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A B S T R A C T

All over the world, the oceans are the final destination of sewage transported by river estuaries, rainwater and 
other coastal discharges. The risks to human health related to direct contact with water and consumption of 
contaminated fish are well known, but little is known about the potential for atmospheric exposure to pollutants 
and pathogens from contaminated seawater. The release of microbial particles from the sea into the atmosphere 
occurs mainly by the eruption of rising bubbles through the sea surface microlayer (SML) or by sea spray. We 
investigated the heterotrophic bacteria density and relative abundance in SML and bioaerosols originated on the 
seafront of Fortaleza (Atlantic coastal zone, northeastern Brazil) influenced by wastewater disposal. There was a 
difference in the density of total heterotrophic bacteria (THB) according to the matrix analyzed during two 
seasons: the bacterial count was highest in the SML during the rainy season while the highest number of bacteria 
in bioaerosols samples was recorded during the dry season. Twenty-nine bacterial taxonomic groups were 
identified with variable abundance for both environments. These were the same in both matrices, with envi
ronmental variables influencing their abundance and composition. The contribution of the marine and conti
nental environments in shaping the microbiota of the SML and coastal bioaerosols was clear, with the constant 
and representative presence of Enterobacteria standing out. The aerosolization of bacteria resulting from the 
discharge of untreated sewage is an important issue related to coastal environmental health and ecological 
safety.

1. Introduction

Our knowledge about the role of oceanic microorganisms in atmo
spheric microbiome and the anthropogenic interference with these 
natural processes is still basic.

The sea-air interaction manages the planet’s processes, regulating 
meteorological and oceanographic conditions. The microorganisms 
present in this transition environment act under several factors and 
conditions. The sea surface microlayer (SML) corresponds from 1 to 
1000 μm of water separating water/atmosphere interface, it is 
frequently enriched with organic matter, showing distinct physico
chemical features and more microbial abundance and diversity 
compared with the underlying waters (Aller et al., 2005; Cunliffe et al., 
2013; Karavoltsos et al., 2015; Wurl et al., 2017). This abundance is due 

to the rise of bubbles from the lower layers of the ocean, which aggre
gate dissolved and particulate organic matter and microorganisms pre
sent in the water column. When these bubbles reach the surface, they 
burst, releasing their contents into the surface and the atmosphere 
(Kuznetsova; Lee, 2002; Aller et al., 2005; Alves, 2014). The microor
ganisms aerosolized from the SML into the atmosphere form marine 
bioaerosols (Cho and Hwang, 2011). These biological particles are 
transported over long distances and represent an important mechanism 
for dispersion and distribution of marine microorganisms that can 
contribute to the cosmopolitan maintenance of some bacteria (Cunliffe 
et al., 2013). Bioaerosols are also indicators of pollution and spreading a 
wide range of diseases (Polymenakou, 2012; Qi et al., 2014; Xia et al., 
2015).

In this case, air is an important carrier of bacterial pathogens and it is 
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essential to understand and identify their origin, survival capacity, 
dispersion rate and relationship with the environment (Smets et al., 
2016).

Coastal dynamics include factors absent in oceanic regions that 
contribute to the distribution of microorganisms in the SML and atmo
sphere, such as wave breaking and a significant continental contribu
tion. There is higher primary productivity in coastal regions due to a 
greater input of available nutrients (Zewde et al., 2018). When a wave 
breaks, it generates sea spray and bursting bubbles, providing particles, 
including bacteria, in the air and water surface (Park et al., 2014). In 
addition, tidal cycles affect the dynamics of coastal and estuarine re
gions. During low tide, there is a flow of nutrients and microorganisms 
from the mainland to the sea, while at high tide particles from the sea to 
the mainland prevail, as well as greater mixing of waters (Kolm and 
Andretta, 2003; Anwar et al., 2014).

Amplifying the natural aspects of the environment, human activities 
play an important role in coastal regions, especially in densely popu
lated coastal cities. For example, storm drains are point sources for 
discharging illegal domestic sewage into the sea, modifying and 
polluting the marine environment and putting the health of the popu
lation at risk (Fröhlich-Nowoisky et al., 2016). The aim of this study was 
to establish the relationship between abundance and diversity of culti
vable bacteria present in the microlayer of the sea surface and marine 
bioaerosols on a city at waterfront with a punctual source of sewage 
contamination and the influence of oceanographic factors.

2. Methods

2.1. Study area and sampling sites

The SML and bioaerosols samplings occurred in two points of a 
populated beach area in Fortaleza coast, Ceará, Brazil. The region is 
characterized by subtropical climate, which is led by the Intertropical 
Convergence Zone (ITCZ) dividing the year into two seasons, dry 
(August–January) and rainy (February–July) ones (Tsoar et al., 2009).

The mouth of a stream (Riacho Maceió) was chosen as a reference 
point for point-source urban pollution on the Fortaleza waterfront. 
Previous studies and monitoring of water quality on the city’s beaches 
show contamination resulting from anthropogenic activity and clan
destine sewage connections (Vieira et al., 2012). The sampling points 
were located upstream (P1) and downstream (P2) of the creek, consid
ering the direction of the coastal current (Fig. 1).

Sampling was carried out during the dry and rainy seasons (DS and 
RS) in 2017 on spring tides for a better contrast between low and high 

tides (LT and HT). The Ceará coast has semi-diurnal tides, which means 
that there are two LT and two HT tides on the same day (Frota et al., 
2016), with an average sea surface temperature (SST) above 27 ◦C, 
characteristic of the tropical Atlantic (Bomventi et al., 2006).

2.2. Methods of sampling and inoculating bacteria

The sampling of SML bacteria was made to a minimum distance of 5 
m from the Maceió stream discharge and in an undisturbed area of sea, 
before break point of waves on the coast. SML microbiota was collected 
with a 47-mm hydrophilic polycarbonate membrane filter according to 
Kurata et al. (2016) adapted from Franklin et al. (2005). The sampling 
was conducted in triplicate, where the membrane filters were placed on 
the SML using sterile tweezers and, after surface contact, removed 
immediately to avoid sinking and coming into contact with the lower 
layers. After, the membrane filters were stored aseptically in sterile Petri 
dishes for transport to the lab. For microbiological enumeration and 
isolation, the filter samples were inoculated by Pour Plate technique in 
Plate Count Agar (PCA) medium prepared with seawater, and the plates 
incubated at 48h at 35 ◦C.

For marine bioaerosols sampling, the aerolized biological particles 
were collected by the passive sedimentation technique, using open petri 
dishes containing selective culture medium for bacteria (Plate Count 
Agar - PCA, Difco®, diluted in seawater with salinity adjusted to 20 
ppm) exposed to the air, at a height of 2 m, for 30 min. The plates were 
then closed, conditioned and transported to the laboratory (Manibusan; 
Mainelis, 2022; Rastmanesh et al., 2024). After sampling, the plates 
were incubated at 35 ◦C for 48 h. Sampling was carried out in triplicate 
and synchronously with SML sampling.

After incubating the plates, the bacterial colonies that had grown 
were counted and the results were expressed as number of colony- 
forming units (CFU) per square meter (m2) for SML. For bioaerosols, 
the counts have been converted into CFU per cubic meter (m3) using the 
formula a CFU/m3 = [CFU/p (m2)] x SAR (1/23), where CFU = average 
number of colony-forming units, p = Petri plate area, SAR = surface/air 
ratio (Friberg et al., 1999; Pasquarella et al., 2007).

2.3. Sample processing: bacteria characterization

Bacterial colonies were isolated on Tryptic Soy Agar (TSA) diluted 
with seawater (salinity adjusted to 10 ppm), incubated for 24 h in 35 ◦C 
and characterized by morphological (Gram staining) and biochemical 
tests following mainly Bergey’s Manual of Systematic Bacteriology 
(Garrity et al., 2005).

Fig. 1. Sampling location in Fortaleza, northeast Brazil. P1 localized upstream and P2 localized downstream of the discharge of the Maceió stream.
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2.4. Environmental variables

Physical and chemical parameters, such as salinity, pH, water and air 
temperature were measured in situ during sampling, using a salinity 
refractometer (ATAGO S/MILL), pH meter (MARCONI - PA 200P) and 
thermometer (INCOTERM), respectively. Data from wind and relative 
humidity came from the institute from the National Institute of Meteo
rology (INMET) website (http://inmet.gov.br/).

2.5. Statistical analysis

Pearson’s correlation analysis was performed to analyze the corre
lation between bacterial concentrations and physical and chemical pa
rameters for both SML and bioaerosols, where a positive correlation 
means a direct correlation whereas a negative correlation means an 
inverse correlation. The significance calculated by one-way ANOVA and 
P values < 0.05 were considered as significant.

3. Results

3.1. Parameters mean values

Table 1 shows information of collected parameters at the time of 
sampling. The interval between collections varied by 6 h for each day, 
according to the tides. The mean tidal range for LT was 0.1 m and for HT 
was 2.9 m. Mean wind speed for DS (September and November) was 3.8 
m/s and for RS (March and April) was 1.5 m/s. In addition, the wind 
direction was predominant to northwest for both seasons, showing the 
domination of trade winds in Fortaleza coast.

Mean values for relative humidity (RH) during DS was 62% while RS 
was 81%. Water temperature (WT) did not show much variation be
tween seasons, points or tides. Air temperature (AT) had 2 ◦C of dif
ference for mean values between tides and seasons, where LT and DS 
showed higher temperatures.

Salinity varied from 36 to 39, except for an outlier in P2 during april, 
which can be explained by the rain and heavy discharge of Maceió 
stream prior the moment of the sampling. pH showed lower values for 
RS.

3.2. Cultivable bacteria abundance in sea surface microlayer and 
bioaerosols

The mean values for CFU (colony forming unit) in SML samples 
varied between samples conditions. The concentration of bacteria for DS 
had the lowest mean values, reaching 1913 CFU/m2 in P1 during LT and 
3012 CFU/m2 during HT for the same point. For P2, during the same 
season, the mean value was 2568 CFU/m2 during LT and 3722 CFU/m2 

during HT. On the other hand, the mean values during RS showed higher 
bacteria concentration, where P1 reached 90797 CFU/m2 and 50116 
CFU/m2 for LT and HT, respectively. Whereas P2 reached 100652 CFU/ 

m2 and 38085 CFU/m2 for LT and HT, respectively (Fig. 2).
In the coastal bioaerosol samples, the average bacterial CFU values 

were highest during HT for both points and stations, reaching 3311 
CFU/m3 and 5241 CFU/m3 for P1 and P2 during DS, respectively. While 
during LT in DS, the average values were 2112 CFU/m3 and 2522 CFU/ 
m3 for P1 and P2, respectively (Fig. 2). The samples were collected at 
tides with similar heights (low and high), according to the tide table. For 
LT, the mean values reached 77 CFU/m3 and 107 CFU/m3 for P1 and P2, 
respectively. Whereas during HT the mean values were 6636 CFU/m3 

and 3285 CFU/m3 for P1 and P2, respectively.

3.3. Pearson correlation analysis

The correlation between bacterial concentrations and the physical 
and chemical parameters for both sample types was performed by 
Pearson correlation analysis (Table 2). The correlation of the sampling 
conditions was analyzed separately (points, tides and seasons) and 
together (points + tides and points + seasons).

3.4. Identification and relative abundance

In total, 164 bacterial strains belonging to 29 taxonomic groups were 
isolated and identified with varying frequency for SML and bioaerosols. 
In the SML samples, the relative abundance varied according to the 
seasons, points and tidal conditions. Between the rainy and dry periods 
of the year, DS showed lower relative abundance when compared to RS, 
with the species Corynebacterium kutscheri being dominant in DS, while 
the genus Bacillus was dominant in RS. The relative abundance of bac
teria was similar between P1 and P2. In terms of tidal phases, the 
samples collected in LT showed twice the richness of bacterial groups 
compared to those in HT (Fig. 3a). The genus Vibrio was abundant for 
both seasons and predominant in all other conditions on SML samples. 
Species of Corynebacterium, Bacillus and Pseudomonas had a notable 
presence in all conditions.

For bioaerosols, there was a shift in dominant groups, where Serratia 
liquefaciens appeared as the most abundant, followed by the genus Ba
cillus and Corynebacterium. When compared, conditions shared similar 
relative abundance, except for tides, where LT showed higher relative 
abundance than HT (Fig. 3b). The frequency of the identified groups was 
very similar to the groups identified in the marine surface layer at the 
analyzed site. (Fig. 3b). More than 70% of the bacterial taxonomic units 
were detected in both matrices. Of these, more than half are bacteria 
related to the human microbiome, the intestinal tract (Enterobactericeae 
family) or the skin and mucous membranes (Micrococcus, Staphylococcus, 
Corynebacterium). Some others are ubiquitous in the marine environ
ment, water and soil.

Table 1 
Environmental and meteorological parameters, space-temporal data of sampling points in the coast from Fortaleza city (northeast of Brazil).

Dry season Rainy season

September November March April

Sampling time 1pm 7am 10am 4pm 11am 5pm 10am 4pm
Tidal Range (m) 0.2 2.9 0.0 3.2 0.2 2.9 0.3 2.8
Wind Speed (m/s) 4.6 2.3 3.6 4.8 1.2 1.6 1.3 2.0
Wind direction (◦) 111 120 130 98 167 97 175 143
Relative Humidity (%) 51 77 68 53 86 71 89 76

​ P1 P2 P1 P2 P1 P2 P1 P2 P1 P2 P1 P2 P1 P2 P1 P2

Water Temperature(◦C) 29 28 27 27 29 29 29 29 29 29 29 29 29 29 29 29
Air Temperature (◦C) 30 30 25 25 30 30 27 27 27 27 26 26 28 28 26 27
Salinity 40 39 40 40 39 36 38 40 35 33 35 38 36 13* 36 39
Water pH 8.14 8.19 8.12 8.14 8.08 8.09 8.06 8.07 8.03 8.05 8.03 8.08 8.11 7.78 7.9 8.01
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4. Discussion

4.1. Bacterial abundance in SML and bioaerosols samples and 
environmental conditions

When comparing the means of bacterial counts in SML according to 
seasonal period (Fig. 2a), the highest values appeared in the period 
corresponding to the rainy season for the two sampling points, empha
sizing the role of rain in the contribution of bacterial abundance for SML. 
P2 presented the highest values, showing the contribution of Maceió 
stream, which may act as an input of organic materials from freshwater 
and anthropogenic sources. The properties of the sea surface microlayer 
may vary according to the weather and seasons (Agogué et al., 2005; 
Stolle et al., 2010). During dry season, the highest mean values for 
bacterial counts occurred during HT for both collection points (Fig. 2a), 
which can be explained by larger tidal amplitudes, revolving more 
substances and microorganisms to the surface, through bursting bubbles 
and turbulence from waves (Alves, 2014; Engel et al., 2017).

Pearson’s correlation explained the CFU concentrations for SML with 
pH and salinity, being in agreement with the other studies for these 
environments. Salinity had a strong negative Pearson correlation, 
meaning that a low salinity, especially during RS, benefits a higher 
bacterial concentration. As salinity increases the osmotic potential of 

water, non-marine bacteria are severely affected. In addition to the os
motic effect, salinity interacts with other parameters such as nutrient 
deprivation and solar radiation (producing viable but nonculturable 
bacteria) (Carneiro et al., 2018). The abundance of bacteria during LT 
was higher during the rainy season, due to less mixing in water layers 
and aerosol deposition. The pH also showed a strong negative correla
tion with the abundance of microorganisms in SML, meaning bacterial 
growth benefited in a near neutral pH, especially during DS. Krause et al. 
(2012) investigated small changes in pH on marine bacteria, the authors 
didn’t find interference in bacterial abundance in lower pH either, 
although bacterial communities shifted according to pH changes. P2 had 
the highest concentrations of bacteria in the water, which is probably 
influenced by the current of the Maceió stream and by coastal drift.

4.2. The effect of rain and tides on cultivable bacterial abundance

The SML has contributions from both sea (bursting bubbles, waves, e. 
g.) and continent (deposition) to form its microbiota. Winds and rain 
assist in the continental transportation to this environment (Cho and 
Hwang, 2011; Xia et al., 2015). There was a notable change in bacterial 
concentration between DS and RS, showing the strong depositional ef
fect of rain and increased water flow in the Maceió stream, where it 
increased bacterial concentration in the SML. This is noticeable when 
comparing the concentration during RS (Fig. 1), where the highest 
concentrations occurred in LT and P2, whereas for HT, P1 had more 
bacterial concentration. The constant discharge of the Maceió stream 
influenced the increase in P2 while in the HT there was a greater mixing 
favoring the increase in P1.

Rainfall leads to the deposition of aerosolized particles (Qi et al., 
2014; Zhen et al., 2017), resulting in a decrease in the concentration of 
bacteria in the air, while high tide contributes inversely, resuspending 
particles from the sea into the atmosphere (Fig. 2). In addition, the low 
intensity of winds during this period would also prevent the interaction 
between marine and continental bacteria. Zhen et al. (2017) studied the 
effect of meteorological conditions on the abundance and diversity of 
bacteria present in the air, also concluding that there is great variation 
between seasons. The interaction between wind, water and land surfaces 
controls the formation of microbial aerosols, allowing them to be 
transported regionally and globally (Dueker et al., 2018). There was an 
abrupt drop in bacterial counts during low tides in RS, demonstrating 
the role of rain in depositing bioaerosols.

Studies indicate that bioaerosols present different distributions ac
cording to the climatic conditions of the region, the low relative hu
midity being one of the most important for their diffusion. High levels of 
water vapor in the air, however, would force bioaerosols to adsorb onto 
water molecules, making their spread more difficult (Qi et al., 2014; 
Zhen et al., 2017). Winds act in the dispersion of bacteria of the sea 
surface microlayer and bioaerosols, helping in the exchange of the 
continent and ocean, being able to carry them by thousands of 

Fig. 2. Seasonal changes in cultivable bacterial abundance in SML (a) and coastal bioaerosol (b) samples on the waterfront of Fortaleza (Brazil). The results were 
expressed as CFU/m2 for SML and CFU/m3 for bioaerosols.

Table 2 
Pearson’s correlation coefficient matrix between the concentration of bac
teria in SML and bioaerosol samples and physicochemical factors during 
sampling. *p < 0.01, **p < 0.05.
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kilometers, as well as to keep them locally (Cho; Hwang, 2011; Zhen 
et al., 2017).

Pearson’s correlation explained the CFU concentrations for bio
aerosols with AT, RH and WS being the most significant parameters, also 
in agreement with the other studies for these environments. AT had a 
strong positive correlation for LT (p < 0.05) meaning that a warmer 
temperature favored a higher bacterial concentration for this tide, 
whereas AT and RH showed a strong negative correlation for RS (p <
0.05), meaning that the lowest air temperature and drier air benefit a 
higher concentration of bacteria in the bioaerosols. This is an expected 
pattern because the rainfall cleans out aerosol particles, on which bac
teria mainly adhere to and the relative humidity influences negatively 
the dispersion of bacteria and fungi in the air (Qi et al., 2014). WS had a 
strong positive correlation in P2 for both LT and HT, which may have 
been enriched by the influence of the Maceió stream, carried down
stream by the wind. This demonstrates the importance of wind trans
porting particles from different environments, particularly the trade 

winds in coastal cities.

4.3. Bacterial diversity and environmental conditions

The genus Bacillus had a constant presence in all sampling conditions 
for this work Previous studies on the bacterial components of SML and 
aerosols have consistently mentioned the presence of Bacillus species 
(Agogué et al., 2005; Cho and Hwang, 2011; Xia et al., 2015). The ability 
to form desiccant-tolerant spores may explain the frequency of bacilli in 
aerosols. Bacillus species were found in aerosols and foams as a result of 
aeration remediation in a polluted urban watercourse of the Hudson 
River Estuary (Jacob et al., 2024); they were found at 20 km altitude as 
dominant bacteria (99% frequency) (Griffin, 2004) and in aerosols over 
Northwestern Pacific Ocean (Zhang et al., 2023).

The genus Vibrio is widely known as resident in ocean waters, coasts, 
marine sediments and associated with marine animals, as pathogens. 
They are Gram-negative bacteria that have great ability to produce 

Fig. 3. Relative abundance of bacterial taxonomic units isolated from samples of SML (a) and bioaerosols (b) for each season, point and tidal condition; (c) and 
bacterial taxonomic units shared by the two samples on the seafront of Fortaleza city (Brazil).
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biofilm and remain in the environment for years, depending on variation 
of temperature and salinity (Munn, 2011; Menezes et al., 2018). Mi
croorganisms with survival adaptations in biofilms have significant ad
vantages in thriving within SML, due to the presence of compounds in 
this environment that promote the formation of gels and films (Cunliffe 
and Murrell, 2009). Franklin et al. (2005) studied the composition of the 
SML in the North Sea and found the dominance of Vibrio and Pseu
doalteromonas in the environment, differing from the diversity of the 0.4 
m underlying waters. Rahlff et al. (2019) found similar data indicating 
that marine foams represent the compressed microlayer of sea surface 
with distinct bacterial communities. Despite the difference between the 
techniques used (they used 16S rRNA library and sequencing approach 
and we used culture-dependent analysis) and climatic factors, we found 
similarity between the dominant bacterial groups detected.

Species from genera Serratia and Corynebacterium were often isolated 
from our samples. These bacteria are ubiquitous in environment, related 
to anthropic activities (Oyetibo et al., 2010; Alvarez et al., 2017) and 
often listed as bioaerosols components from different sources (Han et al., 
2020; Górny, 2020). Human activity on the beach and the discharge of 
effluent from the Maceió stream may be responsible for the high abun
dance of these genera. The isolation of the intestinal bacterium Escher
ichia coli reinforces this understanding. Sewage contamination has 
already been detected (Vieira et al., 2012) in the section of beach 
affected by the estuary.

4.4. Interactions between SML and bioaerosols microbiota

Studies on the seasonal variation of the microbiota of SML have 
found correlations with climatic and meteorological factors (Frka et al., 
2009; Dreshchinskii and Engel, 2017). The seasonality and the factors 
that vary from it prove to be crucial in the distribution of bacteria in 
SML. Considering the little variation of other physicochemical param
eters between the seasons, the greater diversity during the rainy season 
reinforces the contribution of rain as an agent in the deposition of 
bacteria in the sea, as well as the low intensity of the winds can disad
vantage the distribution of particles, causing a greater concentration of 
microorganisms in that environment.

Cultivation based methods are only capable of detecting certain 
viable microorganisms but despite these limitations, cultivation is 
particularly useful for targeting individual species or specific groups. We 
identified bacteria of SML in coastal environment belonging to the phyla 
Proteobacteria, Actinobacteria and Firmicutes and the genera Vibrio, 
Corynebacterium and Bacillus being prevalent. The genus Bacillus was 
widely present in the rainy season in all points and tides collected. The 
genus Vibrio also appeared in all points and amplitudes of tide collected, 
with the exception of the low tide at P1. Low tides showed higher di
versity for both P1 and P2. The rain effect on the deposition of conti
nental bacteria in the sea may explain the great difference for the 
presence of this genus between the dry and the rainy seasons.

Studies on the abundance and composition of bioaerosols have 
shown that they are strongly influenced by the seasonality and meteo
rological factors (Almaguer et al., 2014; Qi et al., 2014; Zhong et al., 
2016; Innocente et al., 2017; Zhen et al., 2017). Wind, temperature and 
relative humidity appear as the main parameters that vary with sea
sonality and lead the diversity of component species from bioaerosols. 
The size of these cells generally is in the range of 1–5 μm classified as 
medium and fine inhalable particles (MP2.5-10 and MP2.5) and pre
dominant size of airborne pathogens (Fennelly, 2020).

In our results, bacteria concentrations showed statistically signifi
cant positive correlation with wind speed in the coastal area suggesting a 
double role for the wind producing and transporting biological particles 
from SML at the urban waterfront. The intensity of the wind influences 
the diversity of the bioaerosol: weaker winds bring bacteria of conti
nental origin, while stronger winds bring marine bacteria. It is therefore 
possible that Gram-positive bacteria of terrestrial origin are present 
during rainy seasons with low-intensity winds. Bacteria detected in 

marine bioaerosols belong mainly to the Proteobacteria, Firmicutes and 
Bacteroidetes phyla (Innocente et al., 2017; Després et al., 2012).

Marine microbiota and bioaerosol monitoring studies in coastal cities 
affected by river flows with high levels of sewage pollution found similar 
patterns: significant relationships between the concentration of bacteria 
in water and air and environmental factors (humidity and temperature, 
wind speed and direction) (Michalska et al., 2021; Pendergraft et al., 
2023).

Enteric bacteria were among the neustonic isolates and were domi
nant in the aerolized culturable microbiota on the coast, mainly at the 
point downstream of the pollutant discharge. It is possible to verify the 
similarity of almost 70% between the most frequently bacterial genera 
identified in the two environmental matrices. This highlights SML as a 
contributor to the aerial microbiota. This study did not determine the 
pathogenicity of bacterial isolates; however, many cultivable bacteria 
present in the air and water belong to genera with species recognized as 
human pathogens. This is indicative that they are resistant to aeroliza
tion and are among the respirable particles in the atmosphere. Other 
studies have already demonstrated a microbial connection between 
water and air in the coastal urban environment (Dueker et al., 2017, 
2018). Similarly, the pressure of human activities on the composition of 
the microbiota has also been demonstrated in areas outside the coastal 
marine environment (Moura et al., 2023).

During dry season, S. liquefaciens was present in all points and tides 
collected, being more abundant at low tide at P1 and high tide at P2. The 
ability to produce pigment can explain the competence and abundance 
of this bacterial species in the atmosphere during the dry season, as a 
protection against UV rays effects (Schwieterman et al., 2015). 
Gram-positive bacteria of the genera Bacillus, Corynebacterium and 
Staphylococcus were in most samples. They are very resistant to high 
concentrations of salts, heat and can stay in the environment for months 
(Huertas et al., 2018), clearly showing the advantage of Gram-positive 
bacteria in surviving under environmental stress conditions.

Our results confirm the significant influence of the sea on the for
mation of bioaerosols and bacterial abundance in the coastal zone and, 
more importantly, the impact of untreated sewage discharges on the 
aerolized microbiota.

5. Conclusions

In summary, the meteorological, oceanographic and continental 
variables influenced the abundance and diversity of heterotrophic bac
teria present in the SML and marine bioaerosols formed in a coastal city 
in northeastern Brazil. Physical (tides and longshore drift current) and 
climatic (seasonal period) parameters and anthropic pressure influence 
the bacterial abundance and diversity in both environments.

The contributors to the abundance of bacteria in marine bioaerosols 
are the high tide and wind speed, which result in the availability of the 
microbiota in the air. The bacterial taxonomic groups identified make 
clear the marine and continental contributions in the formation of the 
microbiota of the SML and marine bioaerosols, emphasizing the constant 
and representative presence of the genera Bacillus and Corynebacterium 
in these two environments.

Human enteric bacteria are constituents of these marine microcosms 
influenced by the rainfall regime, with the expansion of continental 
discharges and the depositional action of biological particles in the at
mosphere. The aerosolization of bacteria resulting from the discharge of 
untreated sewage is an important issue related to the pollution of coastal 
waters and a global environmental problem.
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