


Short communication

Spatiotemporal Variability and Environmental Regulation of Bioaerosols and Their Human Health Outcomes




Abstract
Bioaerosols are airborne particles of biological origin, including bacteria, fungi, viruses, pollen, and their fragments, which play an important role in atmospheric processes and human health. Their distribution varies significantly across space and time, influenced by environmental factors such as temperature, humidity, wind patterns, land use, and human activities. This study provides an overview of bioaerosol sources, characteristics, and key atmospheric processes, including emission, transport, dispersion, and transformation. Bioaerosols originate from both natural sources, such as soil, vegetation, and water bodies, and anthropogenic activities, including agriculture, industrial operations, and waste treatment. Their size, typically ranging from 0.02 µm to 100 µm, determines their atmospheric behavior and deposition within the respiratory system. Environmental conditions, particularly ultraviolet radiation and humidity, affect their survival and transformation during atmospheric transport. Human exposure occurs mainly through inhalation, along with direct contact and deposition in the respiratory tract. Fine particles can penetrate deep into the lungs, increasing the risk of health effects. Bioaerosols are associated with respiratory diseases such as asthma and chronic obstructive pulmonary disease (COPD), infectious diseases such as COVID-19 and tuberculosis, and allergic and inflammatory responses. Vulnerable populations are particularly at risk. Understanding the interactions between environmental drivers and bioaerosol dynamics is essential for effective monitoring, risk assessment, and the development of mitigation strategies to protect public health.
Keyword: Bioaerosols; Atmospheric aerosols; Spatiotemporal dynamics; Environmental drivers; Exposure pathways; Human health 
1. Introduction
Bioaerosols are microscopic particles suspended in the air that originate from living organisms, such as bacteria, fungi, viruses, pollen, and their fragments. They form a significant part of atmospheric aerosols and play an important role in environmental processes, climate dynamics, and human health. Their occurrence in both indoor and outdoor environments has attracted growing attention because of their links to infectious diseases, allergic reactions, and respiratory illnesses.
Biosecurity plays a vital role in protecting both global public health and national stability (Sachs et al., 2022; Jones et al., 2008; Sessitsch et al., 2023). Bioaerosols are of particular concern because they can adversely impact human health and facilitate the transmission of diseases across both short and long distances via the air. The scale of this threat was evident during the COVID-19 pandemic, with the World Health Organization estimating approximately 14.83 million excess deaths worldwide (Msemburi et al., 2023).
The occurrence and distribution of bioaerosols are not constant; they vary with time and location due to influences such as seasonal changes, geographical differences, and human activities (Polymenakou et al., 2008; Ruiz-Gil et al., 2020). Higher levels are typically recorded in urban regions with high population density and during certain seasons, particularly spring and the monsoon period. Ongoing urbanization has intensified environmental challenges including air pollution, ecosystem degradation, and climate change, all of which can further affect the levels, distribution, and behavior of bioaerosols (Bauer et al., 2003; van Vliet et al., 2023; Xie et al., 2022b; Zhang et al., 2023a). Exposure to bioaerosols may result in a range of health effects such as respiratory infections, allergic reactions, asthma, and other inflammatory diseases, with children, the elderly, and immunocompromised individuals being especially vulnerable. Therefore, it is essential to investigate their sources, composition, distribution patterns, and associated health impacts in order to develop effective monitoring and management strategies.
2. Sources and Characteristics of Bioaerosols
Bioaerosols are extremely small particles suspended in the air that contain biological components such as bacteria, fungi, viruses, pollen, dust mites, and fragments of living cells (Matthias-Maser & Jaenicke, 1995; Smets et al., 2016). They originate from a wide range of natural sources, including soil, water environments, vegetation, and animals, as well as from human-related activities like agriculture, waste handling, and industrial processes. These particles occur across a broad size spectrum, typically from 0.02 µm to 100 µm. Their size largely determines how they move through the atmosphere, where they are deposited in the respiratory system, and the potential health risks they pose. Finer particles can penetrate deeply into the lungs, whereas larger ones tend to be trapped in the upper airways. Atmospheric conditions such as temperature, humidity, wind speed, and solar radiation influence their viability, dispersion, and transformation. In addition, bioaerosol concentrations often fluctuate with seasons, commonly showing higher levels during periods like spring and the monsoon.
3. Characteristics of the Spatial and Temporal Distribution of Bioaerosols
Bioaerosols are very small biological particles capable of staying airborne for extended periods and being carried over long distances because of their low settling rates and fine size. Their abundance in the atmosphere generally varies from 10³ to 10⁶ cells m⁻³, with bacteria making up the largest proportion, followed by fungi (Gandolfi et al., 2013; Jaenicke, 2005; Qiu et al., 2020). Through atmospheric movement and circulation patterns, these particles can be dispersed at local, regional, and even global scales.
The structure of bioaerosol communities is strongly shaped by environmental factors and the nature of their emission sources. At higher taxonomic levels, bacterial populations are most frequently represented by Proteobacteria, Bacteroidetes, Actinobacteria, Firmicutes, and Cyanobacteria, while fungal communities are mainly dominated by Ascomycota and Basidiomycota (Bowers et al., 2011; Fröhlich-Nowoisky et al., 2016). These microorganisms are derived from a wide range of origins, including natural ecosystems such as soil, vegetation, and aquatic habitats, as well as various anthropogenic activities.
At the genus level, bioaerosol communities are often dominated by bacterial groups such as Pseudomonas, Bacillus, Acinetobacter, Micrococcus, and Streptomyces, whereas fungal communities commonly include Aspergillus, Penicillium, Cladosporium, and Alternaria (Després et al., 2012; Smets et al., 2016). The distribution and richness of these microbial genera are greatly affected by surrounding environmental conditions and the degree of pollution present.
The spatial distribution of bioaerosols differs considerably among various environments. Urban regions typically show elevated concentrations because of intense human activity, industrial outputs, and emissions from vehicular traffic, while rural and coastal areas usually have lower overall levels but often greater microbial diversity (Bowers et al., 2013; Polymenakou et al., 2008). In addition, indoor environments possess their own characteristic bioaerosol composition, which is shaped by factors such as the number of occupants, ventilation efficiency, and the types of building materials used.
Temporal variability is a key feature influencing bioaerosol distribution patterns. Changes across seasons have a strong impact on both their concentration and composition. For example, levels of pollen and fungal spores are generally higher during spring and monsoon periods, whereas comparatively lower concentrations are often observed in winter (Fröhlich-Nowoisky et al., 2016; Grinn-Gofroń & Bosiacka, 2015). In addition, bioaerosol levels can fluctuate within a single day, with higher concentrations commonly occurring during daytime as a result of enhanced atmospheric mixing and increased human activities.
Meteorological factors including temperature, humidity, wind velocity, and solar radiation have a major influence on the distribution of bioaerosols in the atmosphere. Conditions characterized by moderate temperatures and high moisture levels generally favor microbial survival, while exposure to ultraviolet radiation can reduce their viability and persistence (Després et al., 2012; Smets et al., 2016). Wind contributes to the long-range transport and dispersion of these particles, whereas low wind or stagnant atmospheric conditions can promote their accumulation in localized areas. In summary, the spatial and temporal distribution of bioaerosols is highly variable and results from the combined effects of natural environmental processes and anthropogenic influences. Understanding these dynamics is important for evaluating their environmental behavior and associated health implications.
4. Bioaerosol Processes
4.1 Emission and Release
Bioaerosols are released into the atmosphere from a combination of natural and human-made sources. Natural origins include soil, oceans, plants, and animals, whereas anthropogenic activities such as agriculture, wastewater treatment, and various industrial operations also play a significant role. Physical disturbances like wind erosion, rainfall impact, farming practices, and construction activities promote the transfer of microorganisms from surfaces into the air (Després et al., 2012; Bowers et al., 2011). In addition, biological mechanisms such as the release of fungal spores and the detachment of bacterial cells further contribute to bioaerosol production.
4.2 Transport and Dispersion
Once released into the atmosphere, bioaerosols undergo transport and dispersion governed by atmospheric dynamics. Wind speed and direction are primary drivers that determine their movement, enabling dispersal over local, regional, and even continental scales. Turbulent air motion enhances vertical mixing, allowing these particles to be lifted to higher atmospheric layers. Particle size is a critical factor influencing their transport behavior, with finer particles remaining suspended for longer durations and capable of traveling greater distances (Burrows et al., 2009; Smets et al., 2016). Additionally, environmental conditions such as temperature and humidity further regulate their dispersion and atmospheric distribution patterns.
4.3 Transformation (UV Radiation and Humidity Effects)
During their movement through the atmosphere, bioaerosols are subjected to a range of physical, chemical, and biological changes. Exposure to ultraviolet (UV) radiation can impair essential cellular components such as DNA and proteins, which may reduce microbial viability or result in complete inactivation. Relative humidity also plays an important role; higher moisture levels generally support microbial survival by limiting desiccation, whereas dry conditions can cause dehydration and loss of viability. Furthermore, contact and interaction with atmospheric pollutants can modify the structure, composition, and behavior of bioaerosols (Després et al., 2012; Fröhlich-Nowoisky et al., 2016). These transformation processes ultimately affect their atmospheric persistence and their potential effects on human health.
5. Exposure Pathways
Bioaerosols can reach the human body through several exposure routes, of which inhalation is the primary and most important pathway. The level of exposure and the resulting health impacts are influenced by factors such as particle size, airborne concentration, and the length of exposure.
5.1 Inhalation
Inhalation serves as the main route by which bioaerosols impact human health. When breathing, individuals can inhale airborne microorganisms and biological particles that then enter the respiratory system. Smaller particles (≤2.5 µm) are capable of reaching deep lung regions, including the alveoli, thereby increasing the likelihood of infection and inflammatory responses. This exposure route has been closely linked to respiratory illnesses such as influenza, tuberculosis, and COVID-19 (Tellier et al., 2019; Xie et al., 2007).
5.2 Direct Contact
Direct contact exposure occurs when bioaerosols deposit on the skin, eyes, or other exposed parts of the body. These microorganisms may then gain entry into the body through breaks in the skin, open wounds, or mucosal surfaces such as the eyes, nose, and mouth. This mode of exposure is especially important in occupational settings like agriculture, healthcare facilities, and waste management, where workers are regularly exposed to contaminated air and surfaces (Douwes et al., 2003). Although it is generally considered a secondary route compared to inhalation, direct contact can still lead to infections as well as allergic responses.
5.3 Deposition in the Respiratory System
After inhalation, bioaerosols are distributed within the respiratory tract according to their size and aerodynamic characteristics. Particles larger than 10 µm are usually filtered and retained in the upper respiratory passages such as the nasal cavity and throat, while those ranging from 2.5 to 10 µm tend to deposit in the bronchi and bronchioles. Fine and ultrafine particles smaller than 2.5 µm can penetrate deeper into the lungs and reach the alveolar region, where gas exchange occurs, potentially leading to more severe health impacts. Once deposited, these particles may stimulate immune responses, cause inflammation, and induce oxidative stress, which can contribute to chronic respiratory conditions (Hinds, 1999; Oberdörster et al., 2005).
6. Human Health Outcomes
Exposure to bioaerosols may lead to a broad range of health outcomes, from mild allergic reactions to serious infections and long-term respiratory illnesses. The severity of these effects is influenced by factors such as particle size, microbial type, concentration in the air, duration of exposure, and individual susceptibility. Bioaerosols often contain living microorganisms, toxic substances, and allergenic agents that can interact with the respiratory and immune systems, ultimately triggering different adverse health responses.
6.1 Respiratory Diseases (Asthma, COPD)
Bioaerosols are important contributors to both the onset and worsening of respiratory conditions such as asthma and chronic obstructive pulmonary disease (COPD). When inhaled, airborne microbes, fungal spores, and endotoxins can irritate the airways and initiate inflammatory reactions. These agents stimulate airway epithelial and immune cells, resulting in the production of cytokines and chemokines that drive inflammation. Prolonged exposure to bioaerosols may lead to structural changes in the airways, decreased lung function, and a higher risk of respiratory infections. For individuals already suffering from respiratory illnesses, exposure can intensify symptoms such as wheezing, persistent cough, and breathlessness. People working in environments like agriculture, waste management facilities, and industrial sites face particularly elevated risks of developing respiratory disorders due to continuous exposure (Douwes et al., 2003; Brunekreef & Holgate, 2002).
6.2 Infectious Diseases (COVID-19, Tuberculosis)
Bioaerosols act as vehicles for disease-causing microorganisms, including bacteria and viruses, that are responsible for various infectious illnesses. Airborne spread occurs when infected individuals expel respiratory droplets and aerosols during activities such as coughing, sneezing, talking, or even breathing. These particles can remain suspended in the air for some time and may be inhaled by other individuals who are susceptible.
Infectious diseases like COVID-19 and tuberculosis (TB) are closely linked to transmission through bioaerosols. Fine aerosol particles smaller than 5 µm are capable of reaching deep into the lungs, including the alveolar region, where infection can establish. Conditions such as inadequate ventilation, crowded environments, and indoor exposure further enhance the likelihood of disease spread (Tellier et al., 2019; Morawska & Cao, 2020).
6.3 Allergic Reactions
Bioaerosols act as a significant source of airborne allergens, comprising components such as pollen grains, fungal spores, and microbial fragments. In susceptible individuals, these allergenic particles can initiate hypersensitivity reactions by stimulating immune responses, particularly those mediated through immunoglobulin E (IgE).
Exposure to bioaerosols is frequently linked to allergic disorders, including allergic rhinitis, asthma, and hypersensitivity pneumonitis. The occurrence of these conditions is strongly influenced by seasonal changes, as concentrations of pollen and fungal spores typically increase during spring and monsoon periods. In addition, urban air pollution can amplify the allergenic potential of bioaerosols by altering their surface properties, which enhances their capacity to provoke immune reactions (D’Amato et al., 2007; Fröhlich-Nowoisky et al., 2016).
6.4 Inflammatory and Toxic Responses
Bioaerosols often carry biologically active substances such as endotoxins derived from Gram-negative bacteria, mycotoxins produced by fungi, and microbial volatile organic compounds (MVOCs). These compounds are capable of inducing toxic and inflammatory effects in the human body.
When inhaled, they interact with immune cells and stimulate the generation of reactive oxygen species (ROS) along with other pro-inflammatory mediators. This cascade leads to oxidative stress and inflammatory reactions that can injure lung tissue and reduce respiratory efficiency. In more serious cases, exposure may contribute to disorders such as Organic Dust Toxic Syndrome (ODTS), chronic bronchitis, and even systemic inflammatory responses (Després et al., 2012; Oberdörster et al., 2005).
6.5 Vulnerable Populations
Certain groups are more susceptible to the adverse effects of bioaerosols:
· Children: Developing respiratory systems and higher breathing rates 
· Elderly individuals: Reduced immune function 
· Immunocompromised individuals: Increased susceptibility to infections 
· Occupational workers: Higher exposure levels (e.g., farmers, healthcare workers) 
Table 1. Detailed Health Effects of Bioaerosols
	Health Outcome
	Causative Agents
	Mechanism of Action
	Symptoms/Effects
	Examples of Diseases

	Respiratory Diseases
	Bacteria, fungi, endotoxins
	Airway inflammation, immune activation
	Coughing, wheezing, breathlessness
	Asthma, COPD

	Infectious Diseases
	Viruses, pathogenic bacteria
	Infection via inhalation, alveolar deposition
	Fever, infection, lung damage
	COVID-19, Tuberculosis

	Allergic Reactions
	Pollen, spores, microbial debris
	IgE-mediated hypersensitivity response
	Sneezing, irritation, asthma
	Rhinitis, allergic asthma

	Inflammatory Effects
	Endotoxins, mycotoxins
	Oxidative stress, cytokine release
	Inflammation, tissue damage
	ODTS, chronic bronchitis

	Toxic Effects
	Microbial toxins (MVOCs)
	Cellular toxicity, immune disruption
	Fatigue, irritation
	Toxic respiratory syndrome



Conclusion
Bioaerosols are continuously changing airborne particles that play an important role in determining environmental conditions and affecting human health. Their presence and distribution are governed by a combination of natural environmental factors and human activities, resulting in marked spatial and temporal variations. Human exposure to bioaerosols occurs primarily through inhalation and can lead to a wide range of health problems, including respiratory infections, allergic reactions, and inflammatory diseases. Therefore, gaining a clear understanding of their sources, atmospheric behavior, and associated health impacts is crucial for enhancing monitoring approaches and developing effective control and mitigation measures to safeguard public health.
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