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Abstract: Globally, air pollution is intensifying in both urban and rural environments due to rapid urbanization 
and industrialization. It is widely accepted that human activities, particularly mining, contribute to increased 
concentrations of fine particulate matter in the atmosphere, leading to serious concerns regarding the associated 
health risks. In this study, the characteristics of outdoor aerosols containing bacteria and fungi were determined 
from on-site samples that were analyzed using sequencing techniques as well as modelling at both artificial and 
natural locations in two cities (Fuxin, FX; Guangzhou, GZ) in China. The interaction between urban and rural 
anthropogenic activities had a synergistic effect on the distribution of airborne microorganisms. At locations with 
artificial surfaces, which were characterized by higher population densities, the concentration of Firmicutes, 
including Streptococcus pneumoniae and Aspergillus fumigatus, which are colonizers of the human respiratory 
tract, was 1.25 times greater than that of the on-site monitored total airborne microbes (TAM) concentration. In 
the natural wetland area with a lower population density, the coarse-, medium-, and fine- bioaerosols accounted 
for 16%, 49%, and 35% of the TAM concentration, respectively. When a concentration ratio was used to describe 
the airborne bioaerosol (x: C/C′), the community distribution was found to vary between artificial and natural 
environments in FX. This was attributed to the contributions of agricultural and traffic activity. The accumulation 
and atmospheric diffusion of aerosols, particularly in areas with low wind speeds, led to the presence of inhalable 
(0.65‒2.1 μm) bioaerosols. Through a modeling-based analysis, elevated x values indicated a regional deterioration 
in air quality due to aerosol emissions and their spatial dispersion. This ratio was highlighted by the significant 
abundance of Ascomycota observed at transportation infrastructure sites in GZ. The study suggests the existence of 
health risks associated with regional atmospheric bioaerosols, with the risks varying across the urban-rural divide. 
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1. Introduction 

The rapid industrialization of cities has worsened air quality [1,2]. More than 55% of the world’s population 
live in urban areas subject to adverse levels of environmental pollution [3–5]. For instance, mining activities emit 
fine-dust capable of penetrating into the human pulmonary system, which is considered one of the biggest threats 
to human health and ecological environment [6]. Approximately 51% of surface mining processing areas are 
concentrated in five countries, namely China, Australia, the USA, Russia, and Chile, which has resulted in serious 
particulate matter (PM) pollution events in the atmosphere of major cities in these locations [7]. There is limited 
understanding of regional bioaerosol transmission. Urban airborne aerosol pollutant has caused many reported 
respiratory problems, such as coughs, asthma and fever. These challenges in risk prediction and control have 
presented obstacles in addressing public health concerns associated with air quality [8,9]. 

The long-range transport of dust impacts the regional climate, while during dry and wet deposition, dust can 
be mixed with other aerosols and airborne bacteria in the outdoor atmosphere [10]. Bioaerosols are regarded as 
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one of the main particulate pollutants in many urban infrastructures of China [11,12]. Dusts with diameters of 500 nm 
have been measured in the atmosphere of mining cities of China, and have been found to contain toxic elements [13,14]. 
There is a vast diversity of types, compositions, and particle size distributions of bioaerosols, and their characterization 
requires the mapping of the main sources, including anthropogenic activities and natural processes [15]. A rich 
diversity of microbial species has been identified in atmospheric dust, including potential pathogens and functional 
bacterial and fungal groups [16,17]. Effective air quality planning is required to control the dispersion of airborne 
dust in the coarse (diameter (D) > 2.5 μm) and super coarse (D >10 μm) categories [18]. However, there have been 
few size-fractionated bioaerosol studies in regions characterized by a strong urban-rural divide. Most studies have 
concentrated on size-integrated concentration metrics, such as PM2.5, that lack essential biological particle size 
distribution information, and are therefore inadequate for routine air quality monitoring [19]. Rather than focusing 
solely on fine aerosol levels without bio-aerosol composition to explain the factors contributing to air pollution, 
environmental monitoring stations should provide data on detailed aerosol concentration [20]. Furthermore, the 
knowledge of bioaerosol diffuse concentration and component changes in diverse urban land-use areas is scarce [21]. 

Built-up areas account for the majority of artificial land surfaces [22], and their extent is not only an indicator 
of the range and intensity of human activities, but is also an important driving factor of environmental problems, 
such as regional climate change and environment deterioration [23]. The conversion of natural land into industrial 
areas can have detrimental unknown effects on the environment, involving dust pollution from mining [24,25]. 
The mine city outdoor environmental data of the particulates usually received contradictory inspection results and 
then drew more surrounding residents’ attention [26]. Previous studies have predicted the spatial distribution and 
variability of pollutants using the geographic information system (GIS) and the inverse distance weighting method [27]. 
The microbial aerosol variation patterns in the air have little or no understanding in certain meteorological 
scenarios of these cities [28]. A validated atmospheric modelling can lead to improvements in air quality and better 
risk management [29,30]. 

Multiple linear regression, meteorological dispersion modeling, and land-use regression models are 
frequently used to describe the small-scale variations in outdoor air pollutant exposures [31]. Solving the Navier–
Stokes equations for turbulent flows, computational fluid dynamic (CFD) models will be beneficial for 
environmental pollutant dispersion studies. They can also be enhanced by the input of on-site observational data [32]. 
An Anderson sampler can be used to rapidly detect airborne bacteria [33,34]. Besides, scientists suggested that 
there has been a major decline in the wind variables, which could result in regional air pollution in Asian monsoon 
regimes [35], possibly due to higher biological dust transports [36]. Some scientific evidence points out that the 
ground wind speed has weakened by up to 58% in Asia monsoon in recent decades (wind speed < 2.5 m/s), which 
may be caused by human factors (e.g., land use changes and air pollutant emissions) [37]. Health risks may arise 
from the microorganisms present in the ambient aerosol, while PM-carrying microbes from various sources have 
rarely been investigated in mining cities [38]. Furthermore, using data from only a few meteorological monitoring 
stations is not sufficient to fully assess the risks [39]. Moreover, mine dust is often incorrectly considered to be 
biochemically inert incorrectly [40]. Dose -response relationship modelling predicts that resource extraction 
activities caused airborne bio-pollutant hazards, but the exact level of risk needs to be quantified. 

In this study, a practical modelling study validated by bioaerosol monitoring was conducted in two cities, 
with the aim of identifying the environmental effects of airborne pathogens and risks. Both the characteristics of 
airborne bioaerosols and inhalable PM in the air were detected various locations in Fuxin City (FX) and Guangzhou 
City (GZ), using on-site sampling followed by a sequencing analysis. A regional air quality modelling method was 
then employed using a GIS-based CFD method. A scientific modelling framework was devised for urban 
management on a regional scale, with a particular focus on assessing the risks associated with bioaerosols in cities 
rich in natural resources. 

2. Materials and Methods 

2.1. Sampling Location 

This study was carried out in two typical cities in China located in the Asian monsoon region. Both cities had 
an extensive history of mining sector and were of comparable size. The first city (FX) was located in northeast 
China and has a mining industry dating back to the Mao’s era and is located in a temperate monsoon area (longitude 
and latitude: 121° E, 42° N). FX has a land area of 10,355 km2 and a population of two million people (1.65 million 
in 2021 and 1.82 million in 2010 according to the census data). The second city (GZ) is based on light industry 
and is located in the subtropical monsoon region of the southeast of China (longitude and latitude: 113° E, 23° N). 
Approximately nineteen million people (18.68 million in 2021, 12.70 million in 2010) reside in GZ and it has a 
land area of 7434 km2. 
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Within the study areas, a total of 15 sampling points (9 sampling sites in FX city and 3 sampling sites in GZ 
city) were chosen within the sampling areas, as shown in Figure 1 and Tables S1 and S2. Development more 
accurate quantification techniques to comprehend the effects of resource cities on possible environmental pollution 
is regarded as leading sustainability actions [41]. Therefore, in this study, there are 2 categories of urban land use 
division: artificial surface area (Iartificial) (built-up land for public use, involving a shopping mall, campus, parks, 
transportation networks, and farm land) and natural surface area (IInatural), which consisted of water resource 
facilities and natural wetland. 

 

Figure 1. The study area in the Asian monsoon region: (a): FX (b): GZ, and (c–f): examples of sampling sites in 
the winter. 

2.2. Sample Collection 

A six-stage Andersen impactor (FA-1, Weifang Aiwo Instrument Corp., Weifang, China), which can separate 
ambient bioaerosols in the aerodynamic diameter range of 0.65–1.1 μm to >7 μm was used to collect airborne 
cultivable bioaerosol samples on-site. Furthermore, an eight-stage Andersen impactor (FA-3, Aiwo Instrument 
Corp., Weifang, China), which has the ability to separate ambient aerosols in the aerodynamic diameter range: of 
0.43– >10 μm, was also used for sampling. 

During the on-site measurements, the Anderson sampling device was placed at a height of 1.5 m above the 
ground to collect bioaerosols from the human breathing zone. The air sampling flow rate was set to 28.3 L/min, 
and the sampling time was 3 min. The air volume collected for every air sample was always 0.0849 m3. Before 
and after the sampling procedure, the flow rate of the pump was performed an advance calibration using a digital 
flow meter. All air samples were collected and replicated (n = 2) with average values used in the analysis, and the 
sampler was pretreated with 75% ethanol to ensure it was disinfected. 

Both a blood agar plate (BAP) and nutrient agar plate (NAP) were used to ensure accurate sampling of 
pathogenic particles in the air. These media allowed the ambient bioaerosol to be divided into two groups: 
infectious cultivable bacteria, fungi; and total cultivable bacteria, fungi. Additionally, microclimate parameters 
(outdoor temperature and atmospheric relative humidity, and wind speed and direction) were measured using a 
digital temperature and humidity, atmospheric pressure meter (DPH-102), and a digital hot-ball wind speed meter 
(QDF-6, Kaixingdemao Instrument Corp., Beijing, China). The on-site sampled airborne bioaerosol, involving 
bacterial and fungal air samples, was incubated under standard conditions: 72 h at 37 °C. Following incubation, 
the total cultivable bioaerosol concentration was recorded as colony numbers per agar plate (≈ 25 cm2). 
Furthermore, the urban outdoor environmental biological community was analyzed and applied to an on-site 
measurement-based modelling. 

In this study, water and soil samples were collected on-site from a continental slop shore site in the wetland 
areas. Soil sampling was carried out with a human-operated, sterile stainless-steel spoon at a depth of 5 mm below 
the ground surface. Each soil sample (200 ± 10 g) was placed into the sterile bags on the ice bags in a portable 
cold closet and moved to the laboratory for further analysis. They were stored at 5 °C, and prepared for the next 
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stage of analysis. All water samples (1000 ± 50 mL) were collected at least 1 m above the water surface. Water 
was collected with a newly developed sterile stainless-steel cup (250 mL) that allowed each sampling bowl to be 
completely submerged in the water body. Water was stored in 1 L sterile water sample bags. These samples were 
filtered through sterile membrane filters with a pore size of 0.2 μm. Each water-filtered membrane was stored in 
an individual sterile bag (250 mL) at −20 °C, and transported to the laboratory in an ice bag for the sequencing. 

2.3. Amplicon Sequencing 

Amplicon sequencing is the most widely used technique for a microbiome analysis and can be applied to air, 
water, and soil samples. The environmental samples were subjected to DNA extraction and 16s rRNA gene 
amplicon sequencing (16S analysis). The 16S amplicon sequencing revealed the bacteria composition using a next-
generation sequencing. Comparative studies of the water samples revealed that the V34 and V4 primer sets were 
the optimal choices. The 16S analysis comprised QIIME1: q1 and QIIME2: qII, with qII redesigned for clustering 
the amplicon sequence variant’s operational taxonomic units (OTUs) [42]. Alpha-diversity, represented by the 
Shannon indexes, Simpson indexes, was estimated based on the amplicon sequence variant profiles from 16S 
rRNA sequences. 

2.4. Health Risks Assessment 

In this section, a visual mapping of the bacterial and fungal aerosol spread was conducted, based on a graphic 
program of the distribution of air-transmitted bioaerosols. Bioaerosol induced risks in the study areas were 
simulated using CFD modelling. The details of the CFD modelling are given in the supplementary information. 
The model predicted bioaerosol concentration was delineated and hierarchically categorized using the Quantitative 
Microbial Risk Assessment methodology alongside DNA sequencing results [43,44]. The quantitative microbial 
risks were assessed using Equations (1) and (2): 

𝐷𝑜𝑠𝑒 ൌ  𝐶௖ ൈ 𝐼 ൈ 𝑡 (1)

𝑃௥  ሺ𝐷𝑜𝑠𝑒, 𝑡ሻ ൌ 1 െ 𝑒ି௞ൈ஽௢௦௘ (2)

where Dose denotes the exposure concentration (CFU/m3), Cc refers to the cultivable pathogenic microbe 
concentration in the air (CFU/m3), I is the inhalation rate (m3/h), and t represents the exposure time (h) [45]. 
Inhalation rates increase when undertaking vigorous activities and during exercise [46]. Here, I was set to 1.2 
(light-intensity duties), 2.2 (moderate-intensity duties), and 3.2 (high-intensity duties), and t was assumed to be 8 h. In 
addition, the probability of infection varied nonlinearly depending on the type of respiratory PM to which a person 
is exposed [47]. In the present study, the probability of infection Pr was calculated using a dose-response 
relationship. Subsequently, k, which denotes the survival probability of a single gram-negative bacillus pathogen, 
was set to 3.52 × 10−6 [48]. 

3. Results 

3.1. Airborne Bioaerosol Concentration Profiles 

Landscape structure is a key driver of microbial biogeographic patterns [49]. While the concepts of “the 
environment selects” and “the microbe is everywhere in the biosphere” are widely accepted, there has been less 
consideration given to the impact of the built environment [50–52]. Hence, the artificial surface area (Iartificial-land), 
which is a function of the microbial concentration due to environmental drivers and population mobility, and the 
natural surface area (IInatural-land), which is a key driver of microbial transmission profiles under environmental 
stresses, we are studied here. In each city, an Andersen sampler with six agar plates was used to monitor airborne 
bioaerosol concentrations on-site. The bioaerosol concentration C′ was determined from BAP from 7 sampling sites 
(Iartificial: GTZ, NT, WAD, YL; IInatural: FSSK, NDH, YMT) in FX and the results were compared with microbial 
counts obtained using a NAP. At GTZ, NT, and WAD, the bioaerosol concentrations were 176, 308, and 87 CFU/6-
plate (2073 CFU/m3, 3628 CFU/m3 and 1025 CFU/m3), respectively, while the concentrations in the FSSK, NDH, 
and YMT were 69, 43, and 157 CFU/6-plate (813 CFU/m3, 506 CFU/m3 and 671 CFU/m3), as shown in Figures 
2a–c, and e–g. The average bioaerosol concentration in Iartificial areas was found to be many times higher than in 
Inatural areas. This implies that anthropogenic factors significantly affected the spatial distribution of microbes. 
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Figure 2. Airborne microbial concentration in the artificial and natural surface areas using the BAP and the NAP 
method: (a) GTZ; (b) NT; (c) WAD; (d) the YL riverfall; (e) and the FSSK wetland; (f) the NDH wetland; (g) the 
YMT wetland using the BAP; and (h) the YL riverfall using NAP; (i) the total averaged bioaerosol concentration 
ratio in FX. 
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Moreover, as shown in Figure 2d,h, the concentrations of airborne bioaerosol using NAP, and BAP in the 
YL river fall area were 249 CFU/6-plate and 71 CFU/6-plate (2933 CFU/m3 and 836 CFU/m3), respectively, which 
accounted for 28.5% of the ambient pathogenic bioaerosol concentration. In the mining city (FX), the bioaerosol 
concentration exceeded the safe inhalation exposure limit (≤500 CFU/m3). Furthermore, the averaged C, which 
also named as C′ (airborne bioaerosol concentration using BAP, which is also designated as averaged C) and C′/C‾  
(airborne bioaerosol concentration using NAP is designated as C‾) were compared, as shown in Figure 3i. It was 
found that the concentration of cultivable pathogenic bioaerosol was consistently lower than the concentration of 
bioaerosol. Based on the averaged concentration of medium-sized bioaerosol was also abundant in the air of FX. 

 

 

Figure 3. Size and concentration of bioaerosols in the air, water, and soil in FX at sampling sites in the: (a) campus; 
(b) commercial land; (c) transportation land; (d) artificial wetland; (e) artificial park; (f) natural wetland; (g) 
farmland; and (h) water taken close to the shore side of a water body. 

The bioaerosol diameters in the mining city (FX) were also measured. There were high bioaerosol 
concentration in areas with a high intensity of human activities. For instance, at GTZ, fine airborne bioaerosols 
(0.65–3.3 μm) accounted for 83% of the total bioaerosol; while at NT, coarse airborne bioaerosols (>3.3 μm) 
accounted for 64% of the total concentration. Nonetheless, the concentration of bioaerosol was low in the natural 
land use regions. For example, at FSSK (a water reservoir), the airborne bioaerosol concentration was low and 
fine bioaerosols (0.65–3.3 μm) accounted for 64% of the total concentration. At NDH, coarse airborne bioaerosols 
(>3.3 μm) accounted for 23% of the total bioaerosol concentration. 

As shown in Tables S1 and S2, it was found that high PM concentrations did not correspond to high 
bioaerosol concentrations. For example, at GTZ, the PM1.0/2.5/10 concentrations were low at 12, 25, and 33 μg/m3, 
respectively, while the bioaerosol concentration (0.65–1.1 μm) was 989 CFU/m3, accounting for 57% of the total 
PM concentration; and the bioaerosol concentration (>7.0 μm) was 153 CFU/m3, accounting for 9% of the total 
PM concentration. At FSSK, the PM1.0/2.5/10 concentrations were high at 63, 103, and 169 μg/m3, respectively, 
while the fine bioaerosol concentration (0.65–1.1 μm) is 188 CFU/m3, accounting for 20% of the total 
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concentration; and the bioaerosol concentration (>7.0 μm) was 165 CFU/m3, accounting for 18% of the total 
concentration. These results revealed that other than the relationship between the bioaerosol and particle 
concentrations, the size distribution of aerosols differed significantly, with implications for both air quality and 
climate change [26]. Therefore, it was inferred that regional air quality could not overshadow the effects of local 
anthropogenic aerosol emissions originating from various sectors within mining cities. To further highlight the 
regional concentration characteristics of bioaerosol concentration, the fluctuations in the concentrations of coarse- 
(>4.7 μm), medium- (2.1–4.7 μm) and fine- (0.65–2.1 μm) sized bioaerosols in the atmosphere were determined. 

3.2. Bioaerosol Concentration Ratios Under Different Land Use 

Potential pathogens are present in PM when there are high concentrations of airborne bioaerosols. In this 
section, Figure 3 shows the bioaerosol concentration (yellow bar) cultured by BAP, assigned as C, and a 
concentration ratio of bioaerosol (x: C/C′) (green bar) columns of 7 different categories of land use. C′ and C‾  
represent average airborne bioaerosol concentrations using BAP, and NAP, respectively. The suggested safe 
concentrations of bioaerosol (500 CFU/m3 medium limit) set by the European Commission, American Conference 
of Governmental Industrial Hygienists and World Health Organization were reached at the majority of sites and is 
shown by the red dotted line in the figure [53]. The total concentrations of airborne bioaerosols (coarse, medium, 
and fine) were 118, 165, and 35 CFU/m3 at the campus site. This indicated that neither bacterial bioaerosol levels, 
nor dust concentrations exceeded the permissible values provided by bioaerosol pollution guidelines. In 
commercial land and transportation land, the coarse bioaerosol concentration did not exceed the permissible level. 
Densely populated areas were exceptions, with medium and fine bioaerosol concentrations in transportation land, 
commercial land, and artificial wetland being extremely high, with some samples exceeding 1000 CFU/m3. 
Furthermore, the coarse and medium bioaerosol concentrations in farm land were 1673 CFU/m3 and 1343 CFU/m3, 
respectively, which implied that these aerosols made significant contributions to urban air pollution. 

The China Scientific Ecology Centre, recommends a guideline value of <1000 CFU/m3 for total airborne 
bacteria and <500 CFU/m3 for airborne fungi in outdoor environments [54]. Because densely populated areas are 
a major source of bioaerosol, more attention should be given to their thorough cleaning. The concentration ratio 
of airborne pathogenic bioaerosol (x) was determined and characteristic distribution patterns were observed in the 
mining city (FX). For example, sampling sites in the farm land (Iartificial-farm-land) had the highest ratios of 3.79 for 
coarse particles, while the sampling site in the campus (Iartificial-campus) had the lowest ratio of −3.75. In the artificial 
land use types, the bioaerosol concentration ratio was lowest for fine particles at the campus site. Because fine 
bioaerosols have higher inhalation and infection risks, further investigations of ambient bioaerosol richness and 
community diversity were conducted to assess the potential infection risks. This was conducted via a sequencing 
analysis. Furthermore, in artificial land sites, the fine pathogenic bioaerosol concentration was high. For example, 
the highest concentration of 989 CFU/m3 was found for transportation land (GTZ) (Figure 3c), while the fine 
pathogenic bioaerosol concentration was lower in the natural wet land area (FSSK) at 177 CFU/m3 (Figure 3f). 

3.3. Characteristics of the Bioaerosol Community 

Biological diversity, a multidimensional property of natural systems, is difficult to quantify in the external 
environment of large cities. In this study, high-throughput sequencing data were analyzed, as shown in Figure 4. 
Operational taxonomic units (OUTs), are widely used as a fundamental analytical unit to describe biological 
communities through the amplicon sequencing of the 16s rRNA gene in microbial ecology studies [55]. The 
visualization of OTUs in environmental samples depicts the relative abundance of individual taxa in a set of 
samples on multiple taxonomic levels [56]. In this section, the OTU numbers at FSSK (FX) and HD (GZ) were 
comparatively analyzed, as shown in Figure 4a,b. The numbers of bacterial OTUs in the air, water, and soil samples 
were 1511, 1512, and 1485 in the 40,000 number sequences at FSSK in FX, while the corresponding numbers 
were 1017, 1299, and 1507 at HD in GZ. Furthermore, in the 40,000 number sequences at FSSK in FX, the fungal 
OUT numbers in the air, water, and soil achieved 781, 681, and 662, respectively. The corresponding numbers at 
HD in GZ were 392, 347, and 253, respectively. Therefore, there were large differences in the diversity of species 
(bacteria and fungi) between the two cities. 
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Figure 4. The diversity of urban outdoor environmental bioaerosols: (a,b) OUT numbers profile; (c) Simpson’s 
diversity index and Shannon’s diversity index of 8 size-ranged bioaerosols in FSSK wetland in FX city; (d) 
diversity indexes of airborne bioaerosols at GTZ, and FSSK, and in water (FKWATER), soil (FKSOIL) of FSSK 
in FX; (e) diversity indexes of airborne bioaerosols at DT and HD, and in water (HDSHUI), soil (HDSOIL) at HD 
in GZ; and (f,g) the differences between the diversity of airborne bioaerosols from FSSK wetland and GTZ in FX. 
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As key metrics of urban environmental species diversity-species richness, the Shannon and Simpson indexes 
are widely used for determining community diversity [57]. The Simpson index is a measure of probability; the 
greater the index value, the less likely it is that two randomly chosen individuals will belong to the same species. 
The Shannon diversity index H has a value of H ranges from 0 to a maximum that depends on the number of 
species and their distribution within a given community. The index, is related to the concept of uncertainty and 
takes into account both species richness and evenness. The maximum value of H is different for each community 
and is dependent on the species richness. In Figure 4c, there are eight size ranges of bioaerosols. The sequencing 
technique demonstrated that the specific size of a bioaerosol influenced its Simpson’s diversity index and 
Shannon’s diversity index H. For instance, at FSSK reservoir in FX, 0.43–1.65 μm bioaerosol size class had a 
Simpson diversity index value of 0.992 and a Shannon diversity index H of 8.23. Whereas, for the 9–10 μm size 
stage, the coarse-sized bioaerosol had a H value of 7.2, which was 87% higher than that of fine bioaerosols. It was 
concluded that even if there was homogenous distribution of biological species in mining cities, the fine 
bioaerosols may contain a greater diversity of airborne bacteria and fungi. 

In Figure 4d,e, although the airborne bacteria bioaerosol sampling sites in the artificial land (GTZ and DT) 
had relatively high diversity index values (GTZ: Simpson index: 0.98, Shannon index:7.6; DT site: Simpson index: 
0.96, Shannon index: 6.7), the airborne bioaerosol diversity in the natural land (the FSSK and HD site) was 
significantly different (FSSK site: Simpson index: 0.98, Shannon index:7.6; HD site: Simpson index: 0.91, 
Shannon index: 6.1). Compared to the air and water samples, there was a higher bacterial diversity in the soil in 
GZ. In a Venn diagram of the results, the number in the inner of the flower is 47, which indicates the mutually 
characterized number; while the outer of the flower at FSSK, GTZ and HD, DT site air was 94, 27 and 27, 40, 
highlighting the unique characterized number, except for that of FSSK-air. Then, the diversity at FSSK and the 
GTZ merits additional comparison. Figure 4f, g shows that airborne bioaerosols in the 5.8–10, 3.3–5.8, 1.1–3.3, 
and 0.4–1.1 μm size stage at GTZ (an Iartificial-land area) had Simpson index of 0.97, 0.99, 0.98 and 0.97, respectively; 
while at FSSK (an IInatural-land area) had Simpson index values of 0.98, 0.97, 0.98 and 0.99. From these results it 
was determined that 3.3–5.8 μm size stage were the most diverse in both artificial land and natural land areas. 
Table S3 shows that the Simpson and Shannon index values for air samples at HD were 5.2% lower than those DT 
(a metro station) in GZ, however, the inverse trend was apparent in FX. The air samples from FSSK and GTZ 
displayed peak and valley curve distributions for airborne bioaerosol sizes, and species diversity, particularly in 
the natural land sites. 

3.4. Size, Concentration, and Composition Differences of Urban Bioaerosls 

The physical and chemical characteristics of micron-sized PM (such as coal mining dust) in ambient air have 
been extensively studied, however, little information exists for its biological components [58]. In the present study, 
bioaerosol dynamics (size, concentration, and species composition) were determined for samples taken at various 
urban locations with different monsoon climate. Figure 5a showed that in in FX with a warm monsoon climate, 
fine bioaerosols (<2.1 μm) were abundant, with a metro station (GTZ) having a bioaerosol (0.65–>7.0) 
concentration of 2073 CFU/m3. Park and river/wet land areas also exhibited high bioaerosol concentrations (813 
CFU/m3 and 836 CFU/m3). Figure 5b shows that in GZ with subtropical monsoon climate, small-sized bioaerosols 
(<2.1 μm) were also abundant. A bioaerosol (0.65–>7.0) concentration of 412 CFU/m3 was found at a 
transportation land area (DT, a metro station). The bioaerosol concentration in an outdoor activity area in a location 
with a high population density (P, a country park) was 565 CFU/m3. Ascomycota, Basidiomycota and 
Chytridiomycota had high relative abundance (>62%) at DT and HD in GZ, as shown in Figure 5c. However, their 
relative abundance has relatively low value (<59%) at both FSSK and GTZ in FX. Overall, the high relative 
abundance (>98%) of the top 5 fungal species in the 2 cities resulted in a similar community structure 
(Ascomycota, Basidiomycota, Chytridiomycota, unclassified_Fungi, Mortierellomycota). 
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Figure 5. Cultivable bioaerosol composition, size and concentration distribution in two cities, FX and GZ: (a,b) 
size and concentration distribution of the cultivable bioaerosol composition; (c) top 10 fungal bioaerosols in the 
two cities; and (d,e) top 10 bioaerosol relative abundance of bacteria and fungi in the 35 sampling sites in FX. 

Figure 5d,e further shows the bacterial and fungal composition in 36 samples using the 3rd generation DNA 
sequencing platform. The results indicated that the top 3 species are similar. For instance, the top 3 bacterial species 
are Firmicutes, Proteobacteria and Bacteroidetes; while the top 3 fungal species were Ascomycota, Basidiomycota, 
and Chytridiomycota. However, there was evidence that airborne bioaerosol species with different sizes had 
different relative abundances. To fully assess this, FSSK was used as a case study, with the number after the results 
representing the level of the 8-staged Anderson sampler. For instance, FSSK3 has a high relative abundance (40%) 
of Firmicutes; FSSK1, FSSK2, FSSK7, and FSSK8 have a high relative abundance (61 ± 1%) of Ascomycota. 
Moreover, an abundance of cultivable fungi and bacteria were detected through the rDNA sequencing technique. 
A large number of pathogens including Streptococcus pneumoniae, Bacillus cereus, Prescottella equi, Escherichia 
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coli, and Aspergillus fumigatus were presented in FX, as shown in Table S4. These results indicated that there 
were characteristic microorganisms in different sized bioaerosols at specific sites in both cities, involving abundant 
fungal and bacterial entities, and therefore more depth risk assessment studies are required in the future. 

3.5. Regional Risk Prediction and Infectious Potential Modelling 

For biogeochemical studies, it would be useful to access more detailed information on different types of 
particles and their associated biological composition [59]. However, stiff and inert spherical particles are 
commonly employed in modelling the dispersion of biological dust dispersion modeling. Documenting the spatial 
patterns in biodiversity-induced bioaerosol characteristics is difficult due to the limited quantification of taxonomic 
information, health risks, and other dimensions of risk. This highlights the need for multiple sources of in-situ data 
to address these gaps effectively [60]. Inhalation was the main exposure route for pathogenic bioaerosols, with the 
exposure risks linked to the inhalation route being more than 105 times greater than those associated with the 
dermal contact route for both children and adults [61]. Bioaerosol distribution modelling in the artificial land area 
was conducted based on the on-site measured airborne bioaerosol concentration, size and composition. 

As indicated in Figure S1 shows PM with specific cultivable bacteria and fungi are abundant, and there were 
high frequences of the dominant Gram+ bacteria, including Bacillus cereus and Staphylococcus epidermidis, and 
fungi, involving Aspergillus fumigates, and Aspergillus awamori, occur. The details of the meteorological 
parameters during the on-site monitoring of the cultivable bacteria and fungi at the campus in FX given in Table 
S5. From the on-site monitoring data, ϊ was recalculated as 0.95 CFU/μg. The mass concentration of PM was set 
to 255 μg/m3, while the airborne cultivable bioaerosol concentration was 225 CFU/m3. This was used to transform 
the mass concentration of aerosol (Cm, μg/m3) and bioaerosol (Cc, CFU/m3) based on an in-situ data-derived 
Equation (3). 

Cc = Cm× ϊ × 109 (3)

where ϊ is a transform coefficient with a unit of CFU/μg. 
Consequently, it was possible to anticipate the related risks and infectious potential numerically. And then, 

the boundary conditions set for the winter of FX are presented in Table S6. Furthermore, Table S7 gives the details 
of the setups of the CFD-based bioaerosol concentration distribution contours and associated risk predictions. 

The modelling-based bioaerosol distribution at GTZ in FX is shown as a schematic Figure 6a,b. At a typical 
wind speed of 0.25 m/s, there was a noticeable shift in the direction of atmospheric diffusion, which influenced 
the distribution patterns observed on building surfaces. At DT in GZ and GTZ in FX, the distinct building structure 
patterns corresponded to distinct patterns of atmospheric diffusion, thus influencing the bioaerosol concentrations. 
For example, the average airborne bioaerosol concentration in GZ, at 1.5 m surface height and over a 720-s 
emission period, was 9 CFU/m3 (Figure 6b), while the average concentration at sites in FX reached 64 CFU/m3 
(Figure 6a). The potential infectious dose at GTZ in FX and DT in GZ is presented in Figure 6c, d under a weak 
wind speed (2.5 m/s) and a northerly N wind direction. For instance, the area-weighted average concentration of 
airborne bioaerosol at DT in GZ was 4 CFU/m3 over a comparative emission period, as shown in Figure 6d. In 
contrast, the concentration at GTZ in FX reached 5 CFU/m3 with a wider range of bioaerosol concentrations, as 
shown in Figure 6c. Wider diffusion ranges and comparatively larger concentrations of bioaerosol were observed 
in the populated area of FX. 

Aerosols containing infectious pathogens have a significant impact on human health and safety [62,63]. The 
CFD modeling aerosols as well as risk model calculation have been promoted to estimate community infection 
levels. Modelling can be simplified by considering pathogenic bioaerosols in the air [64]. In the present study, the 
outdoor infection probability distribution of pathogenic bioaerosols in the surface air at GTZ in FX and DT in GZ 
are shown in a scheme in Figure 6(e1–e3,f1–f3). The bioaerosol concentrations distribution varied in the 2 km 
region surrounding the transportation buildings. These airborne cultivable bioaerosol dose distribution contours 
suggested that high-intensity duties could lead to a higher inhalation rate at GTZ and DT, as schemed in Figure 
6(e3,f3). Furthermore, high concentration of pathogens would likely be present in similar areas, which would lead 
to higher pathogen doss. The wider concentration distribution ranges and borders were related to the wind-
intensified diffusion in the street canyons of urban areas, which resulted in longer resident time and doses around 
the transportation hubs. These doses could also vary substantially with individual differences, respiratory activities, 
and activity levels. 
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Figure 6. (a,b) Bioaerosol diffusion risks profiles, and bioaerosol concentration distribution patterns at a wind 
speed of 0.25 m/s at GTZ in FX and DT in GZ; (c,d) diffuse bioaerosol inhalation risks at GTZ and DT at a wind 
speed of 2.5 m/s; (e1–e3) and (f1–f3) bioaerosol inhalation risks and the infectious dose at GTZ and DT area, 
respectively; (g,h) contours in different transportation infrastructures in FX and GZ under light-, moderate-, and 
high-intensity activities. 

In this study, the CFD-based risk prediction conducted here further demonstrated the fact that, under a 
weakened wind speed (2.5 m/s), the pathogenic bioaerosols are more mixed and dispersed, presenting un-
uniformly infection potential distribution of several examples in the high-density populated areas. For instance, 
human busy activity produced a broader inhalation dose distribution of pathogenic bioaerosols in the railway 
station (GTZ) and the subway station (DT) (Figure 6e3,f3), and subsequently, the infection potential Pr increased, 
as shown in Figure 6g,h. The locations with the highest Pr were determined to be in downwind regions with wider 
diffusion ranges. In a poorly ventilated street block, the probability of infection by airborne pathogens was greater 
in the outdoor environment. This newly proposed quantitative modelling process for determining the nature of 
bioaerosols demonstrated the probability of infection while also considering building structures and the distance 
between emission sources, and ultimately confirmed the importance of a pathogens’ airborne transmission. For 
instance, the 1.5 m surface-averaged Pr at GTZ in FX was 0.00038, while Pr at DT area in GZ decreased to 0.00030. 
Aspergillus fumigatus abundant in the air samples during on-site monitoring, which confirmed the good 
performance of the risk assessment modelling. Thus, ambient aerosols, such as mine dust, carrying pathogenic 
microorganisms can serve as hazardous pollutants in cities. The presence of these microorganisms in PM increases 
the probability of human diseases, including invasive aspergillosis by Aspergillus fumigatus, and therefore 
cleaning procedures are necessary [65,66]. 

4. Discussion 

Our findings suggest that the aggregation of pathogens on inhalable particles to form hazardous bioaerosols 
may play a significant role in the health risks presented by adverse atmospheric conditions in different cities. The 
regional climate forced ambient particle size distribution, reflects the diversity of emission sources in a region. It 
is associated with the formation of new urban particles during winter, which are characterized by rapid growth [67]. 
Through the on-site sampling of the atmosphere at artificial and natural land sites, we detected variations in the 
enhancement of the relationship between bacteria and fungi species abundance, and fine-, medium-, coarse-PM 
concentrations. These variations were largely due to the effects of regional atmospheric diffusion. Rapid 
urbanization and industrialization contribute to the complicated composition of biological particles in megacities, 
where particles are emitted from a source and are spread throughout the surrounding areas due to the action of the 
winds. As shown by the bioaerosol diffusion contours around the urban transportation infrastructures, the Pr 
distribution ranged between 0 and 0.01. The pathogen infection probability in airborne PM would likely increase 
in the downwind direction. Additionally, inhalable bioaerosols tend to remain in the vicinity of their emission 
sources, following outdoor atmospheric diffusion trajectories, which may be inhaled by individuals in the area. 

5. Conclusions 

The sources of bioaerosol and their characteristics, such as size, concentration, composition, cultivable 
clinical pathogens infection potential, as well as their associated implications were thoroughly studied. A large 
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number of environmental microorganisms were found to be present in air, soil and water samples taken from 
various locations in mining cities. The bioaerosol concentration exceeded the suggested safe inhalation exposure 
limit (<500 CFU/m3) in artificial areas with intense human activities, including farm land and transportation 
station. In the winter, the composition of airborne bioaerosols was more homogenous than in other seasons. Under 
a warm monsoon climate situation, intense anthropogenic activity (such as coal mining) contributes to the diffusion 
of biological aerosols into the air, resulting in a bioaerosol exposure level of 2073 CFU/m3. A wind speed of 2.5 
m/s had a strong impact on air quality through mine dust resuspension, which intensify the effects of human 
activities on air quality in the mining region. A reduction in wind speed facilitated the transmission of airborne 
bioaerosol leading to the emergence of unexpected clinical pathogens within ranges comparable to those found in 
urbanized environments. Using the proposed observational data-validated modelling method, which integrates 
regional environmental modelling and ambient bioaerosol exposure dose prediction, together with an infection 
probability distribution, we were able to expand the capability of modellings to determine the risk presented by 
pathogenic bioaerosols in urban environments. 

Supplementary Materials: Figures and tables that directly support the study design and outcome are submitted here as supplementary 
material. The following supporting information can be downloaded at: https://www.sciltp.com/journals/ges/2025/1/336/s1. Table S1: 
Air PM concentration and Meteorological data of sampling sites with 9 land use types in FX city. Table S2: Air PM 
concentration and meteorological data of sampling sites with 3 land use types in GZ city. Table S3: Diversity, richness and 
bacterial concentration of sampling sites within sampling area atmospheres in GZ city and FX city. Table S4: Airborne 
cultivable fungal and bacterial species information in aerosol in FX city in 2021. Table S5: On-site monitored airborne 
cultivable fungal and bacterial species information in aerosol in campus of FX city in the winter of 2022. Table S6: On-site 
monitored airborne cultivable fungal and bacterial species information-based simulation boundary settings and outputs in CFD. 
Table S7: Additional initial condition, operating condition and boundary condition of the GIS-CFD simulation in this study. 
Figure S1: Frequency of isolation of dominant cultivable bacterial and fungi species in air samples of FX city. 
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