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ABSTRACT

Fog formation over tropical forests remains poorly characterized, despite its potential role in
bioaerosol dispersion and ecosystem processes. Here, we analyzed fog samples collected at the
Amazon Tall Tower Observatory using flow cytometry and culture-based techniques to character-
ize viable microbial communities. Microbial cell concentrations varied over an order of magnitude
across 13 fog events, reaching up to 8 x 104 cells per ml of fog water. Flow cytometry consistently
detected metabolically active cells, while culturing and mass spectrometry-based identification
yielded eight viable bacterial species and seven fungal taxa. The bacteria Serratia marcescens,
Ralstonia pickettii and Sphingomonas paucimobilis exhibited seasonal variations in prevalence.
The fungal species identified were primarily mesophilic saprophytes and endophytes, commonly
associated with soil and plant surfaces. Our findings indicate that fog harbors viable microbes,
including Serratia marcescens and Ralstonia pickettii, which may imply a relevance of fog for mi-

crobial dispersal, colonization and nutrient cycling in the Amazon rainforest.

Keywords: Fog microbiome; Bioaerosol transport; Amazon rainforest; Microbial deposition; Trop-
ical bioaerosols; Climate change impacts
Introduction

The Amazon rainforest, harboring over 10% of global biodiversity and 150—-200 Pg C 1-3, sustains
Earth’s climate4, acting as a “water pump”. Through evapotranspiration, it generates up to 50%

of regional rainfall, sustaining moisture-dependent biomes and economic activities across South



America’. lts hydrological contribution is often studied through rainfall, yet, fog clouds, another
relevant component, remain unexplored. In other ecosystems, fog may act as a medium for micro-
bial persistence 4, prompting the question of how such processes may unfold in the Amazon.
However, climate-driven disturbances, including warming temperatures and altered precipitation
patterns, threaten large-scale forest loss, potentially disrupting hydrological cycles and amplifying
global warming through carbon emissions and feedback mechanisms®8. These changes could im-
pact fog formation, and, furthermore, decrease the microbial dispersal and nutrient cycling in the
forest canopy promoted by those clouds, though this requires further investigation. Previous stud-
ies, such as Pdhlker et al. (2018) and Prass et al. (2021), have characterized bioaerosols and
clouds inthe Amazon. This study is the first to investigate viable microbial communities in Amazo-
nian fog droplets. We used flow cytometry and Matrix-Assisted Laser Desorption/lonization Time-
of-Flight Mass Spectrometry (MALDI-TOF MS) to assess viability and taxonomic diversity, focusing
on seasonal dynamics and fog’s ecological role.

The exchange of water, gases, and particles between the biosphere and the atmosphere is
highly dynamic®. Rising patches of fog from the forest canopy are a characteristic feature of the
Amazon'’s intense hydrological cycle. Fog is a low-altitude cloud, driven by the physics described
for convective clouds®. Water vapor supersaturation (S) activates a fraction of atmospheric aerosol
particles into fog droplets.

Fog formation involves water vapor supersaturation, where aerosol particles act as Fog Con-
densation Nuclei (FCN). The Kohler theory, combining the Kelvin effect (increased vapor pressure
over curved surfaces) and solute effects, determines activation thresholds, with microbial surfaces
potentially lowering energy barriers via hygroscopic properties!!. This process is mutually facilita-
tive, whereby microorganisms may promote droplet nucleation because they stand to gain from
being in water: (i) droplets provide a protective environment, shielding microorganisms from dehy-
dration, UV radiation, and pollutants, potentially extending their viability for long-distance transport
and colonization; and (ii) microorganisms may serve as nucleation surfaces, potentially enhancing
droplet formation. Electrostatic interactions, influenced by the negative surface charge of both drop-
lets and microbial cell walls (e.g., lipopolysaccharides in Gram-negative bacteria), may further fa-

cilitate microbial entrainment. These interactions, coupled with seasonal variability in aerosol and



microbial abundance, suggest a potential role for fog in microbial dispersal and ecosystem func-
tioning inthe Amazon rainforest. Particle size, chemical composition, and hygroscopicity determine
which aerosol fraction acts as Cloud Condensation Nuclei (CCN)'2 or FCN!3, the particles that
initiate droplet formation in clouds and fog, respectively. Low-altitude supersaturation (S) can result
from radiation cooling, advection cooling, the mixing of warm and cold air masses, or frontal pas-
sages!. In the Amazon, nighttime radiative cooling is the primary driver of fog formation, reaching
its maximum just before sunrise. Post-rainfall colder downdrafts interacting with the warm and
moist canopy initiate the characteristic fog plumes observed above the forest?®.

The S levels in fog are typically below 0.1%617 lower than S at the base of convective clouds,
which ranges between 0.1 and 1%*2. Under these low S conditions, larger aerosol particles (diam-
eters 300-500 nm) activate preferentially as FCN°. This activation depends on the hygroscopicity
parameter K (typically ranging from 0.1 to 0.4), which characterizes the ability of aerosol particles
to uptake water and consequently influences their effectiveness as FCN2°, Chamber studies con-
ducted at low supersaturation have demonstrated that the chemical composition of FCN plays a
crucial role in droplet activation efficiency and stability. For instance, uncoated graphite particles
exhibited markedly lower activation compared to more hygroscopic or coated particles, underscor-
ing the influence of FCN surface properties and chemistry on fog microphysics and droplet for-
mation dynamics?!. Biological aerosols, acting as FCN, facilitate microbial dispersal in fog, with
seasonal variability driven by local and transported particles?223,

The total aerosol particle concentration in the Amazon region exhibits significant seasonal vari-
ability, ranging from a few hundred particles per cubic centimeter during pristine periods inthe wet
season to tens of thousands per cubic centimeter under heavy biomass-burning conditions in the
dry season?. Specifically, aerosol number concentrations for particles larger than 300 nm—those
most relevant to fog droplet formation—typically range from about 5 to 60 cm-3 in the Amazon2>.

Likewise, the exchange of primary biological aerosol particles (PBAPs) between the forest eco-
system and the atmosphere is dynamic. These PBAPs comprise a wide diversity of fungal, fern,
and bryophyte spores, bacteria and pollen, as well as amorphous debris and emission-associated

liquids26-28, The atmospheric life cycle of PBAPs inthe Amazon, with its exuberant biodiversity, still



poses numerous open questions. Especially interesting and largely unstudied is the interaction of
PBAPs with cloud or fog droplets.

When microbes become trapped in cloud or fog droplets, they initiate several key processes: (i)
metabolic activities, including spore germination and the release of cytosolic materials??; (ii) aque-
ous phase chemistry, such as changes in oxidation capacity, amino acid distribution, and decom-
position of organic matter?®; and (iii) alterations to the aerodynamic properties of the droplets.
These processes have significant ecological implications: (iv) the droplets provide shelter against
dehydration, UV radiation, and pollutant exposure3!, which can (v) extend the atmospheric lifetime
of microorganisms, facilitating their long-distance dispersal and colonization of new habitats32. Ad-
ditionally, the modified aerodynamic properties influence the timing and location of microbial dep-
osition, affecting when and where these organisms settle on surfaces°.

In this study, we investigate the abundance and viability of microorganisms in fog droplets at the
Amazon Tall Tower Observatory3® by using high-resolution microbiological analyses, aerosol, and
micrometeorological data. Here, we explore the mechanisms for microbial dispersal and transfor-
mation that fog plays in the biosphere-atmosphere coupling of the Amazon forest, which may also
have potential roles in other fog-influenced ecosystems. This study highlights fog as a hitherto
overlooked atmospheric pathway for microbial exchange, with potential implications for ecological

processes in tropical forests.

Material and Methods
Fog Sampling

Fog samples were collected at the Amazon Tall Tower Observatory (ATTO) site33, It is located
approximately 150 km northeast of Manaus, Brazil, in the Uatuma Sustainable Development Re-
serve (02°08'45.13"S, 59°00'20.12"W), 130 m above mean sea level33. The site is equipped with
several research towers for access to the atmosphere at different heights, as well as a wide range
of ground-based instruments for measuring atmospheric properties and other environmental pa-

rameters 33 The height of the main tower is 325 m. The area is covered by dense primary Terra



Firme forest with an average canopy height of about 30 to 37 m and emergent trees reaching 45
to 50 m. The predominant climate is tropical humid. It is characterized by a pronounced wet season
from February to April and a dry season from August to October. The other months are considered
as a transition between seasons?3.

A Caltech Active Strand Cloud Collector (CASCC), specifically the smaller CASCC2 model, was
used to collect fog (Fig. S1). The sterile sampler was installed at a height of 43 m on a small
platform on the north-eastern side, which is the main wind direction at ATTO during most times of
the year. The sampling device was rigorously decontaminated by rinsing with Milli-Q ultrapure wa-
ter, followed by ultraviolet (UV) sterilization for 30 min under controlled laboratory conditions. The
sterile CASCC2 was sealed in polyethylene film and transported to the ATTO site to prevent envi-
ronmental contamination. The CASCC2 sampler operated at a flow rate of 24.5 m3 minl. The
CASCC2 is a non-size-fractionating collector that impacts fog droplets above a minimum size
threshold (~5-10 pm), capturing the majority of the fog water content and associated microbial
content, but providing no size resolution of the residual fog condensation nuclei. The device was
thoroughly rinsed with Milli-Q ultrapure water to minimize the risk of cross-contamination between
sampling events. Following decontamination, it was stored in a weather-protected, contamination-
free environment until the next sampling event. Six rows of Teflon wires were employed to impact
the fog droplets, and UV-sterilized polyethylene bottles were used to collect the fog water (Fig.
S2)34. Control rinses were performed by collecting and analyzing water samples for microbial pres-
ence using flow cytometry to ensure that the Milli-Q water used for cleaning was free of microbial
contamination. No microbial cells were detected in any of the control samples, thereby confirming
the sterility of the cleaning procedure and minimizing concerns about potential cross-contamina-
tion. To preserve sample integrity, sampled fog water was stored in 125 ml polyethylene bottles
that had been previously washed with Triton detergent, then sterilized by subjecting them to soni-
cation in ultrapure water for 30 min, followed by UV sterilization under a laminar flow hood for 15
min. After sampling, the bottles were maintained under refrigeration at -2°C until further analysis,
which was conducted within two weeks. Table S1 summarizes four key measures implemented to
control contamination: equipment decontamination, sterilization of collection materials, sterility val-

idation, and sample storage and analysis.



Fog sampling was conducted every night throughout the study period. The equipment was op-
erated on atimer to maintain consistent sampling intervals. This overnight sampling strategy was
based on diel trends observed with the fog monitor installed at the ATTO tower (see the Results
and Discussion section). Three sampling campaigns were conducted (Table 1): (1) 24 April-9 May
2022, late wet season (6 samples); (2) 7-23 October 2022, late dry season (4 samples); and (3)
10-25 January 2023, early wet season (3 samples). In total, 13 fog samples with collected liquid
water were obtained. Each campaign lasted for 15 to 20 days. Samples collected during active
rainfall (P = 0.5 mm/h) were discarded to prevent significant dilution or contamination; however,
samples with minimal precipitation (P < 0.5 mm/h), such as S3, were retained if fog conditions

persisted and dominated the sampling period.

Meteorology, fog time series, and fog profiles

The occurrence of water (super)saturation was analyzed with profiles of micrometeorological
data, measured on the 81 m tower (for details see Andreae et al., 2015), which is 400 m away from
the fog sampler on the tall tower. One indication for the presence of fog was a relative humidity
exceeding 95%. An independent indication was provided through a measurement of atmospheric
visibility, which was conducted continuously with an optical fog sensor ONED 250 (Eigenbrodt
GmbH & Co.KG, 21255 Konigsmoor, Germany). The instrument was installed at 43 m at the same
level as the CASCC2, and data were recorded at an interval of 1 min. Fog events—defined as
instances of visibility below 1000 m—were recorded multiple times per minute between September
2014 and December 2018. This threshold aligns with the international standards established by
the World Meteorological Organization (WMQO) and the American Meteorological Society (AMS).
The monthly frequency of these events, presented in Fig. S3, was used to identify periods of high
fog incidence and temporal variability, ensuring that sampling efforts captured the most representa-
tive conditions. Figure S3 is based on data from 2014-2018 to establish historical patterns of fog
occurrence, using the optical fog sensor ONED 250, while the visibility data up to 2023, shown in
Figure 1, complement the seasonal and diurnal analyses of the 2022-2023 campaigns.

The continuous visibility data is available for Campaign 2. For Campaign 1, however, no data

were available due to technical issues with the sensor. To address the absence of visibility data for



Campaign 1 due to technical issues with the sensor, relative humidity exceeding 95% was used as
a robust proxy for fog events, consistent with established meteorological criteria, ensuring compa-
rability with Campaigns 2 and 3. Relative humidity time series for all campaigns are shown in Sup-
plementary Fig. S4. During Campaign 3, the continuous visibility measurement at 43 m was inter-
rupted, and the sensor was installed on the custom-built automatic Robotic Lift (RoLi) system34.
The RoLi system was installed at the southern corner of the 325-m ATTO. During Campaign 3, 48
high-resolution vertical profiles per day of meteorological data, as well as visibility, were measured
between 8 and 318 m. At the vertical speed of 0.3 m s™%, one full profile took around 15 minutes.
For measurement of meteorological parameters, the WS500-UMB Smart Weather Sensor (OTT
HydroMet Fellbach GmbH, 70736 Fellbach Germany) was used. The detection intervals were 1
min! for temperature and relative humidity and 1 Hz for air pressure, wind speed, and wind direc-
tion. Data gaps, when present, were caused by maintenance or by strong winds, leading the soft-
ware security mechanism to prevent operation of the RoLi. Visibility data were used for a statistical

analysis of fog event occurrences.

Flow Cytometric Analysis and Zeta potential

The flow cytometric analysis was performed using a BD FACS Celesta (Becton Dickinson) Flow
Cytometer, following a standard protocol®. The fog water samples were vortexed for 30 s and 500
uL aliquots were transferred to 5 mL flow cytometry tubes. The fluorescent dyes Rhodamine 123
(Sigma-Aldrich) at 10.0 umol Lt and Hoechst 33342 (Invitrogen) at 3.0 umol L-*were added to half
the samples (dyed samples). Staining with both dyes followed international standard protocols rou-
tinely applied in flow cytometry for the assessment of microbial viability in environmental samples
(membrane potential via Rhodamine 123 and total DNA staining via Hoechst 33342, and equivalent
established procedures for Rhodamine 123 as used in numerous atmospheric microbiology stud-
ies). The other half of the samples were incubated without the addition of dye (control samples),

and ultrapure water was used as a blank. The dyed samples, control samples, and blanks were



incubated for 15 min before analysis on the flow cytometer. Data were acquired for 60 s at 60 pL
min' flow rate. The analysis was performed using the 450/50 nm channel for Hoechst-33342 (ex-
citation at 355 nm) and the 530/30 nm channel for Rhodamine-123 (excitation at 488 nm). Zeta
potential and hydrodynamic diameter were measured in a Zetasizer ZSNano (Malvern Instru-

ments). The samples were analyzed upon receipt and measured in triplicate to ensure reproduci-

bility.

Microorganism Cultivation, Isolation, and Classification using MALDI-TOF-MS

Fog water samples were homogenized, and 2 ml aliquots were centrifuged at 18,000 rpm for 2
min. Subsequently, a 10.0 pL aliquot was seeded in a Petri dish containing DRBC (Dichloran Rose
Bengal Chloramphenicol agar) for fungal culture, and a tryptic soybean broth (TSB, Soybean Agar)
to cultivate bacteria®®. As per Mantoani et al., bacterial and fungal plates were incubated at 35°C
for 48 h and at 30°C for 7 days, respectively, and were then processed at the Mycology Laboratory
at the Adolfo Lutz Institute in Sdo Paulo for isolation and identification3’. After cultivation, bacterial
and fungal species were classified at the species level, using MALDI-TOF MS (Bruker Daltonics,
Billerica, Massachusetts, USA)3, As described in Mantoani et al. 2023, based on the time of flight
of laser-excited ribosomal proteins in a lipid matrix, this technology can interpret specific spectral
masses of different microorganisms38. Calibration is performed using a standard strain of E. coli
16S that contains known spectra, ensuring the sensitivity of the test and identification. Through the
results provided in the score registered at the instrument, genus (scores between 1.7 and 1.9) and

species (scores above 2.0) are identified38:3°,

Analysis of Data

Given that the data did not meet the normality and homoscedasticity assumptions and the sam-
ple sizes varied across seasons, the difference in cell counts obtained from flow cytometry were
assessed using the Kruskal-Wallis test, a non-parametric method. This examination was con-
ducted at a significance level of a = 0.05, utilizing Statistica software version 14.0.0.15 (Statistica,
2022). The proportions of bacteria and fungi were determined descriptively by calculating the fre-

guency of occurrence of each species relative to the total sample size.



Results and Discussion
Physical characteristics and temporal dynamics of fog events

Over a 30-year period, data collected by the National Institute for Space Research (INPE) indi-
cate that the average monthly precipitation ranges from 260 to 330 mm and the average tempera-
ture from 23 to 32 °C during the rainy months of April and May, coinciding with our fog collection
in campaign 1. In contrast, in October, which marks the late dry season and aligns with campaign
2, the average monthly rainfall drops below 130 mm, and temperatures fluctuate between 23 and
34 °C. In January, a transitional period between dry and wet seasons corresponding to campaign
3, average monthly precipitation is approximately 280 mm with temperatures spanning from 23 to
31 °C. The meteorological conditions observed during the three fog sampling campaigns are sum-
marized in Table S2 and align with the established climatic averages for the respective seasons,
indicating that the sampling conditions were representative of typical seasonal patterns.

Meteorological and related parameters, such as humidity, cloud cover, nocturnal radiative cool-
ing, suspended particulate matter (SPM), as well as rainfall intensity and frequency affect the for-
mation of fog. Fog occurrence was more frequent in the wet than in the late dry season (Fig. 2).
While being predominant during the wet season, fog events also occurred during the early wet
season and the late dry season, albeit with lower frequency and shorter duration.

The dieltrends in fog occurrence are shown in Fig. 1. Fog formation is typically most pronounced
during late night and early morning hours, especially between 03:00 and 07:00 local time (LT). The
fog builds up gradually during the second half of the night and dissipates rather suddenly around
07:00 LT with the onset of convective mixing and the development of the convective boundary
layer. A secondary and weaker fog peak occurred in the late afternoon, typically after convective
rain showers. The diel trends inFig. 1 are similar across all months, with a minimum visibility around
3:00 to 4:00 LT. The late wet season months March, April and May had the lowest visibility and
most pronounced diel patterns, whereas the late dry season months July, August, and September
are associated with the lowest visibility amplitude.

The three fog sampling campaigns covered 46 nights and 13 fog events that were observed and

sampled at ATTO. The fog events usually occurred between 03:00 and 07:00 LT, consistent with



Fig. 1. For campaigns 1 and 2, Fig. 3 shows time series of the entire aerosol size distribution,
rainfall, relative humidity, and fog occurrence, in relation to the individual fog sampling periods.
Most fog periods are associated with characteristic ‘notches’ in the contour plots of the aerosol size
distributions, collocated with a decrease of visibility (Fig. 3B) and RH reaching saturation (Figs. 3A
and B). Particularly clear examples are, for instance, the sampling periods S8 and S9 on 16" and
18" Oct 2022 in Fig. 3B. The depth of these notches indicates which aerosol particle sizes were
activated as FCN. Figure 3B suggests that particles with diameters > 300 nm were prone to act as
FCN, and therefore not visible anymore in the aerosol size spectra. Critical diameters in this range
have also been reported in previous studies conducted in contrasting environments, such as semi-
urban Paris*, suggesting that similar activation thresholds can arise under different aerosol and
thermodynamic conditions. The fog-related notches are less pronounced during the late wet sea-
son (Fig. 3A, Campaign 1) than during the late dry season (Fig. 3B, Campaign 2). This suggests a
seasonal dependence of aerosol-fog interactions, driven by aerosol particle properties, water-va-
por supersaturation, or both. With the data analyzed in this study, such potential seasonality cannot
yet be quantified. Nevertheless, it can be concluded here qualitatively that the occurrence and
“‘depth” of the fog-related notches appear highly variable and are likely governed by seasonal dif-
ferences in FCN and microbial composition and supersaturation (Artaxo et al., 2013; Pohlker et al.,
2018; Souza et al., 2021, Barbosa et al., 2022). We hypothesize that variations in supersaturation
play the primary role, which remains to be verified in future studies. Additionally, differences in FCN
composition — particularly near the critical diameter for activation into fog droplets — may also exert
a measurable influence (Dusek et al., 2006; P6hlker et al., 2021). In addition to the aerosol-fog
interaction, the more frequent precipitation and the associated rain-related scavenging, causes
similar patterns in the aerosol size spectra and therefore partly masks the fog-related notches.
During the fog sampling campaign 3, the operation of the Robotic Lift (RoLi) system3* with a
meteorological and aerosol instrument package, together with the visibility sensor, allowed analysis
of the vertical profiles of the morning fog layers. As a characteristic example and corresponding to
one individual sampling period, Fig. 4 illustrates the diel cycle of vertical profiles for selected me-
teorological parameters and aerosol number concentration between 300 nm and 10 um between

14 January and 16 January 2023, covering the fog event S11 on 15 January 2023. The visibility in



Fig. 4E represents the nighttime build-up of the fog layer with a minimum around 400 m at 04:00
LT on 15 January 2023. The fog layer was most pronounced between the canopy top, around
30 m, and about 150 m. Fog in this height range has been observed frequently, indicating that the
fog sampling height of 43 m was well chosen. In the case shown in Fig. 4, fog was present at the
sampling height for most of the night, until approximately 06:00 LT on 15 January 2023. On 14
January 2023, another fog event was observed after midnight, lasting until around 08:00 LT. The
rise of the fog layer driven by the formation of the convective boundary layer can be clearly seen
in Fig. 4E. During the sampled fog event S11 on 15 January 2023, the aerosol number concentra-
tion inside the fog layer was significantly reduced from ~ 5 cm- before to ~0.5 cm-3, clearly showing
that a large fraction of aerosol particles greater than 300 nanometer were activated into fog drop-
lets. The occurrence of these “fog holes” is frequently observed in vertical profiles of aerosol num-
ber concentration during fog events, highlighting the importance of larger aerosol particles e.g.

fungal spore, in the formation of fog droplets.

Microbial abundance and viability in Amazonian fog droplets

Although our sampling was limited to 13 fog events, these were strategically collected during
the late wet season, late dry, and early wet season, which are the primary periods of fog formation
at the Amazon Tall Tower Observatory (ATTO), as fog occurrences are less frequent during the
late dry season. The relatively small sample size reflects the logistical challenges of collecting fog
water under controlled conditions in aremote rainforest environment. Flow cytometric analysis was
applied to quantify the number concentration of microorganisms in the fog samples (Fig. 5). The
lowest concentrations ranged around 6-x 10%to 7-x 104 cells per ml of fog water (e.g., samples S2
and S6), whereas the highest concentrations reached nearly 1 x 10° cells per ml of fog water (e.g.,
samples S1 and S7). Variation between individual samples, however, was remarkably large. In
some cases, cell concentration of subsequent samples, as S1and S2, dropped by about one order
of magnitude (Fig. 5). This could be explained by a corresponding decrease in the aerosol particle
concentration in the size range of large accumulation mode and coarse mode particles, which ac-
count for the majority of FCN. After S1, when very high cell numbers were counted, there were

several rain events, which effectively removed particles from the atmosphere, and S2 (3,450 cells



ml-1) was taken 4 days later, shortly after a rain event (see Fig. 3). Also between S7 (98,466 cells
ml~1) and S8 (67,000 cells mI™), collected during the late dry season, major differences in cell
numbers were assessed, and also here this decreased number in S8 could be caused by a previ-
ous rain event. Comparing samples S8 and S9 (17,200 cells mI~%), however, the further decrease
in cell number is not linked to a decrease in coarse aerosol particle concentrations. Here, meteor-
ological conditions#?, including post-rainfall effects that initiate fog formation prior to sampling of
S8, and fog event length!® could potentially enhance microbial entrainment during sampling of S8.
The high variability observed in cell counts is consistent with previous studies of Amazonian bio-
aerosol concentrations, which also report strong temporal fluctuations#2. These studies suggest
that meteorological conditions, aerosol size (>300 nm), relative humidity, and wind patterns may
influence the abundance and entrainment of biological particles in fog droplets.

For additional comparison, data from Campaign 3 (early wet season, January 2023) obtained
via the RoLi system show relatively small depletions in aerosol size distributions >300 nm, similar
to those in Campaign 1, owing to predominantly wet conditions with precipitation of ~280 mm and
low environmental loading of coarse aerosols (see Fig. S3 in the supplementary material for rep-
resentative distributions). This consistency reinforces that meteorological variations and aerosol
size (>300 nm) might primarily explain the observed variability, with secondary influence from sea-
sonal microbial composition (e.g., greater saprophytic diversity during the wet season, associated
with soils and plants).

Meteorological variables were analyzed during the fog collection periods, yielding weak correla-
tions with cell concentration (Fig. S4b). Moderate correlations were found for temperature (R=0.30)
and relative humidity (R=-0.42), considering the average data from 12 hours previous to each fog
event (Fig. S4a). This indicates that the conditions preceding fog formation might influence the
microbial community more than those during fog collection.

Similarly, the occurrence of dominant bacterial taxa, such as Serratia marcescens and Ralstonia
picketti, was more frequent in wetter campaigns, potentially reflecting moisture-dependent growth
and aerosolization from soil and plant surfaces, while fungal taxa (e.g., mesophilic saprophytes)
showed broader presence across seasons, but with hints of wind-driven transport from prevailing

wind directions (e.g., northeast in wet seasons; Fig.5B). These patterns suggest that fog formation



under high-RH, low-temperature conditions may enhance microbial entrainment and viability in the
Amazonian atmosphere.

Late wet, late dry, and early wet season comparisons did not show significant differences be-
tween the three sampling campaigns, with similar averages 15.186, 24,214, 13,729 cells per ml of
fog water in the late wet, late dry, and early wet season, respectively. Also a Kruskal-Wallis test
indicated no statistically significant difference between the average cell concentrations (H 2,10) =
0.769; P = 0.49). This suggested similarity between seasons is caused by the large variability be-
tween samples and the low number of samples per season. Thus, an increase in sample number
could elucidate differences between seasons, which are currently disguised by the low sample
number.

To assess whether fog events themselves may explain part of this variability, we examined the
relationship between cell concentration peaks and periods of reduced visibility. Notably, peaks in
cell counts, such as those observed in fog samples S7 and S8, coincided with periods of intensified
fog formation. For instance, S7 exhibited a significant peak in cell count (98,000 cells per ml of fog
water) during a period of low visibility and high particle number concentration. Similarly, S8, with a
high cell count of 67,000 cells per ml of fog water, aligns with low visibility and increased particle
number concentration. Even samples having lower cell counts, like S9 (17,000 cells per ml of fog
water), still corresponded to reduced visibility periods, and S10 showed a significant number of
cells (40,07700 cells per ml of fog water) during the fog event. This reduced visibility during S9 is
evident in Fig. 3B. The period is also characterized by a depleted aerosol surface size distribution
(dS/dlogD) in the 300 nm to 10 um range. The variability in microbial cell concentrations, such as
the notable differences between samples S7 (98,466 cells per ml of fog water) and S9 (17,200
cells per ml of fog water) during the late dry season, may extend beyond influences from coarse
aerosol particle concentrations alone. Meteorological conditions, including post-rainfall effects that
initiate fog formation, could enhance microbial entrainment in certain events, potentially elevating
counts despite seasonal patterns??. High humidity (>95%) and negative zeta potentials (-12.3 to
-27.5 mV) support the incorporation of viable microbes via electrostatic interactions, aligning with

the negative charge of bacterial cell walls in Gram-negative taxa3. Additionally, wind patterns may



influence the abundance and entrainment of biological particles*?, complementing seasonal aero-
sol effects from biomass burning?>.

Zeta potential measurements of bulk fog samples yielded consistently negative values, which
are compatible with the negative surface charges typical of Gram-negative bacterial cell walls, such
as those in prevalent taxa like Serratia marcescens and Ralstonia pickettii. However, these meas-
urements reflect the net charge of all dispersed species in the condensed fog water, including
potential contributions from organic acids, dissolved ions, and abiotic particulates, rather than iso-
lated microbial surfaces. Without sterile controls or single-particle analyses, direct attribution to
microorganisms remains tentative. Nonetheless, the observed values are consistent with electro-
static interactions facilitating microbial incorporation into fog droplets, as hypothesized. Microor-
ganisms may contribute to fog formation and persistence by acting as efficient condensation nuclei,
particularly in low-supersaturation environments, as evidenced by chamber studies on biological
particle activation and field observations of enhanced microbial viability in fog#1:3043, Given typical
Amazon fog droplet densities of 10’-108 m™3 and a liquid water content (LWC) of 0.1-0.5 g m™3,
microbes likely occupied 0.01-0.5% of droplets on average, with potential clustering in a subset of
larger droplets.

The highest microbial concentrations observed in the present study (9.8 x 10* cells ml™* fog
water) are directly comparable to those reported in non-tropical cloud water (typically 2 x 104-1 x
10° cells miI~t 43) and fall within the range found in atmospheric aerosol studies®, indicating no

unusual enrichment in near-surface Amazonian fog.

Taxonomic identification and ecological relevance of culturable fog microorganisms

To complement the cytometric evidence of metabolically active viable cells in fog water — pri-
marily determined by Rhodamine 123 staining of intact mitochondrial membrane potential, with
Hoechst 33342 used as a counterstain for total intact microbial cells — we next investigated the
identity and potential ecological roles of culturable microorganisms recovered from the same fog
events. Ecological roles, such as nutrient cycling or decomposition, were inferred based on the
known functions of identified taxa in other environments. As suggested for temperate regions3144,

the most readily culturable microorganisms are likely to contribute to the phylloplane ecology of the



Amazon rainforest. This environment is particularly dynamic due to high humidity, abundant or-
ganic matter, and the exceptional diversity of microorganisms and plants. Fog droplets, acting as
transient microhabitats, may facilitate the transfer of these culturable species across canopy layers,
linking aerial microbial communities to surface colonization processes and potentially influencing
phyllosphere diversity.

Across the three campaigns, eight viable bacterial species were detected in fog samples (Fig.
5). Serratia marcescens and Ralstonia picketti were the most frequently detected bacteria, appear-
ing in 45% of the samples. Seven bacterial species were detected during the wet season, while
only four were detected during the late dry season. Serratia marcescens and Ralstonia pickettii,
both known to thrive in moist environments#®, were the dominant bacteria during the wet season,
while Sphingomonas paucimobilis, which is known to be more resilient to dry conditions*’, was
detected only at the late dry season. The bacterial species identified in fog water samples were
detected more frequently during wet periods, which coincided with higher occurrences of fog and
precipitation events (Fig. 5B). While our sampling was limited to fog events, the seasonal variability
in bacterial occurrence suggests that wet conditions may enhance the occurrence of certain spe-
cies. For example, Serratia marcescens occurred primarily during the early and late wet seasons,
coinciding with higher fog frequency, while Sphingomonas paucimobilis was more common in drier
periods. It must be noted that these findings are based on a limited dataset, and itremains possible
that some species identified only in one season were present in others but at concentrations below
the method detection threshold. More detailed statistical analyses and expanded sampling across
seasons are required to confirm these trends and better understand the underlying mechanisms
driving microbial distribution in fog water. In contrast to temperate forests, where fog often facili-
tates the dispersal of epiphytic microorganisms adapted to high humidity, or deserts, where fog
sustains sparse microbial communities due to low nutrient availability, Amazonian fog may act as
a dynamic vector for a diverse range of saprophytic and endophytic bacteria and fungi, potentially
contributing to microbial colonization and nutrient cycling in tropical ecosystems.

Our findings revealed the presence of Ralstonia pickettii, a ubiquitous aerobic gram-negative,
oxidase-positive, non-fermentative, rod-shaped bacterium, which has biodegradative abilities and

thrives under low nutrient (oligotrophic) conditions#8. Serratia marcescens is a gram-negative,



facultatively anaerobic bacterium that is differentiated from other gram-negative bacteria by its abil-
ity to perform casein hydrolysis, which allows it to produce extracellular metalloproteinases?°.
Pseudomonas putida has been documented to suggest potential for nutrient cycling, bioremedia-
tion, and plant growth promotion in soil and rhizosphere environments®:52, While these roles are
plausible in the Amazonian fog context due to the presence of viable Pseudomonas cells, further
studies are needed to confirm their activity in fog droplets. A study conducted by Dutra et al.
(2023)%? evaluated the efficiency of Sphingomonas spp. bacteria in phosphate solubilization and
demonstrated that inoculation with these bacteria significantly increased the available phosphorus
content in solution, thus highlighting their potential to enhance phosphorus availability for plants®3,

The recovered fungi from fog water samples from the Amazon rainforest showed high inter- and
intraseasonal variability in isolated strains. Our study identified seven distinct fungal species in fog
samples (Fig. 5B), with Aspergillus niger being most prevalent, occurring in 43% of fog samples,
along with the closely related Penicillium species. These cosmopolitan fungi are found in both nat-
ural and anthropogenic environments®3. They have been extensively studied, as they are produc-
ers of enzymes such as amylase, cellulase, pectinase, protease, and phytase®. Aspergillus, a
primary organic matter decomposer, is more prevalent in warmer climates. Sterile mycelia, fungi
without known sexual or asexual spores, represented 14% of the identified fungi, showcasing their
notable presence. Additionally, Rhodotorula mucilaginosa and Alternaria sp. were present in 13%
of the samples each (Fig. 5B). The transport of fungal spores plays a key role in shaping the spatial
distribution and abundance of fungal communities in tropical ecosystems, which may suggest po-
tential for organic matter decomposition and nutrient cycling. While these fungi are known to con-
tribute to organic matter decomposition and nutrient cycling in other ecosystems®354, direct evi-
dence of these functions in Amazonian fog droplets remains to be established through targeted
functional studies.

Aspergillus and Penicillium spores had higher prevalence in fog samples collected during the
late wet season, which featured more prolonged low-visibility fog events compared to the late dry
season, potentially reflecting their moisture-driven growth and reproduction cycle. In contrast, oth-
ers, including Sphingomonas paucimobilis,were more commonly observed during drier conditions.

The fact that these species could be isolated from fog water samples suggests that fog could



facilitate the dispersal and deposition of specific fungal taxa, potentially influencing microbial colo-
nization patterns across the rainforest. Notably, the fungal species identified in fog water were also
previously observed in dry air above the canopy?8, supporting the inference of a local source from
within or below the canopy.

Although culture-based methods identified specific microbial species with known ecological
roles, it is critical to recognize that only a small fraction of environmental microorganisms are culti-
vable using standard laboratory techniques. Historical estimates suggest that less than 1% of bac-
terial species are cultivable®*, though recent advances indicate this proportion may be higher in
certain environments, with up to 34.9% of bacterial taxa having culturable relatives®®. In this study,
flow cytometry detected significantly higher concentrations of viable microbial cells compared to
the culturable species identified, suggesting that the total microbial diversity in Amazonian fog is
substantially greater than that captured by culturing. This underscores the importance of combining
culture-based and non-culture-based approaches to comprehensively characterize fog microbial
communities and highlights the need for future studies using metagenomic techniques to fully elu-
cidate the diversity and functional roles of non-culturable microorganisms.

It is important to note, however, that the culture medium used (Dichloran Rose Bengal) in the
current study may have selectively favored certain species over others, representing a potential
limitation of this study. Specifically, DRBC may underestimate fungal diversity by 20-30% com-
pared to non-selective media, as it favors slow-growing, xerotolerant fungi like Aspergillus and
Penicillium®. To overcome the limitations of the DRBC culture medium in capturing the full spec-
trum of fungal diversity, future studies could employ metagenomic approaches to provide a more
comprehensive analysis of microbial communities in Amazonian fog droplets. To address concerns
about potential contamination, we implemented rigorous protocols as follows. All of the fungal types
observed in our Amazon fog samples mostly release asexual conidia, 3 to 10 um in diameter, into
the atmosphere, along with associated hyphal fragments and volatile organic compounds. Since
all the fungal spores identified here were asexual, they do not have an associated release of pro-
pulsion fluids that are known for their CCN activity. Fog-mediated deposition of viable microbes
may suggest a potential for promoting microbial colonization and decomposition of organic matter,

thereby possibly contributing to nutrient cycling in rainforest ecosystems3156,



While our culture-dependent approach reveals seasonal patterns in culturable taxa (e.g., higher
prevalence of Sphingomonas inwet season samples), these observations are subject to culturing
biases and drawbacks in data analysis and do not capture the full microbial diversity. Future studies
integrating metagenomics could complement these findings to assess the genetic material of living
and dead organisms, as well as unculturable fractions.

To better understand the potential ecological roles of the isolated organisms and put them in a
wider context, we tried to compare microbial communities in fog with those in background aerosols.
However, due to methodological differences (selective culturing vs. metabardocing), comparisons
are challenging and must be interpreted with caution. For instance, Souza et al. (2021) used
metabarcoding at the ATTO site to show that below canopy aerosol communities are dominated
by Proteobacteria, Firmicutes, and Actinobacteria, with seasonal compositional shifts driven by
humidity, temperature, and potential changes in sources. Given differences in taxonomic resolu-
tion, we compared only on family level, finding that bacterial families of our isolates comprise ~31
% of the community found by Souza et al. (2021) across seasons, with only Comamonadaceae
(Delftia acidovorans) and Ralstoniaceae (Ralstonia pickettii) being absent. The overlap suggests

common sources and selective recruitment of FCN from the broader bioaerosol community.

In the current study, most fungi isolated from fog water belong to Ascomycota, with Penicillium
being prevalent and Cladosporium occurring at low frequency in fog. In contrast to that, Mota de
Oliveira et al. (2022)% reported 30% basidiospores among airborne fungal OTUs at 300 m and
Weber et al. (in prep.) found a dominance of Basidiomycota at 42 m during the wet season. In the
latter study, only 7.3 % of the observed genera belonged to Ascomycota, with only Penicillium and
Cladosporium occurring daily. The frequent occurrence of Penicillium bothin bioaerosol and in fog
may suggest it to act as FCN. This interpretation has to be taken with caution, as the chosen culture
medium favors molds and may underrepresent Basidiomycota. These differences between studies
may highlight fog's modulation of bioaerosol dynamics, calling for an integrated sampling of bio-

aerosol and fog to clarify the impact of fog on microbial dispersion and activity.



Climate Change Implications

As outlined in the Introduction, the Amazon rainforest is critical to global climate and hydrological
cycles. However, climate change and deforestation are projected to reduce atmospheric moisture
and extend the late dry seasons, limiting the supersaturation conditions necessary for fog for-
mation®”%8, Increased biomass burning elevates aerosol concentrations (up to 104 cm-3), including
black carbon, which warms the boundary layer and suppresses fog development!6, Concurrently,
deforestation reduces primary biological aerosol particles (PBAPSs), key FCN, further constraining
fog formation?159, These changes may disrupt fog-mediated processes outlined in Results, such
as microbial dispersal, impacting biodiversity and biogeochemical cycles in forest—savanna transi-
tion zones. Such disruptions could potentially affect interactions, such as Pseudomonas-mediated
phosphorus mobilization from Saharan dust, which might compromise ecosystem fertility under
warmer, drier conditions. The direct response of fog to multiple drivers remains poorly understood
due to the scarcity of long-term, high-resolution fog observations; however, most models and stud-
ies consistently predict a decline in fog frequency under warmer, drier, and more polluted condi-
tions®261 While this study demonstrates the presence of viable microbes in fog droplets, further
research is needed to confirm fog’s specific role in microbial dispersal compared to other atmos-
pheric mechanisms and its direct contribution to ecosystem processes. Notably, Pseudomonas
also plays a crucial role in mobilizing phosphorus from Saharan dust that is annually deposited in
the Amazon, thereby enhancing soil fertility and supporting forest productivity. The interaction be-
tween fog-transported microorganisms and Saharan dust deposited in the Amazon may represent
a key biogeochemical process. For instance, Pseudomonas spp. can colonize dust particles and
enhance phosphorus solubilization by up to 30% in tropical soils®2. By facilitating the deposition of
these microorganisms onto foliar surfaces and soil, fog may amplify nutrient mobilization from ex-
ternal sources, such as transcontinental dust. Changes in fog frequency, potentially driven by cli-
mate change, could disrupt this interaction, with possible implications for the fertility of the Amazo-
nian ecosystem. While visibility data from 2014 to 2023 at ATTO (Fig. 2) indicate seasonal varia-

bility in fog, long-term trends remain unclear, highlighting the need for further monitoring.



Conclusion

This study presents a first investigation and taxonomic characterization of viable microbial
communities within Amazonian fog droplets, using flow cytometry for quantification and culture
based MALDI-TOF for identification. The detection of metabolically active bacterial and fungal taxa,
such as Serratia marcescens, Ralstonia pickettii, Sphingomonas paucimobilis, and Aspergillus ni-
ger, suggests that fog may have the potential to serve as a viable habitat and redistribute ecologi-
cally relevant microorganisms across the rainforest canopy. By facilitating the vertical transport and
deposition of viable microbes, fog serves as an important component of Amazonian ecosystem
dynamics, with observed intra- and interseasonal variability in cell numbers potentially reflecting
meteorological influences and background aerosol properties. Climate-driven shifts in fog fre-
quency and structure may alter microbial dispersal and deposition dynamics, with potential down-
stream effects on tropical ecosystem functioning. These findings highlight fog as a dynamic inter-
face linking microbial processes in the forest canopy with broader atmospheric and ecological sys-
tems. By documenting viable microbial content in Amazonian fog, this study establishes a founda-
tion for future investigations into the role of fog in tropical bioaerosol dynamics and its implications

for ecosystem resilience under changing environmental conditions.
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FIGURE LEGENDS

Fig. 1 Diurnal pattern of visibility at ATTO, depicted by month. Visibility data from Sep 2014 until
Jan 2023 has been averaged here. The visibility trend shows a clear reduction during early morning
hours, typically reaching a minimum around 04:00 local time (LT), followed by a sudden increase
in visibility with the onset of solar heating between 06:00 and 07:00. A secondary dip in visibility



occurs in the late afternoon, coinciding with typical rain shower occurrences during this time. Each
colored line represents the average visibility for a different month, with the legend indicating the

respective months from January (01) to December (12).

Fig. 2 Monthly variation in atmospheric visibility at the Amazon Tall Tower Observatory (ATTO).
Visibility measurements during fog events, excluding rainfall periods (7 hours). Diamonds repre-

sent median visibility values.

Fig. 3 A-B Time series of precipitation (P), relative humidity (RH %), visibility (Vis) and aerosol
abundance for fog sampling periods 1 (April 25 to May 9, 2022) and 2 (October 13 to October
2022) of the present study. The middle panel shows a contour plot of the aerosol surface size
distribution (dS/dlogD) for the size range from 300 nm to 10 um. The bottom panel shows a contour
plot of the aerosol number size distribution (dN/dlogD) for the size range from 10 nm to 400 nm.

Green boxes indicate the fog sampling periods analyzed in this study. For sample S3, minimal
precipitation (P < 0.5 mm/h) occurred intermittently but did not compromise fog dominance.

Fig. 4. Vertical profiles between 14 January and 16 January 2023 at ATTO, covering the analyzed
fog event S11 on 15 January 2023. (A) Precipitation (mm) and temperature (°C) measured at 325
m. (B—H) Vertical profiles from 8-318 m of (B) temperature (°C), (C) relative humidity (%), (D)
specific humidity (g kg™), (E) visibility (m), (F) aerosol number concentration between 300 nm and
10 um (cm™3), (G) horizontal wind speed (m s™1), and (H) wind direction (degrees), measured by
the Robotic Lift (RoLi), an automated profiling platform at the 325 m tower. Date and time are
shown in local time (UTC—4). Shaded areas in panel A indicate nighttime periods.

Fig. 5 Microbial cell abundance and culturable taxa in Amazonian fog. (A) Total microbial cell
counts (103 per ml of fog water) determined by flow cytometry for 13 fog samples collected at the
Amazon Tall Tower Observatory (ATTO) during three seasonal campaigns: late wet season (pur-
ple), late dry season (yellow), and early wet season (blue). Seasonal colors correspond to sampling
campaigns. (B) Occurrence of culturable bacterial (left) and fungal (right) taxa identified in each
sample. Filled circles represent the presence of each taxon, with circle size proportional to the
number of observations per sample. Bar lengths indicate the overall frequency of each taxon: black
for bacteria, grey for fungi. The overall frequency of each taxon was calculated as the percentage
of samples in which the taxon was detected (number of samples with the taxon present divided by
the total number of samples, 13. Taxa were identified by cultivation and MALDI-TOF MS. See
Methods for details.



Sampling

Campaign Sample Date time (h) pH Zeta Potential (mV)

S1 04/26/2022  2am-7am 5.96 -16.2 + 2.2

S2 04/30/2022  2am-7am 6.15 -5.87 +1.9

. S3 5/1/2022 5pm-7am 5.77 -14.3+£1.0
Campaign 1

S4 5/4/2022 8pm-9am 5.57 -11.9+1.9

S5 5/6/2022 5pm-9am 5.70 -10.3+£1.6

S6 5/7/2022 5pm-9am 5.26 -16.1 + 0.6

S7 10/13/2022  10pm-8am 5.85 9.8 +4.3

. S8 10/15/2022  10pm-8am 5.24 -15.6 + 0.8
Campaign 2

S9 10/17/2022  10pm-8am 4.98 -149 +£1.1

S10 10/19/2022°  10pm-8am 5.26 -13.1 £ 2.6

S11 01/14/2023  10pm-8am 7.31 471 +1.1

Campaign 3 S12 01/17/2023  10pm-8am 7.50 -10.8 + 1.5

S13 01/20/2023  10pm-8am 6.76 -7.3+1.7




Editorial summary:
Amazonian fog samples contain viable microbes, suggesting fog plays a role microbial dispersal, colonization and nutrient cycling, according to
analyses of fog samples from a tall tower observatory.

Peer review information:
Communications Earth & Environment thanks the anonymous reviewers for their contribution to the peer review of this work. Primary Handling

Editors: Yinon Rudich and Alice Drinkwater. A peer review file is available



- 01
— 02
= 03
- 04
— 05
= 06
07
08
09

= 10
|

Visibility [m]

11
12

Time of Day

Fig. 2 Diurnal pattern of visibility at ATTO, depicted by month. Visibility data from Sep 2014 until
Jan 2023 has been averaged here. The visibility trend shows a clear reduction during early
morning hours, typically reaching a minimum around 04:00 local time (LT), followed by a sudden
increase in visibility with the onset of solar heating between 06:00 and 07:00. A secondary dip in
visibility occurs in the late afternoon, coinciding with typical rain shower occurrences during this
time. Each colored line represents the average visibility for a different month, with the legend

indicating the respective months from January (01) to December (12).
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Fig. 2 Monthly variation in atmospheric visibility at the Amazon Tall Tower Observatory (ATTO). Visibility

measurements during fog events, excluding rainfall periods (7 hours). Diamonds represent median visibility
values.
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Fig. 3 A-B Time series of precipitation (P), relative humidity (RH %), visibility (Vis) and aerosol
abundance for fog sampling periods 1 (April 25 to May 9, 2022) and 2 (October 13 to October
2022) of the present study. The middle panel shows a contour plot of the aerosol surface size
distribution (dS/dlogD) for the size range from 300 nm to 10 um. The bottom panel shows a
contour plot of the aerosol number size distribution (dN/dlogD) for the size range from 10 nm to

400 nm. Green boxes indicate the fog sampling periods analyzed in this study. For sample S3,
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minimal precipitation (P < 0.5 mm/h) occurred intermittently but did not compromise fog
dominance.
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Fig. 4. Vertical profiles between 14 January and 16 January 2023 at ATTO, covering the
analyzed fog event S11 on 15 January 2023. (A) Precipitation (mm) and temperature (°C)
measured at 325 m. (B—H) Vertical profiles from 8-318 m of (B) temperature (°C), (C)
relative humidity (%), (D) specific humidity (g kg™), (E) visibility (m), (F) aerosol
number concentration between 300 nm and 10 pm (cm™), (G) horizontal wind speed (m
s1), and (H) wind direction (degrees), measured by the Robotic Lift (RoLi), an automated
profiling platform at the 325 m tower. Date and time are shown in local time (UTC—4).

Shaded areas in panel A indicate nighttime periods.
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Fig. 5 Microbial cell abundance and culturable taxa in Amazonian fog. (A) Total microbial cell counts (10° per ml of fog water) determined by flow cytometry for
13 fog samples collected at the Amazon Tall Tower Observatory (ATTO) during three seasonal campaigns: late wet season (purple), late dry season (yellow),
and early wet season (blue). Seasonal colors correspond to sampling campaigns. (B) Occurrence of culturable bacterial (left) and fungal (right) taxa identified
in each sample. Filled circles represent the presence of each taxon, with circle size proportional to the number of observations per sample. Bar lengths indicate
the overall frequency of each taxon: black for bacteria, grey for fungi. The overall frequency of each taxon was calculated as the percentage of samples in which

the taxon was detected (number of samples with the taxon present divided by the total number of samples, 13. Taxa were identified by cultivation and MALDI-

TOF MS. See Methods for details.



