∑ 𝑥௜௝௠௜ୀଵ (7)

The entropy value of indicator j was calculated as: 𝑒௝ = −𝑘෍𝑝௜௝௠
௜ୀଵ ln𝑝௜௝ (8)

The coefficient of variation was calculated as: 𝑔௝ = 1 − 𝑒௝ (9)
The weight of indicator j was calculated as: 𝑤௝ = 𝑔௝∑ 𝑔௝௠௜ୀଵ  (10)

The comprehensive dust retention capacity score for community i was calculated as: 𝑆௜ = ෍𝑤௝௡
௝ୀଵ 𝑥௜௝  (11)

Higher indicator weights indicate greater contributions to the overall evaluation, and higher 
composite scores represent stronger dust retention capacity performance of plant communities [23]. 

2.3.6. Statistical Analysis 

Statistical analyses were performed using Excel 2014 (Microsoft Corp., Redmond, WA, USA) 
and SPSS 27 (IBM, Armonk, NY, USA). Differences in dust retention capacity among plant 
communities were assessed using LSD multiple comparisons and the Wilcoxon–Duncan test. Origin 
2024 (OriginLab, Northampton, MA, USA) was used for graphical visualization. 

3. Results

3.1. Dust Retention Capacity per Unit Leaf Area 

3.1.1. Differences in Dust Retention Capacity per Unit Leaf Area Among Plant Functional Types 

The dust retention capacity per unit leaf area of different plant species is presented in Figure 4. 
Significant interspecific differences were observed among tree species (Figure 4a) and shrubs (Figure 
4b), whereas no significant differences were detected among herbaceous species (Figure 4c). The dust 
retention capacity per unit leaf area ranged from 1.53 to 22.28 g·m⁻². Juniperus chinensis ‘Kaizuca’ 
exhibited the highest dust retention capacity (22.28 g·m⁻²), followed by Juniperus chinensis L. (18.63 
g·m⁻²) and Rosa rugosa Thunb. (13.70 g·m⁻²). The subsequent ranking was Platycladus orientalis (L.) 
Franco, Ulmus pumila ‘Jinye’, Prunus triloba Lindl., Rosa chinensis Jacq., Platanus acerifolia (Aiton) Willd., 
Catalpa speciosa (Warder ex Barney) Engelm., Ligustrum obtusifolium Siebold & Zucc., Malus spectabilis 
(Aiton) Borkh., Lolium perenne L., Fraxinus chinensis Roxb., and Poa annua L., whereas Amorpha fruticosa 
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L. exhibited the lowest dust retention capacity (1.53 g·m⁻²). Among trees, Juniperus chinensis ‘Kaizuca’
showed the strongest dust retention capacity; among shrubs, Juniperus chinensis L. performed best;
and among herbaceous species, Lolium perenne L. exhibited the highest dust retention capacity.

Figure 4. Dust retention per unit leaf area of different plant species. MsB: Malus spectabilis (Aiton) Borkh.; CsE: 
Catalpa speciosa (Warder ex Barney) Engelm.; PaW: Platanus acerifolia (Aiton) Willd; JcK: Juniperus chinensis 'Kaizucaʹ; 
FcR: Fraxinus chinensis Roxb.; RcJ: Rosa chinensis Jacq.; Jc: Juniperus chinensis L.; PoF: Platycladus orientalis (L.) 
Franco; UpJ: Ulmus pumila 'Jinye'; LoS: Ligustrum obtusifolium Siebold & Zucc.; RrT: Rosa rugosa Thunb.; PtL: Prunus 
triloba Lindl.; Af: Amorpha fruticosa L.; Po: Poa annua L.; Lp: Lolium perenne L. 

3.1.2. Spatiotemporal Variation in Dust Retention Capacity per Unit Leaf Area 

(1) Temporal variation. Significant temporal differences in dust retention capacity were observed 
among plant species from May to August (Figure 5). Cumulative data for the study period indicated 
that Juniperus chinensis ‘Kaizuca’ exhibited the highest dust retention capacity among tree species, 
while Juniperus chinensis L. showed the strongest capacity among shrubs. Among herbaceous species, 
Lolium perenne L. demonstrated higher dust retention than Poa annua L. For most species, except Poa 
annua L., dust retention in June was significantly higher than in other months. Overall, dust retention 
followed the pattern: June > May > July > August. However, several species exhibited distinct seasonal 
patterns. For Catalpa speciosa (Warder ex Barney) Engelm., dust retention followed the sequence June > 
July > May > August, likely because May corresponds to the leaf expansion stage, during which dust 
interception capacity is relatively low [24]. For Juniperus chinensis ‘Kaizuca’, dust retention capacity 
followed the pattern M ay >  J uly >  J une >  A ugust. A s a n e vergreen s pecies p lanted b eneath t all 
Platanus acerifolia (Aiton) Willd. and Malus spectabilis (Aiton) Borkh., its canopy openness is extremely 
low, which restricts airflow and reduces particulate deposition [25]. For Poa annua L., dust retention 
capcity followed the sequence July > June > August > May, reflecting its slower early-season growth 
compared with Lolium perenne L. The retention efficiency follows the pattern: May > July >  June >  
August. Poa annua L. exhibited slower growth in May and June compared to Lolium perenne L [26], 
reflecting its slower early-season growth compared with Lolium perenne L. 

Figure 5. Dust retention capacity per unit leaf area in different months. MsB: Malus spectabilis (Aiton) Borkh.; CsE: 
Catalpa speciosa (Warder ex Barney) Engelm.; PaW: Platanus acerifolia (Aiton) Willd; JcK: Juniperus chinensis 'Kaizucaʹ; 
FcR: Fraxinus chinensis Roxb.; RcJ: Rosa chinensis Jacq.; Jc: Juniperus chinensis L.; PoF: Platycladus orientalis (L.) 
Franco; UpJ: Ulmus pumila 'Jinye'; LoS: Ligustrum obtusifolium Siebold & Zucc.; RrT: Rosa rugosa Thunb.; PtL: Prunus 
triloba Lindl.; Af: Amorpha fruticosa L.; Po: Poa annua L.; Lp: Lolium perenne L. 
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(2) Spatial variation. No significant differences in dust retention were detected among horizontal
directions; however, overall dust retention capacity was higher on the leeward side of traffic than on 
the windward side, and higher on the leeward roadside than on the windward roadside (Figure 6). 
In contrast, Juniperus chinensis ‘Kaizuca’, Rosa rugosa Thunb., and Prunus triloba Lindl. exhibited higher 
dust deposition on the windward side than on the leeward side. This pattern may be attributed to 
their location within the central strip of roadside green belts, where plants are exposed to airflow 
vortices that enhance particulate deposition on the windward side [27] . 

Figure 6. Dust retention capacity per unit leaf area of plants in different directions. MsB: Malus spectabilis (Aiton) 
Borkh.; CsE: Catalpa speciosa (Warder ex Barney) Engelm.; PaW: Platanus acerifolia (Aiton) Willd; JcK: Juniperus 
chinensis 'Kaizucaʹ; FcR: Fraxinus chinensis Roxb.; RcJ: Rosa chinensis Jacq.; Jc: Juniperus chinensis L.; PoF: Platycladus 
orientalis (L.) Franco; UpJ: Ulmus pumila 'Jinye'; LoS: Ligustrum obtusifolium Siebold & Zucc.; RrT: Rosa rugosa 
Thunb.; PtL: Prunus triloba Lindl.; Af: Amorpha fruticosa L.; Po: Poa annua L.; Lp: Lolium perenne L.; LTS: leeward 
side of traffic; WTS: Windward Traffic Side.; LRS: leeward roadside; WRS: Windward Roadside. 

Vertical stratification significantly influenced dust retention in tree species. Except for Juniperus 
chinensis ‘Kaizuca’, most tree species exhibited the pattern: middle canopy layer > lower layer > upper 
layer (Figure 7). In contrast, Juniperus chinensis ‘Kaizuca’ showed the pattern: lower layer > middle 
layer > upper layer, primarily due to its pyramidal crown architecture. In most tree species, oval or 
rounded crowns promote greater dust accumulation in the middle canopy layer, whereas the dense 
lower foliage of Juniperus chinensis ‘Kaizuca’ is directly exposed to vehicle-generated dust, resulting 
in higher particulate deposition in the lower layer [28]. Overall, dust retention capacity per unit leaf 
area differed significantly among plant functional types, following the pattern: shrubs > trees > 
herbaceous species (Figure 8) [29]. 

Figure 7. Changes in dust retention capacity per unit leaf area in the vertical direction of trees. MsB: Malus 
spectabilis (Aiton) Borkh.; CsE: Catalpa speciosa (Warder ex Barney) Engelm.; PaW: Platanus acerifolia (Aiton) Willd; 
JcK: Juniperus chinensis 'Kaizuca'; FcR: Fraxinus chinensis Roxb. 
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Figure 8. Dust retention capacity per unit leaf area for different plant types. 

3.1.3. Relationships Between Leaf Surface Microstructure and Dust Retention Capacity 

Analysis of leaf surface microstructural characteristics (Figure 9; Table 2) revealed pronounced 
interspecific differences in both macroscopic and microscopic features on the adaxial and abaxial leaf 
surfaces. Dust retention capacity was closely associated with leaf surface structure, reflecting the 
combined effects of multiple traits, including stomatal morphology and density, surface roughness, 
protrusions, wax layers, trichomes, and grooves. 

Table 2. Leaf surface microstructural characteristics of roadside green space plant communities. 

Plant Name 
Groove 
width 

Stomatal parameters 
Density Aspect ratio Protrusion 

Platanus acerifolia (Aiton) Willd 3.30±0.42 314.49±16.47 2.13±0.45 protrusion 
Catalpa speciosa (Warder ex Barney) Engelm. 1.99±0.32 442.62±98.84 6.43±1.94 level 

Malus spectabilis (Aiton) Borkh. 3.39±0.41 267.90±16.47 7.39±1.03 level 
Fraxinus chinensis Roxb. 4.05±0.33 407.68±16.47 8.34±2.46 protrusion 

Juniperus chinensis 'Kaizuca' 2.93±0.86 244.61±16.47 3.04±0.55 level 
Ulmus pumila 'Jinye' 3.47±0.61 372.73±32.95 3.13±0.31 protrusion 
Rosa rugosa Thunb. 3.97±0.58 209.66±32.95 6.74±2.46 level 
Prunus triloba Lindl. 3.75±0.19 361.09±16.47 5.33±1.05 level 

Ligustrum obtusifolium Siebold & Zucc. 4.01±0.45 361.09±16.47 3.30±0.82 protrusion 
Rosa chinensis Jacq. 12.49±0.58 186.37±32.95 5.61±0.47 level 

Amorpha fruticosa L. 5.77±0.55 128.13±16.47 24.34±10.35 Indentation 
Platycladus orientalis (L.) Franco 3.27±0.67 221.31±16.47 2.51±0.30 level 

Juniperus chinensis L. 4.57±0.32 337.79±16.47 5.86±1.66 protrusion 
Lolium perenne L. 3.05±0.35 151.42±16.47 143.65±56.87 level 

Poa annua L. 2.14±0.50 174.72±16.47 29.27±5.26 Indentation 

Leaves of Juniperus chinensis ‘Kaizuca’ and Juniperus chinensis L. were characterized by abundant 
trichomes, coarse wax crystals, and well-developed grooves. Dense pubescence and deep epidermal 
grooves effectively trapped particulate matter within stomatal cavities and surface depressions, 
resulting in the highest dust retention per unit area. The abaxial epidermis of Rosa rugosa Thunb. 
exhibited numerous fine grooves and folds, forming irregular micro-concave structures that 
markedly increased surface roughness. A thin, adhesive wax layer with a finely granular texture 
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further enhanced its dust retention capacity. Platycladus orientalis (L.) Franco displayed prominently 
raised stomata and a thick wax layer, which facilitated the adsorption of particulate matter along 
stomatal margins and within surface grooves, leading to relatively high dust retention. Ulmus pumila 
‘Jinye’, Prunus triloba Lindl., and Rosa chinensis Jacq. possessed moderate levels of pubescence and 
surface grooves, as well as intermediate stomatal densities. In contrast, Ligustrum obtusifolium Siebold 
& Zucc., Malus spectabilis (Aiton) Borkh., Lolium perenne L., Fraxinus chinensis Roxb., Poa annua L., and 
Amorpha fruticosa L. exhibited relatively smooth leaf surfaces with thin wax layers and sparse 
microstructural features. Their surfaces were more susceptible to particle erosion, resulting in the 
lowest dust retention capacity per unit leaf area. 

Figure 9. Leaf surface microstructures of different plant species. Schemes follow the same formatting. 1. Platanus 
acerifolia (Aiton) Willd; 2. Catalpa speciosa (Warder ex Barney) Engelm.; 3. Malus spectabilis (Aiton) Borkh.; 4. Fraxinus 
chinensis Roxb.; 5. Juniperus chinensis ʹKaizucaʹ; 6. Ulmus pumila ʹJinyeʹ; 7. Rosa rugosa Thunb.; 8. Prunus triloba 
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Lindl.; 9. Ligustrum obtusifolium Siebold & Zucc.; 10. Rosa chinensis Jacq.; 11. Amorpha fruticosa L.; 12. Platycladus 
orientalis (L.) Franco; 13. Juniperus chinensis L.; 14. Lolium perenne L.; 15. Poa annua L.; a represents the upper 
surface of the leaf; b represents the lower surface of the leaf. 

3.2. Dust Retention Capacity of Individual Plants 

Significant differences in dust retention capacity were observed among individual plants (P < 
0.05), with values ranging from 0.008 to 2.91 kg·plant⁻� (Figure 10). Among tree species, Platanus 
acerifolia (Aiton) Willd. exhibited the highest dust retention capacity (2.909 kg·plant⁻�), followed by 
Fraxinus chinensis Roxb. (1.487 kg·plant⁻�), Juniperus chinensis ‘Kaizuca’ (1.467 kg·plant⁻�), and Malus 
spectabilis (Aiton) Borkh. (1.138 kg·plant⁻�). Catalpa speciosa (Warder ex Barney) Engelm. showed the 
lowest capacity (0.513 kg·plant⁻�). Among shrubs, Rosa rugosa Thunb. exhibited the highest dust 
retention capacity (0.161 kg·plant⁻�), followed by Prunus triloba Lindl., Juniperus chinensis L., 
Platycladus orientalis (L.) Franco, Ulmus pumila ‘Jinye’, Rosa chinensis Jacq., and Ligustrum obtusifolium 
Siebold & Zucc. Amorpha fruticosa L. exhibited the lowest capacity (0.018 kg·plant⁻�). Among 
herbaceous species, Lolium perenne L. showed relatively high dust retention (0.009 kg·plant⁻�), 
whereas Poa annua L. exhibited the lowest capacity (0.008 kg·plant⁻�). 

Figure 10. Dust retention capacity of individual plants of different species. PaW: Platanus acerifolia (Aiton) Willd; 
CsE: Catalpa speciosa (Warder ex Barney) Engelm.; MsB: Malus spectabilis (Aiton) Borkh.; FcR: Fraxinus chinensis 
Roxb.; JcK: Juniperus chinensis 'Kaizucaʹ; UpJ: Ulmus pumila 'Jinye'; RrT: Rosa rugosa Thunb.; PtL: Prunus triloba 
Lindl.; LoS: Ligustrum obtusifolium Siebold & Zucc.; Rc: Rosa chinensis Jacq.; Af: Amorpha fruticosa L.; PoF: Platycladus 
orientalis (L.) Franco; Jc: Juniperus chinensis L.; Lp: Lolium perenne L.; Po: Poa annua L. 

3.3. Dust Retention Capacity of Plant Communities 

The dust retention capacities of different plant communities are presented in Figure 11. 
Community-level dust retention ranged from 0.467 to 0.955 kg·m⁻². Community 4# exhibited the 
highest dust retention capacity (0.955 kg·m⁻²), followed by Communities 1#, 8#, 7#, 2#, and 6#, with 
values of 0.795, 0.773, 0.624, 0.623, and 0.604 kg·m⁻², respectively. Communities 5# and 3# exhibited 
the lowest capacities, with values of 0.513 and 0.467 kg·m⁻², respectively. 

Comparative analysis of vegetation configuration patterns revealed that the tree–shrub–
herbaceous and tree–herbaceous models exhibited higher dust retention capacities (0.704 and 0.709 
kg·m⁻², respectively), whereas the tree–shrub model showed lower dust retention (0.558 kg·m⁻²). 
Significant differences in dust retention were observed among the three configuration patterns. In 
the tree–herbaceous and tree–shrub–herbaceous models, shrubs and herbaceous plants occupy a 
larger proportion of the plot area and are distributed closer to the ground, enabling them to 
effectively intercept particulate matter generated by road traffic. Meanwhile, tree canopies capture a 
substantial proportion of airborne particles within the vertical airflow, thereby enhancing overall 
dust retention at the community level. 
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Figure 11. Dust retention capacity of different plant communities. 

4. Discussion

Significant interspecific differences in dust retention per unit leaf area were observed, indicating 
that plant dust retention capacity arises from the synergistic effects of multiple morphological and 
structural traits. Although numerous studies have explored interspecific variation in dust retention, 
most have been conducted under humid climatic conditions. In contrast, this study focuses on the 
ecologically fragile region of southern Xinjiang, where dust storms occur frequently, and 
systematically investigates dust retention characteristics at both individual plant and community 
levels. 

4.1. Dust Retention Capacity of Individual Plants 

Path analysis is an effective method for elucidating the relationships between multiple 
independent variables and a dependent variable, typically implemented through stepwise regression 
analysis. In this process, independent variables are sequentially introduced into the regression model 
according to their statistical significance and relative contribution to the dependent variable, while 
variables with insignificant effects are eliminated. Thus, path analysis enables the identification and 
ranking of key factors influencing the dependent variable [30]. In this study, dust retention per unit 
leaf area was treated as the dependent variable, and leaf surface structural characteristics were used 
as independent variables. Path analysis (via stepwise regression) was applied to explore the 
mechanisms governing dust retention in different plant species. The results are presented in Table 3. 

Table 3. Regression coefficient results. 

Model 
Unstandardized coefficient Standardized Coefficient 

t Significance 
B Standard Error Regression coefficient 

(Constant) 0.184 0.131 1.399 0.174 
Leaf aspect 

ratio 
0.027 0.004 0.583 6.009 0 

Aspect ratio 
of stomatals 

-0.005 0.001 -0.448 -4.329 0 

Stomatals 
protrusion 0.083 0.036 0.235 2.318 0.029 

Groove 
width 0.022 0.009 0.266 2.492 0.02 

Roughness 0.199 0.051 0.421 3.931 0.001 
Note: Significance (P < 0.05). 
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Previous studies have reported that dust retention capacity can differ by more than two- to 
threefold among tree species [31]. Here, the leaf surface structures of 15 plant species were examined 
using macroscopic observation and electron microscopy to clarify how leaf surface traits influence 
dust retention (Table 3). The results indicate that leaf aspect ratio and surface roughness are key 
factors promoting dust deposition [32,33]. A larger leaf aspect ratio may be associated with greater 
effective surface area and specific morphological features that facilitate stable particle adhesion. This 
finding is consistent with previous reports by Liu [34] and Wang [35]. Juniperus chinensis ‘Kaizuca’ 
and Juniperus chinensis L. exhibit narrow leaves with distinctive cuticular textures or dense 
pubescence. Their leaf surfaces are characterized by abundant trichomes, coarse wax crystals, and 
well-developed grooves. These features satisfy two critical conditions for dust retention—airflow 
modulation and increased attachment sites—thereby conferring high dust retention capacity. In 
contrast, Platanus acerifolia (Aiton) Willd., Malus spectabilis (Aiton) Borkh., and Fraxinus chinensis Roxb. 
possess broader leaves with relatively smoother surfaces. Airflow over such surfaces tends to be 
laminar, reducing particle collision frequency. Moreover, adhered particles are more easily removed 
by precipitation or strong winds, resulting in lower dust retention per unit leaf area [36]. These 
findings are consistent with previous studies by Myeong [37], Bridhikitti [38], Sheng [40], and Gao 
[40]. 

Path analysis further revealed that stomatal aspect ratio exerts a significant negative direct effect 
on dust retention capacity: the more elongated the stomata, the lower the dust retention capacity. 
However, when interactions among traits were considered, stomatal aspect ratio exhibited a positive 
indirect effect mediated by stomatal protrusion. This suggests that elongated stomata alone are 
unfavorable for dust retention, but pronounced protruding structures can partially offset their 
negative influence. Groove width showed a significant positive direct effect on dust retention 
capacity, whereas surface roughness produced a negative indirect effect (−0.118). This indicates that 
excessively wide grooves may reduce overall surface roughness and, consequently, the number of 
effective particle attachment sites. Such trade-offs help explain inconsistencies reported in previous 
microstructural–functional studies. For example, Pu et al. emphasized the positive role of grooves 
[41], likely focusing on their direct reservoir function, whereas Huang et al. highlighted their negative 
effect [42]. Studies that identify roughness as the dominant factor emphasize surface adhesion 
capacity [43]. Correlation analysis confirms that groove morphology and roughness interact 
synergistically, suggesting that optimal dust retention depends on the coordinated configuration of 
these traits. Future research should quantitatively characterize the spatial geometric relationship 
between groove morphology and surface roughness at finer scales to further verify this trade-off 
mechanism. 

Table 4. Analysis of dust retention capacity per unit leaf area and leaf surface structural stomatal diameter. 

factor 
Direct 

Passage 
Coefficient 

Indirect Passage Coefficient 
Leaf aspect 

ratio 
Aspect ratio 
of stomatals 

Stomatals 
protrusion 

Groove 
width 

Roughness 

Leaf aspect 
ratio 

0.583 0.104 -0.015 -0.087 0.099 

Aspect 
ratio of 

stomatals 
-0.448 -0.080 0.151 0.084 -0.049

Stomatals 
protrusion 

0.235 -0.006 -0.079 -0.001 0.028 

Groove 
width 

0.266 -0.040 -0.050 -0.001 -0.118

Roughness 0.421 0.071 0.046 0.051 -0.187

Growth characteristics of tree species—including tree height, crown height, crown width, and 
branch-free height—significantly influence total leaf area per tree [44], thereby affecting dust 
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retention capacity at the individual level. This study demonstrates that dust deposition per plant is 
jointly determined by total leaf area and leaf area index (Figure 12), consistent with the findings of 
Tao [45] and Li [46]. Even when dust retention capacity per unit area is not maximal, plants with 
large size and extensive leaf area can exhibit high overall dust retention capacity [47]. Broadleaf 
species generally exhibit greater tree height, crown spread, and branch-free height than conifers, 
resulting in significantly higher dust retention capacity per individual tree [48]. Although Juniperus 
chinensis ‘Kaizuca’ shows high dust retention capacity per unit leaf area, its relatively small crown 
spread and total leaf area limit its overall dust retention capacity. Conversely, Platanus acerifolia 
(Aiton) Willd. exhibits moderate dust retention capacity per unit area but achieves high per-tree 
retention due to its broad canopy and abundant foliage. Therefore, when evaluating dust retention 
performance, tree species with large total leaf area should be prioritized. 

Figure 12. Correlation analysis of factors affecting dust retention capacity per plant.X1: Dust retention per unit 
leaf area; X2: Dust retention per individual tree; CH: Crown height; PH: Plant height; CW: Crown width; BH: 
Branch height; LAI: Leaf area index; CD: Canopy density; LAR: Leaf aspect ratio. 

4.2. Particulate Matter Retention Capacity of Plant Communities 

The results indicate that plant communities with a multi-layered vertical structure composed of 
trees, shrubs, and herbaceous exhibit significantly higher dust retention capacity than single-layer 
green space configurations. Increased vertical stratification enhances dust retention effectiveness, 
consistent with previous studies [49]. The spatial structure and configuration of plant communities 
are critical determinants of atmospheric particulate matter deposition [50]. In tree–herb communities, 
dense foliage in both the tree and herbaceous layers is less susceptible to airflow disturbance, 
resulting in superior dust retention capacity. In shrub-dominated communities, shrubs are more 
vulnerable to wind and anthropogenic disturbance, leading to lower dust retention compared with 
tree–herb communities [51]. 

Significant differences in dust retention capacity were observed among plant communities, likely 
due to the combined effects of species composition and spatial configuration. Dust retention capacity 
at the individual-tree level is a key determinant of community-level performance. Using the entropy-
weighted method to comprehensively evaluate plant communities based on species diversity, 
configuration patterns, dust retention capacity, dust retention capacity per unit leaf area, dust 
retention capacity per individual plant, community cooling rate, and humidification rate (Table 5), 
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communities dominated by Platanus acerifolia (Aiton) Willd. (No. 4# and No. 6#) achieved significantly 
higher comprehensive scores than other communities. This result is consistent with previous findings 
by Sun [52] and Zhang [53]. Notably, in communities dominated by Malus spectabilis (Aiton) Borkh., 
plots 1# and 5# exhibited higher species richness than plots 2# and 7#, highlighting the influence of 
species richness and structural diversity on dust retention capacity, in agreement with Zhang [54] 
and Liu [55]. Tree–shrub–herb communities exhibited stronger dust retention than tree–herb 
communities. Within the study plots, Plot 2 outperformed Plot 7, and Plot 3 outperformed Plot 8, 
likely due to differences in wind speed and direction, which may cause particulate matter deposited 
on leaves to migrate into the shrub layer, combined with secondary dust resuspension from traffic. 

Table 5. Weighted evaluation indicators for selecting comprehensive dust retention capacity models in typical 
roadside green space communities using the entropy method. 

Indicator Standardization Matrix Entropy values and weights 

Community 1# 2# 3# 4# 5# 6# 7# 8# ej gj  wj 

X1 
0.644

2 
0.559

0 
0.000

1 
0.403

8 
0.915

2 
1.000

1 
0.257

7 
0.2263 0.8765 0.1235 0.0884 

X2 
0.000

1 
0.134

1 
0.186

6 
0.432

2 
0.056

1 
1.000

1 
0.224

7 
0.3453 0.7827 0.2173 0.1556 

CDRC 
0.350

9 
0.070

2 
0.000

1 
0.228

9 
0.413

0 
1.000

1 
0.111

7 
0.2181 0.7882 0.2118 0.1517 

PS 0.666
8 

0.000
1 

0.000
1 

1.000
1 

0.333
4 

0.333
4 

0.000
1 

0.0001 0.6149 0.3851 0.2758 

CM 
1.000

1 
1.000

1 
1.000

1 
1.000

1 
0.500

1 
0.500

1 
0.000

1 
0.0001 0.8408 0.1592 0.1140 

T 
1.000

1 
0.300

0 
0.154

4 
0.657

6 
0.567

7 
0.509

2 
0.406

6 
0.0001 0.8772 0.1228 0.0880 

RH 
1.000

1 
0.351

9 
0.197

7 
0.343

2 
0.444

5 
0.037

2 
0.539

7 
0.0001 0.8232 0.1768 0.1266 

Si 
0.622

5 
0.265

8 
0.181

6 
0.628

7 
0.407

3 
0.594

1 
0.178

7 0.1068 

X1: Dust retention per unit leaf are; X2: Dust retention capacity per plant; CDRC: Community dust retention 
capacity; PS: Plant species; CM: Configura-tion Mode; T: Community cooling rate; RH: Community 
Humidification Rate; Si: Comprehensive Score; ej: Information entropy; gj: Coefficient of Variation; wj: Weight. 

Overall, this study identifies dominant species and clarifies particulate matter retention 
mechanisms in roadside green spaces at both individual and community scales. Community-level 
particulate matter retention depends not only on dust retention capacity per unit leaf area and per 
individual plant, but also on tree growth characteristics, community configuration patterns, species 
richness, and structural diversity. For urban roadside green spaces in arid regions of southern 
Xinjiang, it is recommended to adopt a spatial structure characterized by “vertical stratification and 
a mix of evergreen and deciduous species.” The canopy should be anchored by high dust-retention 
species such as Platanus acerifolia (Aiton) Willd., complemented by evergreen species such as Juniperus 
chinensis ‘Kaizuca’ to maintain dust retention during winter. Shrubs should include Juniperus chinensis 
L. and Rosa rugosa Thunb., with Lolium perenne L. as the herbaceous layer, forming a multi-layered
tree–shrub–herb structure. Monoculture planting patterns should be avoided. Enhancing shrub
layers and species diversity can maximize dust retention benefits while achieving optimal integration
of aesthetic, ecological, and functional values.

This study employed the entropy-weighted method as an objective approach to evaluate 
community-level particulate matter retention. To improve the perceptual relevance of evaluation 
indicators, future studies should incorporate subjective assessment metrics, such as public 
satisfaction surveys and perceived health impacts. Such integration would yield results more closely 
aligned with societal needs. 

Furthermore, plant dust retention is a dynamic process influenced by environmental variability. 
Future research should integrate dynamic monitoring of leaf surface microstructure, environmental 
factors, and dust retention mechanisms. Establishing a long-term monitoring platform is 
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recommended to track temporal changes in leaf microstructure (e.g., via scanning electron 
microscopy), real-time environmental parameters (wind speed, humidity, particulate composition 
and concentration, precipitation intensity), and dynamic variations in dust deposition and deposition 
rates. 

5. Conclusions

Roadside green spaces function as critical ecological barriers in urban environments, with plant
communities playing a key role in improving regional air quality. This study investigated typical 
roadside plant communities in southern Xinjiang, a region characterized by extreme aridity and 
frequent dust storms. By measuring dust retention at individual and community levels and analyzing 
leaf surface microstructure, we evaluated the comprehensive dust retention performance of different 
community configuration patterns. The main conclusions are as follows: 

(1) Spatiotemporal variation in dust retention capacity per unit leaf area: Juniperus chinensis
‘Kaizuca’ exhibited the strongest dust retention capacity, followed by Juniperus chinensis L. and Rosa 
rugosa Thunb. Dust retention followed the seasonal pattern June > May > July > August. Horizontally, 
both trees and shrubs showed higher dust retention on the leeward side of roads than on the 
windward side. Vertically, dust retention in trees followed the pattern middle layer > lower layer > 
upper layer. Leaf dust retention is governed by the combined effects of multiple factors, including 
leaf aspect ratio, stomatal aspect ratio, stomatal protrusion, stomatal density, wax layer 
characteristics, and surface roughness. Leaf aspect ratio exerted a significant positive direct effect, 
whereas stomatal aspect ratio showed a significant negative direct effect on dust retention. 

(2) Dust retention capacity per plant: Among trees, Platanus acerifolia (Aiton) Willd. exhibited the
highest dust retention capacity, followed by Fraxinus chinensis Roxb., Juniperus chinensis ‘Kaizuca’, and 
Malus spectabilis (Aiton) Borkh. Among shrubs, Rosa rugosa Thunb. showed relatively high dust 
retention, followed by Prunus triloba Lindl., Juniperus chinensis L., Platycladus orientalis (L.) Franco, 
Ulmus pumila ‘Jinye’, Rosa chinensis Jacq., and Ligustrum obtusifolium Siebold & Zucc., whereas Amorpha 
fruticosa L. exhibited the lowest capacity. Among herbaceous species, Lolium perenne L. demonstrated 
relatively strong dust retention, while Poa annua L. showed the weakest performance. Per-plant dust 
retention is strongly influenced by total leaf area and leaf area index, leading to higher overall 
retention than that indicated by unit-area measurements alone. 

(3) Dust retention capacity of plant communities and configuration patterns: Tree–shrub–herb
and tree–herb configuration patterns exhibited stronger dust retention than tree–shrub patterns. 
Community spatial structure and configuration are key determinants of atmospheric particulate 
matter deposition. Multi-layered communities centered on Platanus acerifolia (Aiton) Willd. achieved 
optimal synergy among dust retention, landscape aesthetics, and ecological functions. These findings 
provide empirical evidence and optimization strategies for plant selection and sustainable landscape 
design in roadside green spaces in southern Xinjiang and other arid regions. 
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