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A B S T R A C T

Recent climate change has caused pristine Arctic winter atmosphere to experience a strong variation in ambient 
temperature, leading to significant alterations in polar wind patterns and thereby, perturbation in airborne 
microbial community. Present study focuses on investigating atmospheric transported microorganisms via wind 
and clouds, altering polar microbial diversity in polar dark winter nights at Ny-Ålesund, Svalbard (78.9◦ N, 
11.9◦E), as part of the first Indian winter-time Arctic expedition conducted from 19th January to 12th February 
2024. Average wintertime Arctic airborne cell concentration is noticed to be 1.5 ± 0.5 × 104 per m3. During the 
study period, Ny-Ålesund experiences a change in locally observed winter wind patterns from northerly winds to 
southerly winds. Significantly distinct clusters of microbial diversity are noticed corresponding to polar- 
influenced northerly wind (PW), southerly wind (SW) and precipitation (AP) over Ny-Ålesund. Microorgan
isms are primarily transported to Arctic by clouds, which contribute approximately one-third of bacterial and 
fungal genera through precipitation. In contrast, majority of pathogenic microorganisms are transported by PW, 
which carries fourfold more bacteria and 1.5-fold higher fungal genera than SW. Notably, PW transports 1.5-fold 
higher pathogenic bacterial genera than SW and two-fold higher compared to clouds. Several potential human 
pathogenic bacterial and fungal genera like Pseudomonas, Acinetobacter, Staphylococcus, Corynebacterium, 
Aspergillus, Penicillium, Trichosporon, and Phaeococcomyces are dominant in Arctic atmosphere. As many of these 
genera are commonly associated with respiratory and skin infections, and their presence highlights the need for 
continued microbial monitoring and research to better understand potential emerging health concerns.

1. Introduction

Arctic is experiencing rapid environmental transformation driven by 
climate change, with temperatures rising at nearly four-times global 
mean, a phenomenon known as Arctic amplification (Jensen et al., 2022; 
Lenton et al., 2008; Rantanen et al., 2022). The rapid warming has led to 
a significant reduction in snow cover (Bokhorst et al., 2016), particu
larly influencing atmospheric circulations over the polar region (Francis 
and Skific, 2015; Sasgen et al., 2024). Despite the persistent cold con
ditions ranging from -40 ◦C in winter to 15 ◦C in summer, the Arctic 

atmosphere remains rich in mixed-phase clouds year-round (Achtert 
et al., 2020; Cho et al., 2021). These clouds are composed of both 
supercooled liquid droplets and ice crystals and participate in regulating 
polar climate by altering radiative heat balance (Šantl-Temkiv et al., 
2019). Alteration in radiative heat balance, particularly trapping of 
outgoing longwave radiation, leads to warming of the lower atmo
sphere, which in turn accelerates the melting of ice sheets. The melting 
of ice sheets, originally formed through cloud-driven precipitation 
processes, releases diverse microorganisms into the Arctic environment 
(Malard et al., 2023). These microorganisms are entrained within snow 
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and ice layer and are liberated into surface water and the atmosphere as 
melting occurs, creating a pathway for microbial redistribution between 
cryospheric and atmospheric reservoirs (Hopwood et al., 2020). Mi
croorganisms in the Arctic environment span a wide range of sizes, from 
ultra-small single cells (~0.04 µm³) to larger cells with aerodynamic 
diameters exceeding 2 µm (Dvoretsky et al., 2022). Due to their 
comparatively large size (often ~1 µm or larger) and chemically het
erogeneous surfaces, bacteria are considered excellent cloud condensa
tion nuclei (CCN) (Péguilhan et al., 2023). In addition to CCN activity, 
many of these microorganisms possess specialised nucleation properties, 
such as ice-nucleating protein and surface macromolecules, which 
enable them to catalyse ice formation and support cloud formation in 
cold atmospheres, even at temperatures less than or equal to − 15 ◦C 
(Šantl-Temkiv et al., 2019). Several microorganisms, such as Pseudo
monas, Xanthomonas, and Bacillus, are reported to be involved in cloud 
formation, acting as CCN at a temperature of -15 ◦C in winter and 0 ◦C in 
summer (Bauer et al., 2003; Kourtev et al., 2011). However, some other 
microorganisms like Sphingomonas, Rhodococcus, Acinetobacter, and the 
fungal genus Aspergillus, have also been identified in clouds (Amato 
et al., 2005; Fuzzi et al., 1997).

Several microorganisms have been reported to possess specific fea
tures that help them survive in extremely cold polar environments. 
Arthrobacter species tolerate desiccation and nutrient starvation, making 
them well-adapted to cold, harsh environments (Kourtev et al., 2011). 
Pseudomonas species exhibit metabolic versatility, including the ability 
to utilise diverse carbonaceous sources, grow autotrophically, and 
secrete siderophores for trace metal acquisition (Cody and Gross, 1987). 
Bacillus species form highly resistant spores that protect them from UV 
radiation, desiccation, and chemical stress (Setlow, 2006; Vaïtilingom 
et al., 2012). These survival strategies support microbial persistence and 
potential metabolic activity during atmospheric transport until wet 
deposition via precipitation. Wet deposition through precipitation is 
widely recognised as the most efficient removal process, capable of 
removing a large proportion of airborne particles under many circum
stances (Després et al., 2012). Transport of airborne particles, including 
microorganisms, into the Arctic is seasonally dependent, with 
long-range transport of aerosols from mid-latitude continental regions 
occurring in winter and becoming especially pronounced during spring 
owing to the Arctic haze phenomenon (Jensen et al., 2022; Shaw, 1995). 
In contrast, summer season is characterised by thermal stratification 
(atmospheric stability) of the lower atmosphere, which restricts such 
long-range transport (Bozem et al., 2019; Jensen et al., 2022; Lange 
et al., 2019; Stohl, 2006). Recent studies across the whole Arctic region 
reported the dominance of anthropogenic haze during wintertime and 
strong local emissions during the summer season (Schmale et al., 2022).

Detection of microbial genera with known pathogenic potential in 
Arctic air masses is of particular concern, suggesting a possible link 
between long-range atmospheric transport and public health. Several 
bacterial genera frequently reported in atmospheric studies include 
Staphylococcus, Streptococcus, and Acinetobacter, which encompass clin
ically important species such as Staphylococcus aureus, associated with 
skin and respiratory tract infections (Gherardi, 2023); Streptococcus 
pneumoniae, a major cause of pneumonia and meningitis (Loughran 
et al., 2019); and Acinetobacter baumannii, a notorious 
multidrug-resistant hospital-acquired pathogen (Dijkshoorn et al., 
2007). In addition, bacterial genera such as Corynebacterium, Cuti
bacterium, and Anaerococcus, typically regarded as commensals of 
human skin and mucosal surfaces, can act as opportunistic pathogens, 
particularly in immunocompromised individuals (John et al., 2025; 
Mayslich et al., 2021). Similarly, several fungal genera, including 
Candida, Cryptococcus, and Aspergillus, are clinically significant. Candida 
species are common agents of mucosal and systemic candidiasis (Makled 
et al., 2024), Cryptococcus neoformans is a leading cause of 
life-threatening meningitis in immunocompromised populations (Chen 
et al., 2022), and Aspergillus fumigatus is widely recognised as a cause of 
invasive pulmonary aspergillosis (Elkhapery et al., 2025). The presence 

of such potentially pathogenic microorganisms in Arctic air masses is 
therefore of concern for researchers and personnel operating in remote 
Arctic regions, where medical infrastructure is limited, and any sus
tained exposure or transmission could pose serious health consequences.

Despite growing interest in Arctic airborne microorganisms, current 
understanding of their composition, abundance, variability, and path
ogenicity during the extremely cold and dark polar night remains 
limited, highlighting the need for comprehensive investigations into 
their sources, survival strategies, and transport mechanisms and path
ogenicity during polar nights.

To fulfil this knowledge gap, present study aims to investigate 
wintertime Arctic airborne microorganisms under influence of wind- 
driven transport and cloud-associated precipitation. Understanding the 
composition and diversity of airborne and cloud-associated microor
ganisms in winter is essential, as subsequent melting of snow and ice in 
summer can release these microbes into the polar atmosphere (Harding 
et al., 2011). Once released, these microorganisms may influence local 
ecosystems, potentially affecting Arctic biodiversity (Cavicchioli et al., 
2019; Vincent, 2010) and human health (Malard et al., 2023). Present 
study quantifies the influence of meteorological and atmospheric 
changes on airborne Arctic microbial communities and identifies po
tential pathogenic microorganisms that affect human health. By inte
grating microbial community data with meteorological parameters and 
atmospheric transport analysis, this work provides novel insights into 
composition and diversity of airborne microorganisms in the rapidly 
changing Arctic atmosphere, highlighting their ecological, climatic, and 
potential human health implications.

2. Site description & meteorological synopsis

Wintertime Arctic airborne microbial and aerosol samples are 
collected during polar dark nights at Ny-Ålesund, Svalbard (78.9◦ N, 
11.9◦E, 50 m above mean sea level) from 19th January to 12th February 
2024, as part of the first Indian wintertime Arctic expedition in 2024. 
Ny-Ålesund is located on the west coast of Spitsbergen, the largest island 
of the Svalbard Archipelago, one of the northernmost inhabited archi
pelagos in the Arctic (shown in inset, Fig. 1). Mainland Norway lies 
south of the Barents Sea, with continental Europe further south and the 
Russian mainland to the east-southeast. Ny-Ålesund is a small village 
dedicated solely to serving as an international centre for Arctic research. 
Air samples are collected at the rooftop of Gruvebadet Observatory, 
located in a remote area of Ny-Ålesund. Gruvebadet Observatory is a 
fossil-fueled vehicle-free atmospheric laboratory. Extreme cold and 
harsh weather greatly restrict outdoor human activity, and no animal 
activity is observed in the immediate vicinity of the sampling site; oc
casional sightings of reindeer and Arctic foxes at distant locations are 
unlikely to have influenced the collected samples. Consequently, the site 
provides an ideal location for investigating airborne microbial com
munities under minimal human and animal influence. Being a high- 
latitude region, Ny-Ålesund experiences a typical polar winter 
atmosphere.

Five-days air parcel back-trajectories are simulated using the Hybrid 
Single Particle Lagrangian Integrated Trajectory (HYSPLIT) model for 
each sampling day between sampling periods, shown in Fig. 1(a). Two 
distinct clusters of back-trajectories are observed: one originating from 
continental regions of Europe and Russia, and considered as southerly 
wind (SW), and another originating from the North polar region, 
spending most of its time there and considered as polar-influenced wind 
(PW). Based on air mass back trajectories, air samples are thereby cat
egorised into two groups as southerly (SW) and polar-influenced wind 
(PW) samples. Air masses classified as polar-influenced northerly winds 
predominantly remained within the ≥80◦ N latitude circle for approxi
mately 4– 5 days prior to reaching the sampling site, justifying their 
classification as polar-influenced rather than purely polar. The detailed 
information is given in Table 1. Three Arctic precipitation (AP) samples 
are also collected during the sampling period and included in the present 
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study.
Fig. 2 shows detailed information on meteorological conditions and 

vertical distribution of aerosol optical and physical properties over Ny- 
Ålesund. Each air sample, named ArA1 to ArA11, is collected for 48 h 
and is represented as horizontal grey bars in Fig. 2, while AP events are 
indicated by a symbol above horizontal grey bars. Meteorological data at 
one-minute intervals are obtained from the PANGAEA repository, and 
detailed measurement protocols are described in literature (Maturilli 
et al., 2013). During the sampling period at Ny-Ålesund, ambient air 
temperature (T) ranges from -20 ◦C to 6 ◦C, with occasional drops below 
-10 ◦C. The highest positive T of 6 ◦C is recorded on 26th January. 
Relative humidity (RH) varies between 40 % and 90 % throughout the 
sampling period, reaching a maximum on 25th January and a minimum 
on 22nd January. Wind direction (WD) is predominantly from the 
southeast and the north-northwest throughout the sampling period. 
Wind speed (WS) ranges from moderate to strong, with a peak value 
reaching up to 25 m/s on 23rd January. Notably, three precipitation 
samples are collected on 24th January, 31st January, and 01st February, 
respectively.

A continuous simultaneous measurement of aerosol vertical distri
bution is conducted using a ground-based lidar system operated by the 
Alfred Wegener Institute (AWI) in Ny-Ålesund from 19th January to 
10th February. Hourly-averaged aerosol extinction coefficient (AE), 
depolarisation ratio (DR), and columnar aerosol optical depth (AOD) are 
also shown in Fig. 2. AE profiles reveal an aerosol layer extending up to 
1.5 km, with a peak at 600 m above the ground. During SW period, AE 
near the surface (below 1 km) remained low with values around 5 × 10⁻³ 
m⁻¹, and on a few days (28th to 30th January) a distinct elevated layer 
between 1 and 2 km is noticed with higher values of ~5 × 10⁻² m⁻¹ and 
DR values between 0.1 and 0.2, suggesting the presence of spherical 
particles. In contrast, during PW, a separate aerosol layer is observed at a 
higher altitude between 2 and 3 km, with moderate AE (~1 × 10⁻² m⁻¹) 
and consistently high DR (0.5– 0.9), indicating non-spherical particles, 
likely ice crystals, sea salt or dust. Later, this elevated layer descended 
gradually, mostly coinciding with AP events (snowfall). AOD at 532 nm, 
the total area under the vertical profile of AE, exhibits substantial 
temporal variability, with background values typically ranging between 
0.01 and 0.10 in Arctic polar nights. AOD is found to be 0.05 in SW and 
0.10 in PW. Overall, lidar observations indicate that AOD is a factor of 
two higher in PW than in SW.

3. Methodology

3.1. Statistical analyses

In the present study, a Mantel test has been performed in order to 
evaluate the influence of various meteorological parameters (tempera
ture (T), relative humidity (RH), wind speed (WS), and wind direction 
(WD)) and aerosol chemical compositions (Al, Si, Cr, Ni, Cu, Zn, As, Cd, 
Pb, NO−

3 , and SO2−
4 ) on the overall structure of the whole airborne 

bacterial and fungal communities in the Arctic atmosphere. The Mantel 
test measures the correlation between two distance matrices. In the 
present study, the Mantel test compares a Bray-Curtis dissimilarity 
derived from microbial community composition with an Euclidean 
distance derived from individual environmental variables. Mantel test 
helps determine whether differences in environmental conditions 
correspond to changes in microbial community structure. The strength 
and direction of the correlation are indicated by Mantel's r, while 
Mantel's p-value reflects statistical significance. A significant result 
suggests that greater dissimilarity in an environmental variable is 
associated with increased dissimilarity in microbial communities. Prin
cipal component analysis (PCA) is an unconstrained multivariate ordi
nation technique that reduces the dimensionality of complex datasets by 
transforming correlated variables into a smaller number of orthogonal 
principal components that explain the maximum variance in the data. In 
the present study, PCA is used to identify potential sources of air pol
lutants (metals and ions) by grouping elements or compounds with 
similar variance patterns. Canonical correspondence analysis (CCA) is a 
constrained ordination method that directly relates genus (OTU) abun
dance data to measured environmental variables. In this study, CCA is 
used to assess the influence of environmental parameters on bacterial 
and fungal OTU abundance at the genus level and identify key envi
ronmental drivers shaping microbial community composition. Principal 
coordinate analysis (PCoA) is a distance-based ordination technique that 
visualizes similarities and dissimilarities among samples using a chosen 
dissimilarity metric. In this study, PCoA is applied to examine variations 
in microbial community structure across different atmospheric condi
tions. PCoA are constructed depending on the Bray-Curtis similarity 
index calculated with OTU abundance data. PCoA is then applied with 
permutation multivariate analysis of variance (PERMANOVA) with 999 
permutations to test for significant differences in microbial community 
structure among different atmospheric conditions. The Kruskal-Wallis 
test is used to assess significant differences in alpha diversity. The 
Kruskal–Wallis test is the nonparametric analog of a one-way ANOVA 
and does not assume normality. It is performed on the ranks of the 

Fig. 1. (a) Geographical location of Ny-Ålesund with 5-day air parcel back-trajectories of each air sample collected during the sampling period. Triangles along the 
trajectory line indicate a 24-hour interval. (b) Location of Ny-Ålesund with arrows representing polar-influenced northerly wind (PW) and southerly winds (SW), (c) 
On-field picture of airborne sampling in polar nights, (d) Picture of on-field precipitation (snow) sample collection.
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Table 1 
Details of airborne sampling in wintertime Arctic atmosphere.

Sample Date Category PM10 Cell T Bacteria (V3-V4 region) Fungi (ITS region)

(μg/ 
m3)

(cell 
/m3)

( ◦C) Accession Raw 
reads

Filtered 
reads

Shannon Simpson ChaoI Accession Raw 
reads

Filtered 
reads

Shannon Simpson ChaoI

ArA1 19/01–21/ 
01

PW 30.98 1.5 ×
104

-12.1 SAMN52588995 57,081 56,907 2.89 0.176 87 SAMN52627737 285,405 274,979 2.57 0.138 49

ArA2 21/01–23/ 
01

SW 58.71 2.2 ×
104

-3.8 SAMN52588996 71,708 71,517 3.52 0.060 77 SAMN52627738 2510,272 2386,519 2.53 0.257 778

ArA3 23/01–25/ 
01

PW 77.38 1.2 ×
104

-2.2 SAMN52588997 86,889 86,826 4.3 0.0217 119 SAMN52627739 322,689 311,622 2.85 0.074 42

ArA4 25/01–27/ 
01

SW 111.48 1.9 ×
104

1.4 SAMN52588998 71,823 71,525 4.02 0.026 85 SAMN52627740 255,326 246,653 2.32 0.149 40

ArA5 27/01–29/ 
01

SW 45.26 2.2 ×
104

-6.0 SAMN52588999 112,314 112,120 2.29 0.306 48 SAMN52627741 268,400 261,884 2.08 0.207 30

ArA6 29/01–31/ 
01

PW 52.77 2.1 ×
104

-6.1 SAMN52589000 85,110 84,923 3.12 0.118 74 SAMN52627742 479,757 463,192 1.65 0.28 38

ArA7 31/01–02/ 
02

PW 36.13 9.7 ×
103

-10.6 SAMN52589001 85,673 85,603 4.56 0.018 158 SAMN52627743 379,149 364,374 3.11 0.061 47

ArA8 02/02–04/ 
02

PW 27.56 1.1 ×
104

-7.1 SAMN52589002 70,639 70,439 3.15 0.088 60 SAMN52627744 156,060 151,185 2.51 0.125 36

ArA9 04/02–06/ 
02

SW 15.29 7.4 ×
103

-5.2 SAMN52589003 67,079 67,007 3.16 0.081 74 SAMN52627745 128,413 124,394 2.41 0.12 26

ArA10 06/02–08/ 
02

PW 14.03 1.0 ×
104

-9.5 SAMN52589004 88,699 88,699 3.95 0.047 125 SAMN52627746 113,761 113,303 4.9 0.391 1349

ArA11 08/02–10/ 
02

SW 21.02 1.2 ×
104

-8.2 SAMN52589005 84,094 84,026 3.53 0.060 90 SAMN52627747 159,075 157,228 2.68 0.095 39

ArP1 24/01/ 
2024

AP - - ​ SAMN52589006 40,544 40,438 4.83 0.012 166 - - - - - -

ArP2 31/01/ 
2024

AP - - ​ SAMN52589007 32,293 32,211 4.13 0.037 114 SAMN52627748 324,826 317,350 2.75 0.115 88

ArP3 01/02/ 
2024

AP - - ​ SAMN52589008 45,227 44,434 3.82 0.068 130 SAMN52627749 260,645 253,153 1.83 0.285 72
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measurement observations. Linear discriminant analysis effect size 
(LEfSe) identifies microbial genera that are significantly enriched across 
different atmospheric conditions by combining nonparametric statistical 
testing with linear discriminant analysis to estimate the effect size of 
differential features. Network analysis is employed to explore co- 
occurrence patterns among airborne microorganisms, allowing the 
identification of potential associations and interaction structures within 
microbial communities (Wang et al., 2024).

3.2. Sample collection

A total of 11 airborne microbial and aerosol samples are collected 
simultaneously at the sampling site throughout the Arctic expedition 
period for 48-hour intervals. Airborne microbial samples are collected 
with 4.7 cm radius mixed cellulose ester membrane filters with a pore 
size of 0.22 μm (Merck Life Science Private Limited, India) using an air 
vacuum pump. Aerosol samples are collected with quartz microfiber 
filters using a high-volume sampler (TISCH Environmental, USA) 
equipped with a PM10 impactor (Size Selective Inlet) and shown in Fig. 1
(c). The details of the airborne microbial sampling protocols are pro
vided in the literature (Saikh et al., 2025; Saikh and Das, 2023), and for 
completeness, a brief description is provided below. After sampling, 
mixed cellulose ester membrane filters are transferred into cryovials 
containing 3 mL of TE (50 mM Tris, 50 mM EDTA [pH 7.8]). The 

cryovials are kept in a refrigerator for DNA sequencing. A quarter of 
each quartz microfiber filter is used to detect major ions (NO−

3 and SO2−
4 ) 

using Ion Chromatography (IC) and trace metals (Al, Si, Cr, Ni, Cu, Zn, 
As, Cd, and Pb) using inductively coupled plasma mass spectroscopy 
(ICP-MS). The detail of the chemical analysis is provided in the literature 
(Pramanick et al., 2025).

Fresh AP samples are collected using a sterile tray placed 5 m above 
the ground to avoid any contamination from the ground (Fig. 1(d)). 
Prior to each sampling, the sampling tray is washed with autoclave Milli- 
Q water and sterilised with 70 % ethanol. AP samples are collected on 
24th January, 31st January, and 01st February. Despite an AP event 
occurring on 26th January, samples could not be collected due to 
extreme weather conditions. Furthermore, samples collected on 21st 
January and 11th February are not included in the present study due to 
insufficient sample volume. After collection, AP samples are filtered 
using a mixed cellulose ester membrane filter, and subsequently pro
cessed using the same protocol as for airborne microbial sample filters. 
Airborne microbial and PM₁₀ aerosol samples are collected simulta
neously to ensure identical sampling durations and a special care has 
been taken to minimise potential human contamination during handling 
and filter exchange. Filter replacement is performed rapidly under 
aseptic conditions using sterile gloves and forceps to avoid any kind of 
contamination. Field blanks are also collected following the same 
handling and transport procedures to assess potential procedural 

Fig. 2. Vertical green lines and horizontal grey bars at the top indicate the airborne sampling periods and the respective sample names, and a symbol above grey 
horizontal bars represents the precipitation periods. Temporal variation of key meteorological parameters during the observation period from 19th January to 12th 
February 2024, showing Air temperature ( ◦C), Relative humidity ( %), Wind direction, Wind speed, obtained from AWS, and vertical distribution of Aerosol 
extinction coefficient (AE), Aerosol depolarisation ratio (DR) and temporal variation of Aerosol optical depth (AOD), retrieved from Lidar observations.
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contamination. Blank samples are used solely for quality control and are 
excluded from the final dataset prior to analysis.

3.3. DNA extraction and high-throughput sequencing

DNA is isolated from the samples after cell suspension preparation 
using DNeasy PowerWater Kit (Qiagen), according to the manufac
turer’s protocol. To monitor potential contamination, a blank (negative 
control) is also processed in parallel through the same extraction pro
cedure and further analysed alongside the bio-aerosol samples. DNA 
concentration is quantified spectrophotometrically using a Nano-Drop 
2000 (Thermo). V3-V4 regions of the 16S rRNA gene are amplified 
from the metagenomic DNA using primers 341F (5′ 
CCTACGGGNGGCWGCAG 3′) and 785R (5′GACTACHVGGGTATC 
TAATCC 3′). Analogous primers are designed to amplify Internal Tran
scribed Spacer (ITS) region of small eukaryotes using ITS1F and ITS2R 
primers, respectively, in a nested PCR approach. Both positive and no- 
template controls are included in all PCR reactions. The PCR products 
are purified using AMPure XP beads (Beckman Coulter: 1X ratio) to 
remove non-specific fragments prior to library preparations. Final li
braries are quantified using the 5300 fragment analyser system (Agi
lent). The validated libraries are sequenced on the Illumina NextSeq 
2000 platform. After sequencing, two FASTQ files (forward and reverse) 
are generated for each sample, and adapter, barcodes, and primers are 
trimmed during initial quality control steps.

3.4. Sequence processing and analysis

Paired-end reads of raw sequences are merged using a minimum 
overlap length of 10 bp. Reads from the blank control sample are then 
mapped against the sample sequences using Bowtie2 in end-to-end, 
very-sensitive mode. Reads showing 100 % identity with the blank are 
removed from the sample data to eliminate potential contaminants. 
Following blank removal, the remaining sequences are filtered with the 
FastX-Toolkit (v0.0.12) using a minimum sequence length threshold of 
100 bp and a minimum quality score of 20. High-quality reads are then 
clustered into operational taxonomic units (OTUs) at 97 % sequence 
similarity using the UPARSE pipeline. During OTU clustering, singletons 
and chimeric sequences are identified and discarded. Taxonomic 
assignment for each representative OTU is performed using the Ribo
somal Database Project (RDP) classifier with a minimum confidence 
threshold of 80 %. The SILVA database is used for bacterial 16S rRNA 
gene sequences, and the UNITE database is used for fungal ITS se
quences. Alpha diversity metrics, including Shannon and Simpson 
indices, are calculated using Perl scripts integrated within the UPARSE 
toolkit.

3.5. Cell count

Mixed cellulose ester membrane filters containing bioaerosols are cut 
into small pieces with sterile scissors within the cryovials under a 
laminar hood and vortexed continuously for 30 min to release microbial 
cells into the buffer. After vortexing, the mixture is allowed to stand for 2 
to 3 min to let the filter fragments settle. The supernatant is then equally 
distributed into three sterile 1.5 mL centrifuge tubes and centrifuged at 
2000 rpm for 5 s to pellet any remaining filter debris. The resulting 
supernatant is collected from all the tubes, and considered a suspension 
of microbial cells. 50 µL of cell suspension is transferred to a sterile 1.5 
mL centrifuge tube and stained with 10 µg/mL 4′,6′ diamidino 2-phenyl
indole (DAPI) for 30 min in the dark at 40 ◦C. After staining, the cells are 
washed with sterile phosphate buffer saline (PBS) to remove excess dye. 
A 20 µL aliquot of stained suspension is then loaded into a hemocy
tometer and observed under a phase-contrast and a fluorescence mi
croscope. The detailed procedure for total cell count is described in the 
literature (Saikh et al., 2025).

4. Results and discussion

4.1. Wintertime microbial airborne community

Atmospheric microbial cell (m− 3) and PM10 (µg/m3) concentrations 
over Ny-Ålesund during sampling period are shown in Fig. 3 (a). Cell 
concentrations range from 7.4 × 103 to 2.2 × 104 cells/m3 under SW, 
and from 9.7 × 103 to 2.2 × 104 cells/m3 during PW conditions. 
Maximum cell concentration (2.2 × 104 cells/m3) is measured in ArA2 
and ArA5, whereas minimum cell concentration (7.4 × 103 cells/m3) is 
observed in ArA9. Overall, microbial cell concentration observed over 
Ny-Ålesund is considerably lower than that reported from other regions. 
For Instance, higher concentrations of about 3.5 ± 3 × 106 cells/m3 and 
6.7 ± 1 × 105 cells/m3 have been reported over high-altitude region of 
Namco, China (Tignat-Perrier et al., 2019) and Darjeeling, India 
(Pramanick et al., 2025), respectively. In contrast, markedly lower mi
crobial cell concentrations of 7.2 × 102 cells/m3 and 1.3 × 103 cells/m3 

have been reported over Southern Ocean (Malard et al., 2022) and 
Nuuk, Greenland (Šantl-Temkiv et al., 2018). PM10 concentrations are 
highest in ArA4 (111.5 µg/m3) under SW while lowest concentration is 
observed in ArA10 (14.2 µg/m3) during PW condition.

Culture-independent DNA amplicon sequencing of microbes 
collected from ambient air and precipitation samples yields 999 , 173 
and 6 061 , 485 raw reads and 996 , 675 and 5 826 , 403 high-quality 
sequences after quality filtering for bacteria and fungi, respectively, 
that estimate 14 , 108 and 10 , 782 OTUs, and identify 1150 bacterial 
and 640 fungal genera at 97 % similarity.

Relative abundances of both bacterial and fungal genera present in 
all Arctic samples are shown in Fig. 3 (b) and (c). In PW samples, bac
terial genera such as Acinetobacter (12.2 %), Corynebacterium (6.3 %), 
and Staphylococcus (6.2 %) are predominant, whereas in SW samples, 
Hymenobacter (8.4 %), Acinetobacter (8.2 %), and Corynebacterium (7.1 
%) are predominant. Arctic precipitation is characterised by higher 
abundances of Pseudomonas (10.8 %), Spirosoma (10.1 %), and Bre
vundimonas (0.1 %). Among fungi, PW samples are dominated by 
Aspergillus (7.1 %), Penicillium (6.7 %), and Candida (4.6 %), while SW 
samples exhibit a higher proportion of Aspergillus (7.4 %), Stemphylium 
(7.2 %), and Penicillium (6.1 %). In precipitation, Aspergillus (6.7 %), 
Cryptococcus_1 (4.7 %), Penicillium (3.4 %) and Rhodotorula (3.1 %) are 
most abundant. Notably, Aspergillus emerges as a consistently dominant 
fungal genus in both air and AP samples.

In the present study, the relative abundance of bacterial and fungal 
genera exhibits a strong variation due to changes in wind direction from 
polar-influenced northerly wind (PW) to southern wind (SW), as shown 
in Fig. 3 (c-d). In PW, Acinetobacter (21.1 %) has a maximum relative 
abundance in ArA6 sample followed by Corynebacterium in ArA1 (11.6 
%) and ArA6 (10.8 %) samples. However, in SW, Hymenobacter has 
highest relative abundance (10.0 %) in ArA9 sample; Blastocatella (5.1 
%) and Geminicoccus (5.2 %) are significantly present only in ArA5. 
Penicillium has the highest relative abundance of about 16.1 % in ArA1 
followed by Candida with 11.4 % abundance noticed in ArA10 sample 
under PW conditions. In AP, bacterial genus Pseudomonas has maximum 
relative abundance (14.2 %) in AP2 sample, followed by Spiromonas (9.9 
%) and Brevundimonas(9.0 %) in AP3, and Hymenobacter (7.1 %) in AP1, 
while fungal genus Aspergillus (7.8 %) has higher relative abundances, 
followed by Cryptococcus_1 (5.8 %). Significant alterations in relative 
abundance of microbial genera are observed due to temporal and dy
namic variations in North polar microbial communities. Similar varia
tions are also reported in the relative abundance of the South Polar 
microbial community over Antarctica (Cao et al., 2021).

In the present study, dominant bacterial genera such as Acinetobacter, 
Corynebacterium, Pseudomonas, Staphylococcus, and fungal genera like 
Aspergillus, Candida, Malassezia, Cryptococcus are identified in both 
Arctic air and AP, which are reported as pathogenic microbes having 
potential cause for severe infections and diseases (Kourtev et al., 2011; 
Nemec et al., 2001; Wei et al., 2017; Zhu et al., 2018). The high 
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abundance of microbes in the polar atmosphere in winter is due to their 
ability to be autotrophic, as well as to the production of siderophores to 
scavenge atmospheric transition metals as nutrients (Vaïtilingom et al., 
2012). Interestingly, bacterial and fungal genera such as Pseudomonas 
and Aspergillus, dominant in Arctic AP samples, are also reported in 
clouds (Amato et al., 2005; Fuzzi et al., 1997), due to their involvement 
in cloud formation processes by acting as cloud condensation nuclei 
(CCN) and ice nuclei (IN) over Europe (Bauer et al., 2003; Kourtev et al., 
2011).

4.2. Biodiversity of microbial communities in different atmospheric 
conditions

Average number of bacterial and fungal OTUs and genera of SW, PW, 
and AP are shown in Fig. 4 (a-b). AP contains more OTUs and genera in 
both bacterial and fungal communities. Interestingly, PW contains more 
genera than SW in both bacterial and fungal communities.

Arctic wintertime microbial alpha diversity has been studied using 
Shannon and Simpson indices, respectively, as shown in Fig. 4 (c-d). 
Bacterial Shannon diversity in AP (4.3 ± 0.5) is found to be higher than 
in the air. While in the air, PW contains relatively higher bacterial di
versity (3.7 ± 0.7) than SW (3.3 ± 0.6). On the other hand, fungal di
versity exhibits a reverse behaviour compared to bacterial diversity, 
with similar diversity values in SW (2.4 ± 0.2), PW (2.4 ± 0.6), and AP 
(2.3 ± 0.6).

Most of the dominant microbes present in AP have already been 
reported to act as CCN and IN particles (Amato et al., 2017; Fröhlich-
Nowoisky et al., 2016; Šantl-Temkiv et al., 2019), participating in cloud 
formation; therefore, these microbes are considered cloud-borne mi
croorganisms. Bacterial evenness (Simpson index) is minimum in AP 
(0.04 ± 0.03), followed by PW (0.08 ± 0.06), and high in SW (0.11 ±
0.11). However, fungal evenness is relatively higher in AP (0.20 ± 0.12) 
than in PW (0.13 ± 0.08) and SW (0.16 ± 0.06). The present study re
veals that Arctic wintertime airborne bacterial population is highly 
diverse, with an evenly distributed pattern in air and clouds, whereas 
the Arctic fungi population has less variation, with an uneven distribu
tion in both air and clouds. Cao et al. (2021) also reported that precip
itation does not affect airborne bacterial diversity and evenness over 
Antarctica. A separate study over Greenland also reported that there is 

no significant difference between Arctic air and precipitation samples 
(Jensen et al., 2022). However, in the present study, Arctic winter PW 
contains significantly higher evenness than AP.

Beta diversity is further analysed using PCoA based on Bray-Curtis 
distance and shown in Fig. 4 (e-f). Bacterial (p = 0.01) and fungal (p 
= 0.001) communities contain three distinct groups of Arctic wintertime 
atmospheric microbial population. Airborne bacterial populations in SW 
and PW have little overlap, whereas cloud-borne microbes in AP form a 
separate cluster. Airborne fungal diversity exhibits distinguishably 
different clusters of PW and SW, as well as cloud-borne genera. Present 
study reveals a different airborne microbial community than that in 
cloud. Similarly, a distinct clusters of airborne bacteria representing 
different bacterial populations in air and precipitation are also reported 
in the Greenland Arctic (Jensen et al., 2022). Similar, distinct cluster of 
airborne bacteria in air and clouds are also reported elsewhere (Amato 
et al., 2017). Therefore, one can easily conclude that over polar region 
airborne bacteria have a different diversity than that in cloud.

4.3. Bacterial and fungal genera in different atmospheric conditions

Venn diagrams are employed to identify the unique cloud-borne 
microbes by considering simultaneous measurements of samples in air 
and AP over the sampling site, as shown in Fig. 5 (a-b). 159 unique 
bacteria (45 %) and 65 unique fungi (58 %) are identified as cloud-borne 
bacteria and fungi, respectively, and are considered for further analysis. 
It may be noted that almost 46 (12 %) bacterial and 30 (27 %) fungal 
genera are common, which could be mixed during AP. It is clearly 
showing that cloud carries more than twice as many bacteria as fungi 
over the sampling site. Fig. 5 (c-d) shows a Venn diagram for SW, PW, 
and AP. Analysis of bacterial genera reveals that the maximum number 
of unique bacteria is found in PW (30 %, 139), followed by cloud (28 %, 
129), and the least in SW (8 %, 37). Similarly, the maximum number of 
unique fungal genera is found in cloud (31 %, 52), followed by PW (21 
%, 36), and least in SW (15 %, 26). Notably, 2 % (10) of bacterial genera 
and 1 % (1) of fungal genera are common in all three conditions. The 
distinct distributions observed between bacterial and fungal genera 
highlight their differential responses to different environmental factors 
originating from the PW, SW, and in-cloud conditions. In SW, unique 
fungal genera (15 %) are found to be higher than those of unique 

Fig. 3. (a) Number of total cell concentration and PM10 concentration in Arctic atmosphere, (b-c) Relative abundance of bacterial and fungal genera in polar wind 
(PW), southerly wind (SW), and precipitation (AP), (d-e) Relative abundance of bacterial and fungal genera in each sample.
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bacterial genera (8 %). Common air bacteria are about 131, whereas 
common airborne fungi are about 43. However, PW wind has more 
unique airborne bacteria (139) than unique fungi (36), which could be 
due to the adaptability, transport, and survival mechanisms in the polar 
region that support maximum bacterial growth and proliferation 
(Doytchinov and Dimov, 2022).

Fig. 5 (e-f) illustrates the percentage contribution of bacterial and 
fungal genera to the Arctic atmosphere from various source categories. 
Common microbial genera detected in the air samples collected under 
both SW and PW conditions are classified as local and their sources are 
considered as ‘local air’. This classification is based on their consistent 
presence irrespective of wind direction, indicating these genera are not 
influenced by changes in air-mass origin. In contrast, common genera 
detected in air samples associated with either SW and AP, PW and AP, or 
both SW and PW with AP are classified as ‘mixed’ reflecting contribu
tions from both airborne and wet-deposition sources. A higher propor
tion of bacterial (28 %, 131) and fungal (25 %, 43) genera is found to be 
independent of wind origin, suggesting greater persistence of these 
genera in the local Arctic atmosphere. Only 6 % and 8 % of bacterial and 
fungal genera are found in the mixed sources. SW contributes 8 % and 15 
% of the unique bacterial and fungal genera, respectively, to the Arctic 
atmosphere, while PW contributes 30 % and 21 % of these genera, 
respectively. Clouds through AP contribute 28 % and 31 % of bacterial 

and fungal genera, respectively, to the Arctic atmosphere, suggesting 
that clouds are the dominant microbial contributors to perturb Arctic 
wintertime microbial loading.

It is well documented in literature that the airborne microbial pop
ulation shows a strong dependence on meteorological factors 
(Brągoszewska and Pastuszka, 2018; Saikh et al., 2025). In the present 
study, linear discriminant analysis effect size (LEfSe) is performed to 
distinguish indicator genera within SW, PW, and AP, with statistically 
significant differences. A total of 29 bacterial genera are distinguished 
using a default logarithmic LDA value of 2.5, as shown in Fig. 6. 
Consequently, 8, 7, and 14 representative bacterial genera are detected 
in SW, PW, and AP. Genera enriched in SW (Streptococcus and Moraxella) 
reflect contributions from terrestrial human-associated sources, sup
porting the hypothesis of ground-origin microbial input in SW (Velsko 
and Warinner, 2025). The presence of Acinetobacter and Bacillus in PW 
suggests the selection of psychrotolerant genera adapted to extreme 
polar environments (Nemec and Radolfova-Krizova, 2016). The 
enrichment of bacterial genera such as Hymenobacter and Sphingomonas 
in precipitation aligns with previous studies highlighting their atmo
spheric dispersal capabilities, survival at low substrate concentration, 
and resistance to UVs and oxidative stress (Eiler et al., 2003; Herrmann, 
2003) which be due to survival within clouds over the polar region.

Similarly, a total of 24 fungal genera are significantly enriched using 

Fig. 4. (a) Number of bacterial and fungal operational taxonomic units (OTUs) in SW, PW, and AP, (b) Number of bacterial and fungal genera, (c) Shannon diversity 
index, (d) Simpson diversity index, (e-f) Beta diversity (PCoA) based on Bray-Curtis distance of bacterial communities and fungal communities.
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Fig. 5. Venn diagram illustrating common and unique bacterial and fungal genera in (a-b) simultaneous measurement of samples in air and precipitation, (c-d) SW, 
PW, and AP, (e-f) Pie chart illustrating the percentage of bacterial and fungal genera contributing to the Arctic atmosphere from various sources.
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the default algorithmic LDA value of 2.5. Consequently, 5, 4, and 15 
representative bacterial genera are detected in SW, WP, and AP. In the 
earlier studies, fungal genera such as Cryptococcus, Rhodotorula, and 
Dioszegia were also reported in colder environments (Butinar et al., 
2007; Vaïtilingom et al., 2012). The dominance of Cryptococcus_1, 
Rhodotorula, and Dioszegia in precipitation reflects the presence of psy
chrotolerant and hydrophilic fungi capable of surviving within cloud 
droplets (Jarrige et al., 2022; Margesin et al., 2007; Zaragoza et al., 
2009). Fungal genera enriched in PW, such as Talaromyces and Devriesia, 
are consistent with previous studies reporting their abundance in cold 
and nutrient-poor environments (Coutinho et al., 2019). In contrast, 
fungal genera such as Candida, Alternaria, and Malassezia in SW suggest 
strong terrestrial or anthropogenic influence, possibly from soil, plants, 
or human-associated sources (Blagojević et al., 2020; Gaitanis et al., 
2012).

4.4. Metal concentration and source apportionment

In the present study, various types of major ions and metals present 
in the Arctic atmosphere during winter have been quantified, as detailed 
in Table 2. Among the major ions, SO2−

4 is found to be the most domi
nant with a mean concentration of 756 ± 489 μg/m3, followed by NO−

3 
at 160.4 ± 262 μg/m3. Atmospheric SO2−

4 originates from both natural 
processes, such as mineral weathering, sea spray, and volcanic emis
sions, and anthropogenic activities such as coal combustion and indus
trial discharge. Similarly, NO−

3 is largely emitted from the oxidation of 
nitrogen oxides, originating from natural sources such as lightning, 

wildfires, and microbial processes, as well as from extensive anthropo
genic sources such as vehicular emissions, agriculture, and industrial 
activities. Among the metals, Si, primarily associated with mineral dust, 
is most abundant, with a mean concentration of 3829.6 ± 1579 ng/m3. 
Several heavy metals are also measured over Arctic atmosphere, with 
the mean concentration (in ng/m3) arranged in decreasing order as 
follows: Zn (2079.9 ± 1043) > Cu (393.1 ± 180) > Pb (304.2 ± 263) >
Al (111.4 ± 103) > Cr (13.5 ± 12) > Ni (12.0 ± 4) > As (3.8 ± 5) > Cd 
(2.3 ± 1). Airborne metals such as Cd, Ni, Cr, As, and Pb are known to be 
toxic and cause several health risks to humans, including dermatitis, 
osteoporosis, osteomalacia, kidney dysfunction, asthma, pneumonia, 
and various types of cancer (Mirzabeygi et al., 2017; Mushtaque et al., 
2025; Sorahan and Esmen, 2004). These metals originate from various 
natural and anthropogenic sources. Atmospheric Al, Cr, As, and Pb 
commonly originate from both natural processes, such as rock weath
ering, volcanic activity, and anthropogenic activities like coal combus
tion, industrial emissions, mining, and waste incineration. Coal-fired 
power plants are particularly significant contributors, as coal contains 
trace levels of S, Pb, Cr, and As. These elements are emitted with stack 
gases and are known for their potential for long-range transport. While 
Al is less volatile, it is abundant in the mineral fraction of coal and is 
released as ash, making it a notable crustal and industrial tracer linked 
to coal combustion. Furthermore, studies have reported that wear and 
tear of brake linings, tires, and road surfaces release Cu, Zn, Ni, Cd, and 
Pb into the environment. For instance, brake pads are a significant 
source of Cu and Zn, while tires are a major contributor of Zn and Cd. 
Fuel combustion also contributes to Pb and Ni emissions. Both 
non-exhaust sources (brake, tire, and road wear) and exhaust (fuel 

Fig. 6. Linear Discriminant Analysis Effect Size (LEfSe) result showing indicator (a) bacterial and (b) fungal genera within SW, PW, and AP with an LDA score (log10) 
greater than 2.5.
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combustion) sources contribute substantially to the metal content of 
urban air and road dust (Adamiec et al., 2016; Hawari et al., 2021).

To identify the dominant sources of atmospheric metals in the Arctic, 
principal component analysis (PCA) is performed. PCA analysis iden
tifies three principal components (PCs), as mentioned in Table 3, which 
collectively explain 82 % of the total variance, with PC1, PC2, and PC3 
accounting for 40.6 %, 30.4 %, and 11.2 %, respectively. Source attri
bution is based on elemental markers associated with each PC. PC1 
exhibits high loading for Al, Cr, As, Pb, and SO2−

4 , indicating influence of 
industrial emissions (Altıkulaç et al., 2022; Huang et al., 2017; Labus, 
1995; Munawer, 2018). PC2, with high loading for Ni, Cu, Zn, Cd, and 
Pb, reflects urban anthropogenic sources related to traffic emissions and 
fuel combustion (Adamiec et al., 2016; Hawari et al., 2021). PC3 is 
characterised by a high loading of NO−

3 , suggesting contributions from 
shipping activities, including emissions from ships/marine vessels, small 
boats, and other marine-related activities near the Arctic (Sonbawne 
et al., 2023). Due to the remoteness of the sampling site and the absence 
of significant local industrial and urban activities, the majority of the 
measured metals are attributed to long-range transport from distant 

sources, particularly the Eurasian region.

4.5. Relation between environmental variables and microbial 
communities

In the present study, a Mantel test has been performed in order to 
evaluate the influence of various meteorological parameters (tempera
ture (T), relative humidity (RH), wind speed (WS), and wind direction 
(WD)) and aerosol chemical compositions (Al, Si, Cr, Ni, Cu, Zn, As, Cd, 
Pb, NO−

3 , SO2−
4 ) on the overall structure of the whole airborne bacterial 

and fungal communities in the Arctic atmosphere (Fig. 7 (a)). Analysis 
reveals that the whole bacterial community structure is strongly influ
enced by Cr, Ni, Cu, and SO2−

4 whereas major ions such as NO−
3 and SO2−

4 
and meteorological parameters including T, WD, and RH strongly in
fluence whole fungal communities. However, only Cr (p < 0.05), As (p <
0.05) and SO2−

4 (p < 0.05) exhibit statistically significant influence on 
the whole bacterial community. In contrast, among the meteorological 
parameters, only WD (p < 0.05) significantly influences the whole 
fungal community. In addition, Spearman correlation among metals 
exhibit a significant positive correlation between As and Cr (p < 0.001), 
Cr and Al (p < 0.05), Al and SO2−

4 (p < 0.05), SO2−
4 and Pb (p < 0.05), 

SO2−
4 and As (p < 0.01). These relationships suggest a common industrial 

or combustion source. Similarly, Cd exhibit significant positive corre
lations with Ni (p < 0.05), Cu (p < 0.05), and Zn (p < 0.01), while Pb 
correlated positively with Cu (p < 0.001), Cu with Ni (p < 0.001), and Ni 
with Zn (p < 0.05), further supporting a common origin, as also indi
cated by the PCA results.

To further investigate the impact of environmental factors on specific 
bacterial and fungal genera, Canonical Correspondence Analysis (CCA) 
is performed using the full set of meteorological and chemical compo
sition data (Fig. 7 (b-c)). CCA results indicate that bacterial genera such 
as Moraxella, Sediminibacterium, Micrococcus, Brevibacterium, and Cuti
bacterium which are enriched under SW conditions are positively asso
ciated with Zn, Si, and Ni, typically emitted from urban traffic sources. 
Spearman correlation analysis supports these associations, showing 
significant correlation between Zn and Si and Moraxella, Delftia, and 

Table 2 
Concentration of airborne major ions and heavy metals measured in wintertime Arctic atmosphere.

Sample Date Al Si Cr Ni Cu Zn As Cd Pb NO−
3 SO2−

4
ng/m3 μg/m3

ArA1 19/01/2024–21/ 
01/2024

70.2 5796.1 7.9 18.3 480.1 4326.4 2.8 2.8 145.5 79.8 463.1

ArA2 21/01/2024–23/ 
01/2024

113.9 4987.3 2.5 15.4 481.8 3384.5 0.6 4.0 194.4 99.0 707.0

ArA3 23/01/2024–25/ 
01/2024

84.1 4942.2 1.6 6.4 204.7 1537.7 0.4 2.4 81.2 60.6 324.7

ArA4 25/01/2024–27/ 
01/2024

63.2 5816.4 5.9 7.2 178.7 1505.1 0.5 1.5 83.1 37.3 250.0

ArA5 27/01/2024–29/ 
01/2024

50.9 3510.5 5.4 8.7 194.4 2056.4 0.8 1.6 103.2 49.2 348.0

ArA6 29/01/2024–31/ 
01/2024

75.5 3387.3 11.3 11.7 321.3 1945.0 0.8 2.6 310.0 943.8 727.8

ArA7 31/01/2024–02/ 
02/2024

77.0 2685.8 8.2 17.3 783.5 2937.8 1.2 3.8 909.1 120.9 1083.1

ArA8 02/02/2024–04/ 
02/2024

82.4 2315.5 18.3 12.5 416.9 1731.2 6.9 2.2 303.0 120.4 683.7

ArA9 04/02/2024–06/ 
02/2024

85.4 2092.6 14.8 9.0 294.8 1321.2 3.3 1.4 207.3 102.2 486.9

ArA10 06/02/2024–08/ 
02/2024

417.8 1417.2 36.4 12.7 529.2 1079.3 10.3 1.8 677.1 37.7 1554.9

ArA11 08/02/2024–10/ 
02/2024

104.7 5174.8 36.7 12.8 438.4 1054.0 13.9 1.6 332.4 113.3 1687.6

Overall Mean±std 111.4 ±
103

3829.6 ±
1579

13.5 ±
12

12.0 ±
4

393.1 ±
180

2079.9 ±
1043

3.8 ± 5 2.3 ±
1

304.2 ±
263

160.4 ±
262

756.1 ±
489

PW Mean±std 134.5 ±
138

3424.0 ±
1657

13.9 ±
12

13.1 ±
4.3

455.9 ±
198

2259.6 ±
1185

3.7 ± 4 2.6 ±
1

404.3 ±
322

227.2 ±
352

806.2 ±
449

SW Mean±std 83.6 ± 27 4316.3 ±
1502

13.1 ±
14

10.6 ±
3

317.6 ±
138

1864.2 ±
925

3.8 ±
5.8

2.0 ±
1

184.1 ±
99

80.2 ± 34 695.9 ±
580

Table 3 
Varimax rotated principal component analysis of metals present in Arctic 
atmosphere.

PC1 PC2 PC3

Al 0.74 0.01 0.18
Si -0.44 0.04 -0.73
Cr 0.96 -0.13 0.008
Ni 0.19 0.93 -0.07
Cu 0.42 0.87 0.15
Zn -0.48 0.78 -0.24
As 0.92 -0.09 -0.21
Cd -0.29 0.88 0.10
Pb 0.57 0.55 0.48
NO−

3 -0.21 0.01 0.65
SO2−

4 0.90 0.27 0.08
Variance ( %) 40.6 30.4 11.2
Cumulative ( %) 40.6 71.1 82.3
Eigenvalues 4.4 3.3 1.2
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Micrococcus. In contrast, toxic metals such As and Cr linked to industrial 
sources exhibit a significant negative correlation with Acinetobacter and 
Streptococcus. Among the meteorological parameters, only WD shows a 
negative correlation with Streptococcus, suggesting that a shift from 
southerly to northerly wind may suppress bacteria associated with 

continental sources due to poor adaptability to polar cold conditions.
For fungal communities, CCA reveals that genera such as Periconia, 

Davidiella, Malassezia, and Alternaria, which are enriched under SW re
gimes, are positively correlated with Zn, Si, and T. Spearman correlation 
analysis confirms a significant positive correlation of Davidiella with Si 

Fig. 7. (a) Mantel test showing influence of environmental variables and meteorological parameters on overall bacterial and fungal communities, (b-c) Canonical 
Correspondence Analysis (CCA) and Spearman’s correlations showing the relationship between individual environmental variables and enriched bacterial and fungal 
genera in PW and SW. Genera enriched in PW and SW are marked with blue and red colours. Colour scale in the correlation plot represents the strength and direction 
of the correlation, and asterisks in the plot denote statistical significance (* represents p < 0.005, ** represents p < 0.01).
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and Periconia with T, while Malassezia exhibits a significant negative 
correlation with WD. Among the genera enriched under PW conditions, 
Devriesia exhibits a significant negative correlation with T and a signif
icant positive correlation with Pb, emitted from industrial sources. 
These significant correlations, particularly with toxic metals like Cd and 
Pb, highlights the metal resistance capability of certain fungal genera 
(Deng et al., 2025). Overall, the correlation between specific bacterial 
and fungal genera indicates niche specialisation in response to envi
ronmental stresses. Importantly, heavy metals, mainly from urban traffic 
and industrial emissions from the Eurasia regions, appear to play a key 
role in shaping the composition of the Arctic microbial community.

4.6. Unveiling microbial co-occurrence through network analysis

Microbes co-exist in the atmosphere, forming complex networks 
through direct and indirect interactions (Biere and Tack, 2013; Wang 
et al., 2024). Network analysis can reveal non-random patterns of genus 
coexistence in microorganisms and also helps to improve the present 
understanding of the mechanisms that build microbial communities and 
identify the key genera in the airborne community. In the present study, 
the co-occurrence network of 20 dominant bacterial and fungal genera 
in the Arctic air is constructed to elucidate the complex microbial in
teractions, and the genera are clustered into different categories based 
on Spearman correlation (r > 0.6, p > 0.05) with genus abundance data, 
as shown in Fig. 8. A total of 29 nodes and 126 edges are identified in 
this network. Nodes represent individual microbial genera, while edges 
represent significant associations. Several genera are identified as po
tential hub species due to their high degree of connectivity within the 
network. Among them, the bacterium Methylobacterium exhibits 
numerous interactions, including positive associations with Spirosoma, 
Duncaniella, Hymenobacter, Sphingomonas, and Paramuribaculum, sug
gesting their mutualistic relationships within the bacterial community. 
Similarly, Sphingomonas demonstrates both positive (Methylobacterium, 
Paramuribaculum, Hymenobacter, Deinococcus, and Spirosoma) and 
negative (Acinetobacter, Staphylococcus, and Micrococcus) interactions, 

underscoring its multifaceted role within the network. Within the bac
terial community, Pseudomonas forms positive links with Micrococcus, 
which shares certain ecological niches or metabolic capabilities. How
ever, Pseudomonas is negatively associated with Duncanella, Para
muribaculum, Methylobacterium, and Sphingomonas, suggesting 
competitive dynamics. Notably, significant inter-kingdom associations 
between bacterial and fungal genera are also observed. Methylobacterium 
shows negative associations with both bacterial genera (Staphylococcus, 
Micrococcus, and Pseudomonas) and fungal genera (Aspergillus, Pleospora, 
and Periconia), suggesting possible competitive interactions. Fungal 
genus Penicillium shows a negative association with the bacterium 
Geobacillus, potentially indicating competitive exclusion. In contrast, the 
fungus Periconia displays positive associations with certain bacteria, 
such as Paramuribaculum, suggesting potential co-occurrence. Among 
fungi, Aspergillus is positively associated with fungal genus Davidiella 
while negatively associated with bacterial genera such as Spirosoma and 
Methylobacterium, suggesting potential antagonism between these 
genera. These network patterns provide insights into the ecological 
strategies employed by different microbial taxa. Negative associations 
may reflect competitive exclusion for limited resources, allelopathy, or 
differences in preferred environmental conditions. Positive associations, 
on the other hand, could indicate shared resource utilisation, mutualistic 
interactions, or a dependency on similar environmental factors. Un
derstanding these specific interactions is crucial for predicting com
munity stability, resilience, and functional capabilities in the Arctic 
atmosphere. It is important to note that co-occurrence does not neces
sarily imply direct interaction; rather, it indicates statistical correlation. 
Further experimental validation would be required to confirm the 
mechanistic basis of these observed associations.

4.7. Health implications

In the present study, several potential human pathogenic bacterial 
and fungal genera are identified in wintertime Arctic atmosphere. The 
principle for identifying pathogenic bacterial and fungal genera is based 

Fig. 8. Co-occurrence network of twenty dominant bacterial and fungal genera present in the Arctic atmosphere. Nodes represent individual genera, coloured by 
domain (blue: Bacteria; pink: Fungi). Edges represent significant statistical associations between genera. Green edges indicate positive associations. Red edges 
indicate negative associations.
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on recognized pathogenic databases (GlobalRPH; NCBI; Pathogens) and 
several published literatures (Wang et al., 2024). Fig. 9 (a) illustrates the 
mean abundance of total genus and pathogenic genus during PW, SW 
and AP. Notably, bacteria (82) exhibit nearly three times as many po
tential pathogenic genera as pathogenic fungi (28), highlighting a 
broader bacterial pathogen spectrum in Arctic air. Interestingly, path
ogenic bacterial genera are dominant in PW (49), followed by SW (33) 
and AP (20). In contrast, pathogenic fungal genera are dominant in AP 
(20), followed by PW (15) and SW (13). Quantitatively, PW carries 1.5 
times more potential pathogenic bacterial genera than SW and more 
than twice as many as in AP. Conversely, AP carries 1.5 times more 
pathogenic fungal genera than both PW and SW, respectively. These 
findings suggest that the PW acts as a major carrier of pathogenic bac
teria, whereas AP serves as a more efficient vector for the transport of 
pathogenic fungi across the Arctic atmosphere. Detailed information on 
the potential pathogenic bacterial and fungal genera identified in the 
wintertime Arctic atmosphere is presented in Table 4.

Among bacteria, potential pathogenic genera such as Acinetobacter, 
Corynebacterium, and Staphylococcus dominate in both PW and SW, 
while Pseudomonas is consistently abundant across all atmospheric 
conditions, with its maximum abundance in AP (10.8 %). Other notable 
pathogenic bacterial genera include Micrococcus, Anaerococcus, Brevi
bacterium, and Cutibacterium in PW and SW, whereas Brevundimonas, 
Massilia, Sphingomonas, Flavobacterium, and Nocardiodes are more 
prominent in AP. Among fungi, potential pathogenic fungal genera such 
as Aspergillus and Penicillium are dominant across all atmospheric con
ditions, with slightly higher relative abundances in SW. Candida and 
Phaeococcomyces are more characteristic of PW, while Periconia and 
Trichosporon are enriched in SW. In AP, Cryptococcus and Rhodotorula are 
identified as potential pathogenic fungal genera.

In the present study, pathogenic genera are categorised by their 
target organs in humans and are shown in Fig. 9(b) It is noticed that 
bacterial genera are more responsible for human infections than fungal 
genera. Analysis reveals that pathogenic bacterial genera present in the 
Arctic atmosphere are mostly responsible for bloodstream, gastrointes
tinal tract (GIT), and skin infections, while fungal pathogenic genera are 

mainly responsible for respiratory and skin infections. Bloodstream, GIT, 
oral, and skin infections are more prone to pathogenic bacterial genera 
present in PW, while respiratory diseases are dominant in SW. The 
detection of pathogenic bacterial and fungal genera highlights the po
tential health risks posed by airborne microbial communities, especially 
in the pristine atmosphere over the Arctic. Present findings highlight the 
importance of further investigation on species-level identification, 
virulence gene profiling, and environmental monitoring to assess health 
implications over the pristine polar region.

5. Summary

Present study investigates atmospheric transport of airborne micro
bial loading in winter-time Arctic atmosphere, revealing a strong co- 
occurrence network between bacteria and fungi. A lower cell concen
tration of 1.5 ± 0.5 × 104 cells/m3 is noticed during winter season in the 
Arctic atmosphere. However, a significant variation in cell concentra
tion from 0.7 × 104 cells/m3 to 2.2 × 104 cells/m3 is observed during 
wintertime due to shift in wind direction from southerly (SW) to 
northerly wind (PW).

A 4-fold increase in unique bacterial populations is observed during 
PW as compared to SW due to the poor adaptability of the continental 
bacterial population to the harsh, cold polar atmosphere. Present study 
reveals that airborne microbial community differs significantly from 
that in precipitation (AP). Interestingly, maximum contribution of the 
unique bacterial population occurs during precipitation events, sug
gesting that clouds play a significant role in transporting bacterial 
community into the Arctic atmosphere. Dominant microorganisms 
observed during PW and AP are reported to be cold-tolerant.

Arctic airborne fungal diversity exhibits an inverse trend, with 
comparatively low abundance and lower diversity, reflecting the limited 
adaptability of fungi in the extreme cold Arctic atmosphere. To examine 
the relationship between microbial communities and aerosol, present 
study investigates the chemical composition of the Arctic aerosols and 
identifies their probable sources. SO2−

4 and Zn are the most dominant 
aerosol types present in the Arctic atmosphere. The source apportion

Fig. 9. (a-b) Total genus and pathogenic bacterial and fungal genus identified in PW, SW, and AP, (c-d) Target sites of the pathogenic bacterial and fungal genus 
in humans.
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ment analysis suggests that Arctic aerosols originate predominantly 
from long-range industrial, traffic, and shipping activities. These 
anthropogenic emissions contain several major ions and metals that 
significantly influence Arctic airborne bacterial communities.

Present study also identifies several potential human-pathogenic 
bacterial and fungal genera, with PW and AP serving as carriers of 
these potential pathogens in the Arctic atmosphere. These findings have 
important implications, as rapid climate change in the Arctic is noticed 
in increasing temperatures, resulting in higher potential of cloud 
availability, and altering Arctic precipitation patterns. Arctic clouds 
become a potential carrier promoting atmospheric transport of micro
organisms, and their subsequent deposition via precipitation, which 
becomes a potential source of unique microbial inputs to winter-time 
Arctic atmosphere. Such transported microbial communities can 
significantly influence regional polar microbial diversity and pathogenic 
potential, thereby increasing the possible risk to polar human health. 
The presence of potential pathogenic microorganisms is of particular 
concern for researchers and personnel operating in remote Arctic re
gions, where medical infrastructure is limited, and any localised expo
sure or outbreak could pose serious health consequences. Therefore, 
understanding potential health impacts is essential for risk assessment, 
better policy, and management planning in the Arctic region.

Data availability

DNA sequence data for the 16S rRNA and ITS regions generated 
during the present study have been deposited in the Sequence Read 
Archive at NCBI-NIH, USA, under BioProject accession numbers 
PRJNA1338981 and PRJNA1342686.
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