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ABSTRACT
This study assessed the concentration, composition, and spatiotemporal distribution of airborne fungi in a metropolitan area, 
comparing urban and peri-urban sites across rainy and dry seasons. An 8-month fungal bioaerosol monitoring was conducted 
using a six-stage Andersen cascade impactor. Data analysis involved generalised linear regression models and multifactorial 
ANOVA to assess the relationships between meteorological conditions, sampling sites, campaigns, fungal concentrations, and im-
pactor stages. Additionally, a Bayesian neural network was developed to predict bioaerosol dynamics based on the analysed vari-
ables. We identified 10 viable fungal species, including Aspergillus niger, Aspergillus nidulans, Aspergillus. fumigatus, Aspergillus 
terreus, Aspergillus flavus, Aspergillus versicolor, Penicillium spp. and Fusarium oxysporum. Notable differences in the aerody-
namic sizes of fungal particles influenced their distribution and potential impact on the respiratory system. The Bayesian neural 
network successfully predicted fungal bioaerosol concentrations with an accuracy of 76.87%. Our findings reveal the significant 
role of environmental and human-related factors in shaping bioaerosol distribution in tropical urban contexts. This research 
provides essential insights into the behaviour of fungal bioaerosols, highlighting their relevance for public health, especially for 
immunocompromised populations, and their impact on local agriculture. Furthermore, it demonstrates the potential of fungal 
bioaerosols as bioindicators for environmental monitoring and predictive modelling.

1   |   Introduction

Air pollution has become a growing concern for the scientific 
community due to its negative impact on human health. The 

World Health Organisation (WHO) has indicated that most cit-
ies worldwide experience high air pollution levels, which have 
been associated with direct and indirect health damage (Maji 
and Namdeo  2021; Metelmann et  al.  2021). These elevated 
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pollution levels in various regions, especially in large cities in 
Latin America, Asia, and Africa, have been linked to deaths 
from respiratory and cardiovascular diseases (Gómez-Dantés 
et al. 2016; Awokola et al. 2020; Gouveia et al. 2018; Amarillo 
and Carreras  2012; Herrera et  al.  2016; Herrera and Cabrera-
Barona  2022; Rodriguez-Villamizar et  al.  2022; Rodríguez-
Villamizar et  al.  2021; Agudelo-Castañeda et  al.  2019). 
Moreover, according to the WHO, outdoor air pollution causes 
approximately 2.9 million premature deaths (Cohen et al. 2017; 
Bui et al. 2023).

Another significant health risk factor related to air pollution is 
the presence of bioaerosols, also known as primary biological 
aerosol particles (PBAP) (Després et  al.  2012). PBAP includes 
viable and non-viable particles derived from living organisms, 
such as bacteria, fungal spores, pollen, mites, and dead tissues 
(Emygdio et al. 2018). In contrast, fungal spores dominate the 
total bioaerosol composition (Kakde 2012). The release of PBAP 
occurs mainly during processes involving biological materi-
als, generating sufficient energy to release small particles from 
a more considerable substance, such as wind, water, or me-
chanical movement (Fung and Hughson  2003; Kakde  2012). 
Furthermore, it is widely recognised that climatic conditions, 
such as temperature, rainfall, humidity, and air currents, pro-
foundly influence the development, propagation, and survival of 
bioaerosols (Lee et al. 2010; Gong et al. 2020; Jeong et al. 2022), 
contributing to approximately a quarter of aero-transported 
biogenic materials (Šantl-Temkiv et al. 2020). PBAP is an insep-
arable part of human society and can be found in various en-
vironments where bacteria and fungi are predominant (D'Arcy 
et al. 2014).

Numerous studies have demonstrated the harmful impact 
of bioaerosols on human health, causing toxic, allergic, or 
irritative disorders depending on characteristics such as 
size, microbial gender, or species (Fung and Hughson  2003; 
Laumbach et al., Laumbach and Kipen 2005; Kim et al. 2018; 
Robichaud  2020). Therefore, it is crucial to characterise mi-
crobial dispersion and assess the potential risk of microbial 
aerosols in outdoor environments (Madsen et  al.  2021). In 
the last decade, a significant amount of research has been 
conducted to quantify the concentrations and size distribu-
tions of bioaerosols in different environmental scenarios, 
such as bird breeding sites (Nguyen et  al.  2021), landfills 
(Li et al. 2021; Madhwal et al. 2020a; Madhwal et al. 2020b; 
Morgado-Gamero et  al.  2021), clinics or hospitals (Liu 
et al. 2021; Pastuszka et al. 2005), and wastewater treatment 
plants (Bruni et al. 2020; Korzeniewska 2011). In particular, 
fungal bioaerosols can potentially cause allergies, infections, 
and intoxications (Morgado Gamero, Agudelo-Castañeda, 
et al. 2018; Morgado Gamero, Ramírez, et al. 2018).

Due to the spore's fungus, which can readily travel through 
the air as bioaerosols and deposit in any tissue, infections in 
humans and plants can be seen. In the same way, the influ-
ence of global warming, natural disasters, the use of fungi-
cides, and exposure to chemicals that cause stress to fungi is 
forcing them to change, become resistant, and achieve adap-
tation that facilitates their spread in environments where they 
were not before (Seidel et al. 2024; Verweij et al. 2022; Konkel 
Neabore 2024).

In indoor environments such as office buildings, hospitals, dor-
mitories, airplanes, and air-conditioned structures that heavily 
rely on air recirculation, abnormally high quantities of viable 
bioaerosols can be found, often including pathogenic bioaerosols 
(Norouzian Baghani et al. 2021; Jeong et al. 2022; Li et al. 2015). 
On the other hand, outdoor mould tends to proliferate in vari-
ous environments, although its concentration and composition 
in the air vary with the season. Additionally, spore counts may 
fluctuate throughout the day, typically higher in the afternoon 
and early evening (Green et al. 2006).

According to the Global Action For Fungal Infections (GAFFI), 
approximately 6.55 million patients develop potentially fatal 
fungal infections annually, of which, unfortunately, 3.75 million 
patients die, associated with some immunosuppressive disease. 
It is essential to highlight the respiratory and invasive impact of 
fungi, especially mentioning the genus Aspergillus; for example, 
the group GAFFI reports that there is an annual incidence of 
1.837.000 affected in chronic pulmonary aspergillosis, 2,100,000 
in invasive aspergillosis, and 11,500,000 in fungal asthma 
(Bongomin et al. 2017; Denham et al. 2019).

Filamentous fungi, such as Penicillium spp., Aspergillus 
spp., Mucor spp. and Rhizopus spp., are commonly asso-
ciated with allergies, infections, irritations, and toxicity 
(Stetzenbach et al. 2004; Schwab and Straus 2004; Fung and 
Hughson  2003; Mentese et  al.  2009). Among these fungi, 
Aspergillus spp., Cladosporium spp. and Penicillium spp. are 
the most frequently associated with allergies, and they exist 
in both indoor and outdoor environments (Esch et  al.  2020; 
Fung and Hughson  2003; Wei et  al.  1993). The threshold 
concentrations required to trigger allergic reactions to these 
species are unknown, but increased airborne concentrations 
have been associated with a higher risk of respiratory arrest 
in sensitised patients. Fungal bioaerosol high exposure may 
also coincide with the season of peak grass and weed pollen, 
affecting fungal-allergic patients who, in many cases, are 
also sensitised to other aeroallergens (Singh and Hays 2016). 
It is noteworthy to mention the urgent need to evaluate the 
prevalence of different species of filamentous fungi, both in 
human exposure and at the agricultural level. For example, 
the genus Aspergillus is characterised by its wide distribu-
tion in the environment due to its high sporulation capacity, 
which raises concerns about its ability to infect susceptible 
hosts, such as individuals with haematological malignancies 
(Raposo Puglia et al. 2024), cancer (Wan et al. 2024), diabe-
tes mellitus (Li et al. 2024), lung transplant recipients (Walti 
et al. 2024), lung cancer (Whittaker et al. 2024), HIV-positive 
individuals (Denning and Morgan 2022), premature newborns 
(Mohammad et  al.  2024), and leukaemia patients (Penack 
et al. 2024). Similarly, Fusarium oxysporum is a filamentous, 
saprophytic fungus that can grow and survive for long peri-
ods in organic matter in the soil and is characterised by being 
pathogenic to many plant species (Zuriegat et al. 2021). Until 
2018, no case of tropical strain 4 (TR4) of Fusarium had been 
reported in Latin America. However, in 2019, the first TR4 
case was reported in Colombia. In April 2021, the discovery 
of a banana plantation infected by Foc TR4 was confirmed in 
Peru, prompting all Latin American countries to constantly 
monitor their crops (García-Bastidas et  al.  2020; Olivares 
et al. 2021).
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The assessment of airborne fungi, both indoors and outdoors, is 
crucial in establishing criteria and indicators of atmospheric bio-
contamination, which is essential in designing technologies and 
methods related to the prevention and mitigation of bioaerosol 
release and exposure. Additionally, knowledge of atmospheric 
biocontamination is vital for decision-makers in environmental 
health since outdoor air quality influences indoor air quality 
through the penetration of air from outdoors to indoors, mainly 
depending on ventilation efficiency (Lee and Yoo 2022; Mentese 
et al. 2009). The contribution of outdoor air to indoor air pollu-
tion depends on the concentration and composition of bioaero-
sols in the outdoor air.

Studies on airborne fungi levels in Colombia in outdoor settings 
are scarce (Huertas et  al.  2018; Morgado Gamero, Agudelo-
Castañeda, et al. 2018; Morgado Gamero, Ramírez, et al. 2018; 
Morgado-Gamero et al. 2021). Cities like Bogotá and Medellín 
exhibit high levels of air pollution, with Bogotá being the most 
polluted city, exceeding WHO guidelines for PM10 and PM2.5 
(Hernández-Flórez et al. 2013; Rodríguez-Camargo et al. 2020). 
In contrast, Barranquilla has experienced rapid urban, popu-
lation, and industrial growth over the past decade. It is a focal 
point for preventing and mitigating air quality deterioration in 
tropical urban environments (Gallego-Cartagena et  al.  2022). 
However, official reports from Colombia's National Department 
of Statistics and the Integrated System of Social Protection 
Information indicate that the primary cause of mortality in 
Barranquilla is related to acute respiratory infections (Betancur-
Otalvaro et al. 2023; Amaya Díaz et al. 2021).

Despite the implementation of regulatory instruments and moni-
toring/control systems to reduce air pollution, difficulties persist 
in establishing standardised methodologies for monitoring and 
controlling the levels of atmospheric biocontamination. Hence, 
it is essential to recognise the activities or processes related to 
the dynamics and sources of bioaerosols in open urban environ-
ments to design technologies and methods that contribute to the 
prevention and mitigation of PBAP release and exposure.

This study assessed the concentration, composition, and spatio-
temporal distribution of airborne fungi in a metropolitan area 
during the rainy and dry seasons. A six-stage Andersen Cascade 
Impactor was used to collect airborne fungi in both morning and 
afternoon sessions, enabling us to determine the size of viable par-
ticles in the human respiratory system. Additionally, the study pro-
vided valuable insights into the behaviour of fungal bioaerosols in 
urban and rural environments within a tropical city. Furthermore, 
implementing a Bayesian neural network was crucial in establish-
ing a solid foundation for our predictive capabilities based on cur-
rent bioaerosol monitoring techniques, focusing on exploring the 
potential of fungal bioaerosols as environmental bioindicators.

2   |   Materials and Methods

2.1   |   Study Area, Climatic Conditions, 
and Sampling Sites

Airborne fungi were sampled in the urban area of Barranquilla, 
the capital of the Atlántico Department in Colombia (Figure 1), 
located on the western bank of the Magdalena River, 7.5 km from 

its mouth into the Caribbean Sea, covering an area of 154 km2 
with a population of 2,239,103 inhabitants (DANE 2021). This 
urban center hosts pharmaceutical, chemical, food, construction 
materials, metallurgical, bodywork, and shipyard industries. 
Barranquilla has a predominantly tropical savanna climate ac-
cording to the Köppen-Geiger climate classification, with an 
average annual temperature of 27.1°C. The minimum tempera-
tures occur in February, reaching 25.2°C, and the maximum 
in July, reaching 29.4°C. Moderate wind flows prevail from the 
northeast (42.7%) and north (25%), with occasional observations 
from the east, southeast, and south, accounting for 5.8%, 6.1%, 
and 6.1% of the total observations, respectively (IDEAM 2023). 
The average annual rainfall is 814 mm, with the highest peak 
in October (1396 mm) and the lowest in February (22 mm). The 
annual relative humidity (% RH) was approximately 80%, reach-
ing its highest peak in October (85.10%) and lowest in February 
(78.21%). The mean annual solar luminosity is approximately 
3406.8 h (Agudelo-Castañeda et al. 2020; IDEAM 2023).

The sampling sites were selected based on a combination of envi-
ronmental factors (e.g., wind direction, humidity conditions and 
predominant flora) and anthropogenic factors (e.g., industrial 
activities, vehicular traffic, stream channels and wastewater 
discharges) that potentially contribute to the generation, dy-
namics, and distribution of airborne fungi (Gallego-Cartagena 
et al. 2020).

Site S1, Peace Square, is located in the city's Historic Center 
(10°59′16″ N, 74°47′20″ W). This site is 50 m from a high-traffic 
road, 100 m from an urban bus station, and 500 m from the city's 
industrial complex. Additionally, S1 serves as a gathering point 
for public demonstrations and cultural events and is surrounded 
by residential buildings, wastewater channels, and recreational 
areas (Figure 1A).

Site S2, Barranquilla Riverwalk, is situated in the Riomar local-
ity, along the banks of the Magdalena River, in the northeast-
ern part of the city (10°49′0.9″ N, 74°46′13.9″ W). This relatively 
new area in the city is influenced by tourist activities, vehicu-
lar traffic, and its proximity to the riverbed, which is affected 
by the discharge of wastewater effluents 1000 m upstream or 
from municipalities further upstream. This contributes to this 
city's significant microbiological load, rich in fungi and bacteria 
(Figure 1B).

Site S3, the university corridor of the Sabanilla Montecarmelo 
district, is located in the municipality of Puerto Colombia, 
in the northwest of the metropolitan area of Barranquilla 
(11°01′0.05″ N, 74°51′04″ W) (Figure  1C). This site is located 
1.2 km from the Ciénaga de Mallorquín, a coastal estuarine la-
goon severely affected by wastewater pollution and human set-
tlements (Fuentes-Gándara et al. 2021; Portz et al. 2020). S3 is 
influenced by a wide variety of estuarine flora, an intervened 
tropical dry forest, and marine aerosols from the Caribbean 
Sea and the mouth of the Magdalena River. It should be noted 
that sampling points S2 and S3 are subject to the diffuse impact 
of recurrent forest fires that typically occur in the Vía Isla de 
Salamanca Park during the dry season (Nolte 2016).

To compare the fungal bioaerosol composition with the pre-
vious sampling sites, the municipality of Galapa (S4), located 
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southwest of the metropolitan area of Barranquilla, was se-
lected. With minimal anthropogenic influence, this site is 
200 m from a natural reserve of tropical dry forest, which 
harbours significant ecological diversity. Thus, it is a valuable 
source of information on fungal bioaerosols from relatively un-
disturbed tropical natural systems located in a non-urbanised 
area (see Figure 1D).

2.2   |   Sampling

A comprehensive monitoring strategy was designed regarding 
time and sampling frequency, utilising a six-stage Andersen 
Cascade Impactor monitoring device and taxonomically charac-
terising airborne fungi from different environmental scenarios. 
To assess the distribution of fungal aerosols between the rainy 
and dry seasons in the study area, samplings were conducted 
from October 2019 to August 2020, covering 8 months (4 months 
of the dry season and 4 months of the rainy season). During this 
period, samplings were carried out once a month, both in the 
morning (8:00–11:30 AM) and in the afternoon (1:30–5:00 PM), 
at each site. Five sampling points were selected at each location, 
separated by a distance of 500 m, and six samples were collected 

in triplicate for each site (Figure 1). The samples were collected 
for approximately 5 min at a rate of 28.3 L/min. In total, 90 sam-
ples were collected monthly at each site, for 2880 samples during 
the 8 months.

2.3   |   Instrumentation

For the sampling, a six-stage Andersen cascade impactor (Thermo 
Fisher Scientific, Waltham, Massachusetts, USA) with six glass 
petri dishes was used (93 mm diameter). The particle sizes were 
fractionated into six size ranges: > 7.0 μm (stage 1), 4.7–7.0 μm 
(stage 2), 3.3–4.7 μm (stage 3), 2.1–3.3 μm (stage 4), 1.1–2.1 μm 
(stage 5) and 0.65–1.1 μm (stage 6). The sampler was mounted 
1.5 m above the ground surface, which coincides with the average 
human inhalation zone (Jeong et al. 2022; Le and Tsai 2021). The 
sampling time for each sample was determined by conducting a 
pre-sampling at three different time intervals (5, 10 and 15 min). 
After applying statistical analysis for confidence limits and con-
centration precision, it was established that a 5-min sampling 
time showed the best precision and accuracy of concentrations 
at different stages of the impactor (Morgado Gamero, Agudelo-
Castañeda, et al. 2018; Morgado Gamero, Ramírez, et al. 2018).

FIGURE 1    |    Location of sampling sites in Barranquilla City, Colombia: (A) Peace Square (S1); (B) Barranquilla Riverwalk (S2); (C) Puerto 
Colombia (S3); (D) Galapa (S4).
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Each sampling was conducted on a typical sunny or rainy 
day with similar meteorological conditions to minimise mea-
surement uncertainty resulting from weather variations. 
Meteorological data were simultaneously recorded using a 
Kestrel Model 4500 anemometer (Boothwyn, Pennsylvania, 
USA) during the sample collection, which provided information 
on temperature, relative humidity, wind direction, and speed. 
During sampling, the outdoor temperature ranged from 26.2°C 
to 32.5°C, and the relative humidity ranged from 71.2% to 90%. 
The prevailing wind direction was northwest, with an average 
wind speed of 2.2 m/s.

2.4   |   Microbiological Analysis

Fungal aerosols were captured on Petri dishes with Sabouraud 
Agar Glucose culture media (Merck, Germany), described pre-
viously by (Morgado-Gamero et al. 2019). After sampling, the 
agar plates were immediately transported to the laboratory 
and incubated at 25°C for 5 days. The sampler was disinfected 
with 75% ethanol to prevent contamination before and after 
sampling. Counting the colony-forming units (CFU) in Petri 
dishes was based on their macroscopic characteristics (e.g., 
shape, colour, texture and border). Taxon identification was 
performed by staining with Lactophenol Cotton Blue (LPCB) 
and microscopic observation of reproductive structures and 
mycelium. LPCB staining is a commonly used method for 
identifying fungi, involving the staining of fungal structures 
such as spores and hyphae to enhance their visibility under 
the microscope (Sykes and Rankin 2014). The LPCB stain con-
tains phenol, which kills living organisms; lactic acid, which 
preserves fungal structures; and cotton blue, which stains the 
chitin in the fungal cell walls. By observing the stained re-
productive structures and mycelium under the microscope, 
different fungal taxa were identified based on their unique 
morphological characteristics. This technique enabled pre-
cise and detailed identification of fungal communities in the 
bioaerosols. Colony-forming units (CFUs) on the Petri dishes 
were counted based on their macroscopic characteristics 
(e.g., shape, colour, texture and margin). The concentration 
of bioaerosols at each stage was determined by dividing the 
CFU number by the sampled volume, applying the equation 
defined by Thermo Fisher Scientific to the Six-Stage Viable 
Andersen Cascade Impactor; the result is expressed in CFU/
m3 (Morgado-Gamero et al. 2021).

2.5   |   Data Treatment

The data was systematised in a spreadsheet by sampling cam-
paigns, journeys, sampling sites, and replicates as independent 
variables. Data treatment was performed using the Statgraphics 
Centurion XVI software, using a generalised linear regression 
model to determine if there is a relationship between the mea-
sured meteorological variables (temperature, relative humid-
ity, wind speed and direction) and the concentrations obtained 
from fungal bioaerosols with 95% confidence (p < 0.05). In addi-
tion, a statistical analysis was performed using a multifactorial 
ANOVA that established if there are significant differences be-
tween independent factors or variables, in this case, the sam-
pling sites, the journeys, the sampling campaigns, and the stage 

of the Andersen impactor. A Bayesian neural network classifier 
was trained using the variables under study to predict when the 
concentration of fungal bioaerosols exceeded its average value 
(316 CFU/m3) to determine whether the analysed variables were 
sufficient to estimate the behaviour of fungal bioaerosols rela-
tive to their average value. The neural network provides insight 
into the extent to which the studied variables can explain the 
occurrence of high or low fungal bioaerosol concentrations, 
thereby complementing the initial analysis conducted with mul-
tivariate statistical models, which identify which of the studied 
variables are statistically related to the behaviour of fungal bio-
aerosol concentrations.

3   |   Results and Discussion

3.1   |   Fungal Species: Diversity, Distribution 
and Ecological Roles

This study analysed the concentrations of various fungal spe-
cies present in bioaerosols at four monitoring sites in the met-
ropolitan area of Barranquilla: three urbanised areas, Peace 
Square (S1), Barranquilla Riverwalk (S2), Puerto Colombia 
(S3), and one non-urbanised area, Galapa (S4). A total of 10 
viable fungal species were identified, including Aspergillus 
niger, Aspergillus nidulans, Aspergillus fumigatus, Aspergillus 
terreus, Aspergillus flavus, Aspergillus versicolor, Aspergillus 
sp., Penicillium sp., Penicillium chrysogenum and F. oxysporum 
(Table  1). Interestingly, the presence of these genera has been 
reported in various regions around the world, such as in India 
in both indoor and outdoor environments (Jabeen et al. 2023), as 
well as in the indoor and outdoor air of veterinary clinics in Iran 
(Mosalaei et al. 2021) and in hospitals in Tehran. However, stud-
ies conducted in high-rise apartment buildings in Korea, both in 
indoor and outdoor environments, did not detect the Fusarium 
genus (Bolookat et al. 2018; Lee and Jo 2006). This absence may 
be attributed to differences in environmental conditions, such 
as humidity, temperature, and air circulation, which influence 
fungal growth and dispersion. Additionally, variations in sam-
pling locations (e.g., urban vs. rural, high-rise vs. ground-level 
settings), seasonal differences during sampling, and the specific 
identification methods used (e.g., culture-dependent vs. molecu-
lar techniques) may explain the disparity in findings.

In contrast, our study detected F. oxysporum in bioaerosols col-
lected from all four monitoring sites, highlighting the distinct 
environmental characteristics of the Barranquilla metropolitan 
area. The presence of Fusarium in our samples underscores the 
potential role of local climate conditions, such as high humid-
ity and temperature, and diverse microbial sources, in shaping 
fungal community composition. This finding aligns with other 
studies conducted in tropical and subtropical regions, where 
Fusarium is frequently reported in both indoor and outdoor air.

At site S1 (Peace Square), a notable presence of A. nidulans 
(244.63 ± 35 CFU/m3), A. niger (235.57 ± 21 CFU/m3), Aspergillus 
sp. (264.19 ± 65 CFU/m3), and Penicillium sp. (366.35 ± 52 CFU/
m3) was observed (Table 1). These results suggest that this city 
area provides favourable conditions for the proliferation of these 
fungal species. Therefore, the presence of these species could be 
attributed to the proximity to a high-traffic road (located 100 m 
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away), the congregation of people at the bus stop, and the dis-
charge of wastewater flowing through the stream channels. 
These factors could facilitate the dispersion of fungal bioaero-
sols from external sources. Similarly, at site S2 (Barranquilla 
Riverwalk), a higher concentration of A. niger (294.46 ± 18 CFU/
m3) was recorded compared to site S1. High concentrations 
of Penicillium sp. (377.09 ± 33 CFU/m3) and Aspergillus sp. 
(334.62 ± 52 CFU/m3) were also detected. The presence of these 
species suggests that this area, heavily influenced by tourism 
activities and wastewater effluents, could be exposed to a more 
significant amount of fungal and/or bacterial bioaerosols car-
ried by the Magdalena River. This occurs because contaminated 
rivers can transport organic material and microorganisms from 
other locations, facilitating their dispersion in the air as they 
reach the riverbanks. This phenomenon has been documented 
in previous studies, which have shown that the microbial load 
present in rivers can significantly contribute to the formation of 
bioaerosols in nearby areas (Morgado-Gamero et al. 2025; Gong 
et al. 2020; Šantl-Temkiv et al. 2020). In our study, the presence 
of Penicillium sp. could be related to the organic matter load and 
environmental conditions favourable for its development, as 
noted in the findings of Niazi et al. (2015).

On the other hand, at site S3 (Puerto Colombia), A. terreus ex-
hibited an exceptionally high concentration (2296.82 ± 102 CFU/
m3), significantly surpassing its levels at other sites (see Table 1 
and Figure S1). This atypical concentration suggests the influ-
ence of a local factor, possibly related to the proximity of the 
Ciénaga de Mallorquín, an estuarine aquatic ecosystem whose 
ecological characteristics may provide favourable conditions 
for the proliferation and emission of marine –coastal aerosols 
rich in this species. Additionally, at this sampling site, a higher 
concentration of Penicillium sp. (495.07 ± 51 CFU/m3) and 
Aspergillus versicolor (235.57 ± 26 CFU/m3) were observed com-
pared to the other sites studied. These high concentrations could 
also be associated with the influence of estuarine aerosols from 
the nearby Ciénaga de Mallorquín, reinforcing the hypothesis 
that the interaction between environmental factors and marine 
aerosols favours the proliferation of these fungi at the site.

At site S4 (Galapa), relevant concentrations of Aspergillus niger 
(285.40 ± 38 CFU/m3), A. fumigatus (388.69 ± 53 CFU/m3), A. ver-
sicolor (181.68 ± 20 CFU/m3), Aspergillus sp. (285.21 ± 35 CFU/
m3), Penicillium sp. (339.97 ± 39 CFU/m3) and P. chrysogenum 
(294.46 ± 47 CFU/m3) were observed (Table  1). These values 
indicate a higher species diversity than the previous sites and 
could be related to the ecological richness of this natural envi-
ronment, characterised by minimal anthropogenic impact. The 
highest microbial diversity in areas with minimal human activ-
ity is attributed to several key factors. Undisturbed natural en-
vironments provide more stable environmental conditions and a 
wide range of ecological niches, allowing for a greater variety of 
microbial species to coexist. In contrast, human activities such 
as agriculture, industry, urbanisation, and pollution disrupt 
the environmental conditions in which microbes live, reducing 
their diversity (Kumari et al. 2024). Soil disturbance, the use of 
fertilisers and pesticides, and changes in water chemistry (e.g., 
nutrient increase due to wastewater runoff) exert selective pres-
sures that favour a few resistant species (van Rhijn et al. 2024). 
In contrast, areas with minimal human intervention, such as 
remote forests and pristine ecosystems, maintain more stable 
conditions, enabling the proliferation of a more significant num-
ber of microbial species (Li et al. 2020). These areas experience 
less influence from selective pressures, such as antibiotics and 
pollutants, which facilítate the coexistence of greater microbial 
diversity (Zheng et al. 2024).

Additionally, environments with minimal human intervention, 
such as tropical dry forests (similar to site S4), offer a greater 
variety of ecological niches that support the coexistence of spe-
cialised microbial communities with diverse ecological func-
tions (Mo et al. 2024). Particular niches, such as high-altitude 
areas and deep-sea ventilation systems, are environments that 
accommodate specialised microbial communities, as observed 
in nature reserves like S4 (Ciccazzo et al. 2016).

The results obtained at each monitoring site consistently sup-
port the findings of previous studies that investigated fungal 
spores in the air, regardless of the collection methods used (Patel 

TABLE 1    |    Concentration of identified fungal bioaerosol species.

Species
Peace Square 

(CFU/m3)
Barranquilla 

Riverwalk (CFU/m3)
Puerto Colombia 

(CFU/m3) Galapa (CFU/m3)

Aspergillus niger 235.57 ± 21 294.46 ± 18 176.68 ± 15 285.40 ± 38

Aspergillus nidulans 244.63 ± 35 197.46 ± 35 239.78 ± 20 214.54 ± 18

Aspergillus fumigatus 176.68 ± 21 178.68 ± 41 198.76 ± 22 388.69 ± 53

Aspergillus terreus 176.68 ± 27 180.68 ± 12 2296.82 ± 102

Aspergillus flavus 176.68 ± 15 176.68 ± 15

Aspergillus versicolor 235.57 ± 26 181.68 ± 20

Aspergillus sp. 264.19 ± 65 334.62 ± 52 277.64 ± 25 285.21 ± 35

Penicillium sp. 366.35 ± 52 377.09 ± 33 495.07 ± 51 339.97 ± 47

Penicillium chrysogenum 265.02 ± 51 198.76 ± 35 220.85 ± 18 294.46 ± 47

Fusarium oxysporum 176.68 ± 30 176.68 ± 12 197.46 ± 21 253.98 ± 60

Note: Errors are expressed as one times the standard deviation of the mean concentration calculated from the values obtained from the six replicates for each sampling 
day at the monitoring station.
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et al. 2018). The use of cultivation techniques (Fang et al. 2005), 
spore impaction (Ortega Rosas et  al.  2020), and metagenomic 
exploration (Nicolaisen et al. 2017) has been documented, pro-
viding solid evidence on how environmental and anthropo-
genic characteristics in different urban areas can influence the 
distribution and abundance of fungal bioaerosols (Fatahinia 
et  al.  2018; Kallawicha et  al.  2015; Priyamvada et  al.  2017). 
Studies conducted in tropical cities such as Fortaleza-CE (Brazil), 
a coastal city, and in five outdoor areas of the city of São Luis 
(north, south, east, west and center) in the state of Maranhão, 
Brazil, as well as in Mexico City, which has a similar climate to 
Barranquilla, reported significant concentrations of A. niger and 
A. flavus in urban sites near anthropogenic pollution sources, 
such as roads with vehicular traffic and bus stops (Cajazeiras 
et al. 2022; Emygdio et al. 2018; del Carmen Calderón-Ezquerro 
et al. 2021).

On the other hand, Rodríguez-Gómez et  al.  (2020), in a re-
gion with environmental characteristics similar to S3 (Puerto 
Colombia), revealed high concentrations of Aspergillus sp. prop-
agules in the Yucatán Peninsula–Playa Sisal, a coastal marine 
area affected by wastewater and human settlements. In line 
with these results, our study at site S3 found an exceptionally 
high concentration of A. terreus, the dominant species at this 
monitoring site (see Table  1 and Figure  S1). The proximity to 
the Ciénaga de Mallorquín at site S3 and the influence of es-
tuarine flora and marine aerosols in the Yucatán Peninsula–
Playa Sisal could contribute to the abundance of Aspergillus sp. 
spores in these marine-coastal environments (Eldin et al. 2022). 
Additionally, environmental pollution and the humidity condi-
tions associated with the estuarine ecosystem could favour the 
growth and dispersion of A. terreus, as well as other species such 
as A. nidulans, A. fumigatus, A. versicolor and Penicillium sp., 
which also showed elevated concentrations at S3 (see Table  1 
and Figure S1).

These observations align with the results obtained by Huertas 
et  al.  (2018), who evaluated bioaerosols in a tropical coastal 
city, specifically Cartagena de Indias, Colombia. Their study 
revealed that marine-coastal environments affected by anthro-
pogenic activities showed high concentrations of Aspergillus 
sp. and Penicillium sp., which support the presence of these 
fungal species at site S3, an area close to marine influence and 
also impacted by human activities. An important observation 
is that the genera Alternaria sp. and Cladosporium sp. were not 
reported, which were mentioned in previous studies conducted 
in Barranquilla in 2008 and 2019 using non-cultivable meth-
ods, such as spore counting (Cepeda et al. 2018). This difference 
highlights the importance of using more than one approach to 
assess airborne fungi, particularly in terms of diversity, as some 
species may be difficult to cultivate under laboratory conditions 
(Jiménez López and Porras Duran 2019).

Finally, the results obtained at site S4 (Galapa), a natural re-
serve of tropical dry forest, support and expand on the findings 
from studies on fungal bioaerosols in tropical forest areas in 
China and Brazil, as highlighted by studies conducted by Zhang 
et al.  (2010) and Barbosa et al.  (2022), where elevated concen-
trations of A. flavus, A. versicolor and P. chrysogenum were re-
ported. Similarly, our study recorded high concentrations of A. 
flavus (176.68 ± 15 CFU/m3), A. versicolor (181.68 ± 20 CFU/m3) 

and P. chrysogenum (294.46 ± 47 CFU/m3) at S4 (see Table 1 and 
Figure S1). This pattern of fungal species presence in different 
tropical regions reinforces the idea that certain groups of fungal 
species may be shared and dominant in forest ecosystems of this 
nature. Furthermore, a key aspect of S4 is its ecological rich-
ness and the limited anthropogenic activity in the area where 
the cascade impactor was placed. The absence of significant 
disturbances caused by human activities, such as deforestation 
or urbanisation, could provide more stable and favourable en-
vironmental conditions for the development and persistence of 
various airborne fungal species.

3.2   |   Concentration of Fungal Bioaerosols: Spatial 
and Temporal Trends

The concentration of fungal bioaerosols at all sites (S1, S2, S3 
and S4) throughout the dry and rainy seasons is shown in detail 
in Table  2. Measurements were collected during the morning 
(M) and afternoon (A) to understand fungal bioaerosols' tem-
poral and spatial fluctuations fully. All parameters studied sig-
nificantly impact the concentration of fungal bioaerosols, with 
p values < 0.05, according to the analysis employing the type III 
sum of squares model (see Tables 2 and 3, Figure 2 and Table S1). 
This suggests that varied monitoring campaigns during both 
the dry and rainy seasons, as well as the sampling site and hour 
(morning or afternoon), have a considerable impact on fungal 
bioaerosol concentration (see Figure 2).

In all monitoring sites, throughout the dry and the wet seasons, 
the results show that fungal bioaerosol concentrations are often 
higher in the morning than in the afternoon (p value = 0.0122, 
Figure  2B and Table  3). Compared to the afternoon readings 
of 253.40 ± 25.06 CFU/m3 and 273.61 ± 36.81 CFU/m3 in sites 
S1 (Peace Square) and S2 (Barranquilla Riverwalk), the av-
erage concentrations were higher in the morning with val-
ues of 269.86 ± 33.13 CFU/m3 and 315.93 ± 32.06 CFU/m3, 
respectively (see Table 2). The concentrations in site S4 (Galapa) 
were also considerably higher in the morning sampling site 
(312.85 ± 12.30 CFU/m3) than in the afternoon sampling site 
(264.13 ± 17.08 CFU/m3. The temporal and spatial variability 
observed in fungal bioaerosol concentrations is influenced by 
meteorological conditions and human and animal activities 
that change throughout the day and region. As described by 
Morgado-Gamero et al. (2025) and Sajjad et al. (2023), the morn-
ing and afternoon periods are characterised by varying mete-
orological conditions and generate different, even contrasting, 
sampling conditions.

Additionally, certain activities can increase the production and 
dispersion of bioaerosols, such as increased human activity (in-
cluding transportation to schools, work areas, and parks, among 
others), animal activity and wind speed. These activities are 
more frequent during morning hours when people are more on 
the move. However, these activities depend on economic and 
sociocultural components, which vary significantly within our 
population.

Sunlight intensity, which increases throughout the day, is an-
other factor that may explain these differences. In tropical re-
gions like Barranquilla, where intense sunlight and high UV 
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radiation are present year-round, afternoon exposure to UV 
radiation can significantly reduce the viability and concen-
tration of fungal spores (Braga et al. 2015; Ghajar et al. 2006; 
Rotem and Aust 1991). This reduction likely explains the ob-
served pattern of higher fungal bioaerosol concentrations in 
the morning compared to the afternoon. Overnight, fungal 
spores may accumulate in the atmosphere due to lower tem-
peratures, minimal air movement, and reduced UV exposure, 
leading to higher concentrations in the morning. As the day 
progresses, increased sunlight and UV radiation contribute 
to the degradation of fungal spores, alongside meteorological 
factors such as higher wind speeds and reduced humidity, 
which can further impact their viability and dispersal. This 
diurnal variability and human activities such as commuting 
and outdoor movement likely contribute to the observed tem-
poral differences in fungal bioaerosol concentrations between 
morning and afternoon in Barranquilla.

An exception is seen at site S3 (Puerto Colombia), where the 
average afternoon concentration unexpectedly increased to 
360.88 ± 51.33 CFU/m3 from 262.52 ± 33.04 CFU/m3 in the 
morning (see Table  2). However, some sites presented a dif-
ferent pattern. Contrary to the usual pattern, concentrations 
were typically higher in the mornings during the dry and 
rainy seasons. Based on the findings of this study, the morn-
ing hours have a more significant concentration of fungal bio-
aerosols due to more favourable environmental conditions for 
the release and spread of fungal spores. This theory is sup-
ported by earlier research, which demonstrates that through-
out the night, temperatures drop, and relative humidity rises 
in the study area (Morgado-Gamero et al. 2021), encouraging 
the buildup of spores on surfaces and in the soil (Jones and 
Harrison  2004). These higher aerosol peaks happen in the 
morning when the temperature rises and coincide with the 
start of the day. These sites corresponded to the peri-urban 
sites. Notably, two outlier values in S3 (Puerto Colombia) were 
found to impact the bioaerosol average concentrations. A con-
centration of 738.84 ± 89.20 CFU/m3 was observed in January, 
during the dry season, over three times greater than the morn-
ing value (see Table 2).

Similarly, in site S4 (Galapa), the concentrations during the morn-
ing were markedly higher, with a value of 312.85 ± 12.30 CFU/
m3, compared to 264.13 ± 17.08 CFU/m3 during the after-
noon (see Table  2). Similarly, at the start of the rainy season, 
757.19 ± 123.56 CFU/m3 was reached in September 2020, 
about three times greater than the morning concentration (see 
Table 2). The Vía Isla Salamanca Natural Park, which is 2.5 km 
away from site S3 (Puerto Colombia), was affected by forest fires, 
particularly during the dry season, which coincided with the 
campaigns in S3 during the third and fifth months. These fires 
could be attributed, at least in part, to the increasing concentra-
tion. Moreover, the overall pattern was observed in Figure 2B, 
where the afternoon mean concentrations were higher than the 
morning mean ones.

On the other hand, fungal bioaerosol concentrations tend to 
decline in the afternoon, most likely due to the soil and atmo-
sphere warming, which results in reduced atmospheric stabil-
ity and more vertical mixing (Seinfeld and Pandis 2016). As a 
result, spores are dispersed, and concentrations are diluted T
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(Adhikari et al. 2006). Additionally, according to certain stud-
ies, some fungal species may be more susceptible to variations 
in temperature and humidity in the afternoon, which could 
impact their spore release and, as a result, their concentration 
in the atmosphere (Heo et al. 2023; Jones and Harrison 2004). 
This study discovered a significant relationship between bio-
aerosol concentrations and temperature differences between 
morning and afternoon sample sites (p value = 0.0181, Table 3). 
These results emphasise the significance of considering these 
aspects when researching the dynamics of fungal bioaerosols in 
the atmosphere and support their influence on diurnal ambient 
conditions.

Significant variations in fungal bioaerosol concentrations 
were found between the sampling sites (p value = 0.0236, 

Figure  2C, Table  3). For instance, at site S1 (Peace Square), 
concentrations in the sampling locations and campaigns range 
from roughly 176.68 ± 12.2 to 441.70 ± 58.3 CFU/m3. On the 
other hand, concentrations at Puerto Colombia site-S3 fluc-
tuate between 176.68 ± 41.5 and 757.19 ± 123.56 CFU/m3 (see 
Table 2). These differences might be explained by particular 
environmental elements present at each site. Intense human 
activity, such as motor vehicle traffic, public demonstrations, 
and residential buildings surrounding site-S1 (Peace Square) 
in the city's Historic Center (see Figure  1). These elements 
may increase the amount of fungal bioaerosols released into 
the environment. Barranquilla Riverwalk (S2) is close to the 
shores of the Magdalena River, which receives various efflu-
ents from other municipalities, deteriorating its water qual-
ity and potentially increasing the microbial load in the area, 

TABLE 3    |    Type III sum of squares model for fungal bioaerosol concentrations concerning the factors.

Factor Sum of squares Df Mean square F-ratio p

Campaign 4.74 × 106 7 676669.32 6.89 0.0000

Session (day) 617257.34 1 617257.52 6.28 0.0122

Monitoring station 934589.32 3 311530.78 3.17 0.0236

Stage 1.92 × 106 5 383694.85 3.90 0.0016

Species 5.61 × 106 10 467152.20 4.75 0.0000

Temperature 549083.21 1 549083.56 5.59 0.0181

Residual 1.05 × 106 1070 98280.67

Total 1.22 × 108 1099

FIGURE 2    |    Type III sum of squares model based on general linear models, showcasing means and 95% LSD intervals for campaigns monitoring 
(a), session (b), sampling stations (c) and stages (d).
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affecting fungal bioaerosol concentrations (see Figure  1). 
Additionally, the influence of tourist activities and port oper-
ations could also contribute to the presence of fungal bioaero-
sols at this site.

The Ciénaga de Mallorquín, an estuarine aquatic habitat im-
pacted by sewage pollution and human settlements, lies 800 m 
from site S3 (Puerto Colombia). These environmental factors 
may affect the survival and dispersion of microbial bioaero-
sols, including fungi, in the air at this location. The building 
of residential units is also relatively close (200 m) to S3, and its 
impact on the surrounding vegetation, production of dust and 
suspended particles, and buildup of organic matter may make 
it a rich source of fungal bioaerosols. Site S4 (Galapa) is in a 
tropical dry forest natural reserve with much ecological variety. 
This site might help the local ecosystem contain various fungal 
bioaerosols.

Additionally, all sampling sites show a definite difference be-
tween the dry and wet seasons (p values of 0.0000 and 0.0122, 
respectively, Table 3). Compared to the rainy season, fungal bio-
aerosol concentrations are typically lower during the dry season 
(see Tables 2 and 3). This variation can be linked to the research 
area's rainy season climate, which encourages the dispersal and 
release of fungus spores into the atmosphere. Each season's 
unique climatic and environmental variables can be used to 
explain differences in fungal bioaerosol concentration between 
the dry and wet seasons (Amarloei et  al.  2020; Kowalski and 
Pastuszka 2018).

Fungi and other microorganisms have a greater ability to grow 
and disperse during the rainy season due to increased humid-
ity and water availability. These conditions favour the flour-
ishing and spread of fungi and their spores. In this regard, the 
results obtained from our research align with studies conducted 
in open urban areas with similar meteorological conditions, 
which have reported significantly higher concentrations of fun-
gal bioaerosols during the rainy season compared to the dry 
season (Morgado-Gamero et al. 2025; Zhong et al. 2016; Kang 
et al. 2015).

3.3   |   The Aerodynamics of Fungal Bioaerosol 
Inhalation: Size-Dependent Penetration 
and Possible Implications for Human 
Respiratory Health

Figures 2 and 3 show the size distribution of total mean fungal 
bioaerosols in this study regarding the human respiratory sys-
tem. We found statistical differences in concentration between 
the aerodynamic sizes with a p value of 0.0016 (see Table  3). 
Figure  3A shows that the coarse fraction (> 4.7 μm) was the 
dominant size fraction for the total mean concentration of this 
study; bioaerosols of this aerodynamic size can deposit in the 
upper respiratory system, such as the nasal cavity and pharynx. 
Another dominant fraction was the aerodynamic size of parti-
cles between 3.3 and 2.1 μm; these particles can deposit in the 
secondary bronchi, while the fine fraction (< 2.1 μm) reported 
lower but considerable results of the particles that can reach 
the terminal bronchi and alveoli affecting the lower respira-
tory human system. Depending on the fungal species and the 

receptor, Figure  2D shows species per aerodynamic size; our 
results reported the presence of species such as Aspergillus sp., 
A. fumigatus, A. niger, Penicillium sp. and Fusarium sp. in all 
the aerodynamic sizes, even those particles able to penetrate 
until the alveoli. These species have been associated with being 
opportunistic, pathogenic, or allergenic and represent a risk to 
human health depending on the receptor (Grewling et al. 2023). 
Because spores are airborne and microscopic, they are un-
avoidably inhaled (Anees-Hill et al. 2022), but immunocompe-
tent hosts can eliminate them by innate immune mechanisms. 
However, with increases in the number of immunosuppressed 
patients, there has been a dramatic increase in severe invasive 
aspergillosis (Grewling et  al.  2023). For example, A. fumiga-
tus drives allergic fungal airway disease and IgE sensitisation, 
and Penicillium sp. and Aspergillus sp. have 35 and 13 allergens 
described, respectively. Aspergillus genera can cause allergies, 
respiratory infections, asthma, and lung disease (chronic pul-
monary aspergillus) (Qi et al. 2020).

Figures 2C,D and 3A show the aerodynamic size per sampling 
site; in this study, all the sampling areas, urban or non-urban, re-
ported fungal bioaerosols in all the aerodynamic sizes; however, 
metropolitan areas (S1, S2 and S3) presented higher concentra-
tions in the nasal cavity and secondary bronchi with lower con-
centrations in the terminal bronchi and alveoli. We observed an 
increase in the nasal cavity concentration in Puerto Colombia 
(S3); the high concentration of A. terreus can explain this (see 
Figure S1 and Table 1); in contrast, this species was not found 
in the non-urbanised area, Galapa (S4) (see Table 1). Aspergillus 
genera, Penicillium and Fusarium reported higher concentra-
tions in S1, S2 and S3; these genera have been highly associated 
with urban areas (Qi et  al.  2020). In the non-urban area, the 
fungal aerosols did not show drastic differences between con-
centrations of the aerodynamic sizes that represent the human 
respiratory system. Due to anthropogenic activities, bioaerosols 
in urban areas (S1, S2 and S3) might differ significantly from 
non-urban areas (S4); our results showed statistical differences 
between the sampling sites with a p value 0,0236 (see Figure 2C 
and Table 3).

3.4   |   Modelling Fungal Distribution: An Artificial 
Neural Network Approach

Figure  4 displays the pollution rose for each site. It is evident 
that, for most sites, the concentrations predominantly fell 
within the ranges of 150–200 CFU/m3 and 340–400 CFU/m3. 
Notably, this distribution was held for all sites except for S3 
(Puerto Colombia). This observation underscores that the min-
imum concentration value recorded across the study area was 
150 CFU/m3. As previously discussed, Figure 4 reaffirms that S3 
exhibited the highest pollutant concentrations, up to 4417 CFU/
m3. The second most frequent values consistently fell within 
the 300–350 CFU/m3 range across all sites. At first glance, it 
may be seen that almost all airborne fungi are coming from the 
NE direction, with a minimal contribution from the E and SE 
directions.

A Bayesian neural network was trained using the variables 
from this study to predict when the concentration of fun-
gal bioaerosols exceeded its average value (316 CFU/m3) to 
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determine whether the variables were sufficient to estimate 
when the fungal bioaerosol reached a value surpassing its av-
erage (see Tables  S2–S4). The correct prediction capacity of 
the network on the validation set was 76.87%, based on pa-
rameters such as the season (sampling campaign), time of day 
(morning or afternoon), Andersen impactor stage (aerody-
namic size), temperature, humidity, wind speed and direction. 

This indicates that these parameters provide relevant and 
sufficient information to make an approximate estimation 
of whether the bioaerosol would reach high concentrations. 
However, to improve the network's prediction capacity, more 
relevant parameters influencing the occurrence of high fungal 
bioaerosol concentrations in urban areas should be included 
(see Figure 5, Tables S2 and S3).

FIGURE 3    |    Mean concentration of fungal bioaerosol by sampling site and size range (a); total mean concentration for each species and aerody-
namic size (b); Size ranges in these diameters: > 7.0 μm (Nasal Cavity), 4.7–7.0 μm (Pharynx), 3.3–4.7 μm (Trachea and primary bronchi), 2.1–3.3 μm 
(Secondary bronchi), 1.1–2.1 μm (Terminal bronchi) and 0.65–1.1 μm (Alveoli).
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3.5   |   Fungal Bioaerosols Concentrations 
Pre- and Post-Lockdown

Since the monitoring campaigns were carried out before and 
after the COVID-19 isolation period, a multifactorial ANOVA 
was performed to analyse the results (see Table S5). The anal-
ysis showed that the fungal concentration (CFU/m3) had sta-
tistically significant results for the main effects of the factors 
‘confinement’ and ‘impactor stage’, as well as a significant 
interaction between these factors. Specifically, fungal concen-
trations significantly differed before and after the isolation 
period (p < 0.0001 in Table S5).

These results reflect notable changes in airborne fungal dispersion 
dynamics, influenced by the restrictive measures implemented 

during the confinement. The pandemic led to a significant re-
duction in leisure activities, travel, and general well-being, which 
reduced outdoor activities and posed challenges to the mental 
and physical health of those who prefer natural environments. 
Nevertheless, this period also had positive effects, such as de-
creased pollution, reduced bioaerosol generation, and a calmer 
atmosphere with cleaner and quieter beaches, parks, and urban 
areas (Konishi et al. 2024). This situation likely contributed to re-
duced airborne fungal dispersion during the isolation period.

On the other hand, the multifactorial analysis also indicated 
that the factor ‘impactor stage’ (p = 0.0286, Table S5) had a sig-
nificant effect on fungal concentrations, which varied across 
the different stages of the cascade impactor. This variation may 
be related to the impactor's ability to classify particles based on 

FIGURE 4    |    The wind rose pollution of all sampling sites, urbanised areas: (A) S1 Peace Square de la Paz. (B) S2 Barranquilla Riverwalk del Rio. 
(C) S3 Puerto Colombia and non-urbanised area: (D) Galapa.
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their size, which affects the amount of fungi deposited at each 
stage. Differences in concentration between stages are expected, 
as aerosols of different sizes tend to distribute differently de-
pending on activity levels and atmospheric conditions at the 
monitored sites, as observed in the collected data (see Tables 1 
and 2, Figure 3).

Between 2019 and 2021, covering the periods before, during, 
and after COVID-19, environmental changes such as variations 
in noise and air pollution were influenced by the progressive 
relaxation of pandemic restrictions. A steady increase in ve-
hicular traffic characterised this transition, with more people 
engaging in physical activities and sports in public spaces and 
the reopening of factories, businesses, and airports (Schöttl 
et al. 2022; Madhwal et al. 2020a; Madhwal et al. 2020b). These 
post-confinement conditions once again favoured the emission 
of bioaerosols, leading to a gradual increase in fungal concentra-
tions as the city returned to normal.

The significant interaction between the factors ‘confinement’ 
and ‘impactor stage’ (p < 0.0001, Table  S5) indicates that the 
effect of isolation was not uniform across all impactor stages. 
Fisher's LSD test showed that the most significant difference in 
fungal concentration was observed in the nasal cavity before iso-
lation compared to the post-confinement period (see Figure S1). 
Before isolation, the conditions favoured a higher concentration 
of fungi in this region, whereas confinement measures likely 
reduced their dispersion. However, no significant differences 
were found in the other impactor stages, as the LSD intervals 
overlapped, suggesting that the reduction in fungal concentra-
tion was not homogeneous across all classification phases of the 
impactor.

Our results demonstrate that pre-pandemic, the concentra-
tions of bioaerosols associated with fungal contamination were 
higher compared to the isolation period. As restrictions were 

lifted, the city gradually began to return to its pre-pandemic 
state, reflected in an increase in airborne fungal concentrations. 
It should be noted that the Colombian government decreed 
the isolation period in our country, which began on March 20, 
2020, while the complete reopening of the country, without re-
strictions, started on September 1 of the same year. However, 
persistent fear among the population delayed the return to nor-
mality, making the transition gradual.

4   |   Conclusions

This study identified 10 fungal species in bioaerosols across 
four sites in the Barranquilla metropolitan area, including A. 
niger, A. nidulans, A. fumigatus, A. terreus, A. flavus, A. ver-
sicolor, Aspergillus sp., Penicillium sp., P. chrysogenum and F. 
oxysporum.

The distribution of these species varied across sites, with 
urban areas (Peace Square, Barranquilla Riverwalk, and 
Puerto Colombia) exhibiting higher concentrations than the 
non-urban area (Galapa). Notably, Peace Square, located 
near a high-traffic road and wastewater channels, showed 
a significant presence of A. nidulans (244 CFU/m3), A. niger 
(235 CFU/m3), Aspergillus sp. (264 CFU/m3), and Penicillium 
sp. (366 CFU/m3), suggesting these factors contribute to fun-
gal bioaerosol dispersion. Barranquilla Riverwalk, influenced 
by tourism and wastewater effluents, had a high concentra-
tion of A. niger (294 CFU/m3), Penicillium sp. (377 CFU/m3) 
and Aspergillus sp. (334 CFU/m3), potentially linked to the mi-
crobial load carried by the Magdalena River. Puerto Colombia, 
near the Ciénaga de Mallorquín, exhibited an exceptionally 
high concentration of A. terreus, possibly due to the estuarine 
ecosystem's influence. Galapa, with minimal anthropogenic 
impact, displayed the highest fungal diversity, including A. 
niger, A. fumigatus, A. versicolor, Aspergillus sp., Penicillium 
sp. and P. chrysogenum, reflecting the ecological richness of 
the undisturbed natural environment.

Fungal bioaerosol concentrations were consistently higher in 
the morning (~340 CFU/m3) than in the afternoon (~300 CFU/
m3) across all sites, likely due to the favourable conditions for 
spore release and dispersion created by lower temperatures and 
higher humidity during the night. This pattern was consistent 
across both dry and rainy seasons. However, Puerto Colombia 
showed an atypical increase in the afternoon during the dry sea-
son, possibly due to forest fires in the nearby Vía Isla Salamanca 
Natural Park.

The study also found that the aerodynamic size of fungal par-
ticles significantly influences their potential impact on human 
health. Coarser particles (> 4.7 μm), which deposit in the upper 
respiratory tract, were dominant, especially in urban areas. 
However, finer particles capable of reaching the alveoli were 
also present, posing a potential risk for immunocompromised 
individuals.

A Bayesian neural network model, incorporating factors such as 
season, time of day, and meteorological conditions, successfully 
predicted high fungal bioaerosol concentrations with 76.87% 
accuracy. This suggests that these variables are informative for 

FIGURE 5    |    Schematic representation of multicap perceptron neu-
ral network used to classify cases when the concentration of the fungal 
bioaerosols exceeded their lowest value (316 CFU/m3). The correct fore-
casting capacity of the network was 76.87% based on the parameters of 
this study.

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/self-organizing-systems
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understanding fungal bioaerosol behaviour, but additional pa-
rameters may be needed to improve predictive accuracy, espe-
cially in urban areas with high concentrations.

Finally, the study found that fungal bioaerosol concentrations 
were significantly affected by the COVID-19 lockdown, with 
lower concentrations observed during the lockdown period 
compared to pre- and post-lockdown periods. This highlights 
the impact of human activity on bioaerosol dispersion.
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