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ARTICLE INFO ABSTRACT

Atmospheric transport is an important mechanism for microbial dispersal around the world. Consequently, the
coupling of atmospheric and soil ecosystems plays an important role in the global biosphere and biogeochemical
cycles. We use the hyperactive Dyngjusandur sandsheet in the Icelandic highlands, a significant contributor to
the global dust cycle, as a case study to link bioaerosol communities to local surface sources and show how
meteorological conditions shape the dynamics of airborne microorganisms. Our findings reveal that the atmo-

Dataset link: Microbial Dispersal from a
Hyperactive Sandsheet in the Icelandic
Highlands (Original data)

i{;}{:sgds. sphere over this sandsheet contains a unique community, whose structure responds dynamically to wind speed
Bioaerosol and atmospheric pressure, specifically major storm systems that alter both prokaryotic and eukaryotic pop-
Bacteria ulations. Source tracking revealed that storm events increased the contribution of sand-associated microorgan-
Particulate matter isms to the atmosphere (up to 76%), blurring the distinction between airborne communities and their terrestrial
Microbial emission sources—including sand, diurnal floodplains, and fluvial environments. Microorganisms were preferentially

attached to morphologically complex dust particles emitted from the sandsheet, potentially increasing surviv-
ability in the atmosphere. Culturing confirmed the presence of viable, cold-adapted and stress-tolerant taxa,
suggesting potential for atmospheric persistence. Forward trajectory modelling suggests that bioaerosols emitted
from the sandsheet could reach major population centers in Europe. Those microorganisms could have impacts
on human health, agriculture, biogeochemical cycles, and ecosystems.
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N. Hadland et al.
1. Introduction

Aerosols are widespread in the atmosphere and have profound im-
pacts on the biosphere and public health (Kim et al., 2018). Airborne
microorganisms in particular influence global climate through cloud and
precipitation formation, contribute to biogeochemical cycles and at-
mospheric chemistry, and can be transported across continents
(Frohlich-Nowoisky et al., 2016). Despite their significance, the atmo-
spheric microbiome remains one of the least explored frontiers in ex-
tremophile research. The atmosphere can be a harsh environment for
microorganisms, characterized by desiccation, oxidizing conditions,
limited nutrients, and ultraviolet radiation. These stressors challenge
microbial survival and dispersal, and pose technical difficulties in
studying airborne communities due to low biomass (Smith et al., 2011).
While many of these atmospheric conditions are bactericidal, dust can
offer some protection, and microbial viability may depend on whether
cells are free-floating or particle-attached, as well as on the properties of
the particles themselves (Dong et al., 2022; Hu et al., 2020). Conse-
quently, studying hyperactive dust-emitting environments—those with
frequent and intense emissions—is critical for understanding microbial
transport on local and global scales.

Airborne biological particles facilitate the movement of plant and
microbial materials across geographical barriers, enabling genetic ex-
change between isolated habitats and contribute to ecosystem devel-
opment, evolution, and resilience (Womack et al., 2010), but
transported microorganisms may also be allergy triggers, affect agri-
culture, or be pathogenic (Frohlich-Nowoisky et al., 2016). Despite these
implications for human health and the biosphere, little is known about
the interaction between near-surface soil communities, the atmosphere,
and dust storms. While previous research has linked sediment in arid
environments to bioaerosol emission using sediment transport model-
ling (Carotenuto et al., 2017), few studies have systematically linked
atmospheric microbial populations to their emission sources (Niu et al.,
2023; Qi et al., 2020).

Large seasonal dust pulses from African and Asian deserts have im-
pacts on downwind ecosystems, transporting microorganisms, including
fungi and human and animal pathogens (Kellogg and Griffin, 2006;
Pointing and Belnap, 2012). For example, dust-associated fungi have
been implicated in coral reef decline (Weir-Brush et al., 2004), high-
lighting the relevance of long-range microbial transport to environ-
mental change globally. However, far less attention has been given to
high-latitude dust sources. In particular, Icelandic deserts and glacial
sediments constitute the largest source of airborne dust to mainland
Europe and are major contributors to the global dust cycle (Arnalds
et al., 2016; Bullard et al., 2016). Iceland contains over 20,000 km? of
sandy semi-arid deserts that are mostly composed of basaltic glass and
lithic fragments, with several hyperactive dust producing hotspots
(Baratoux et al., 2011). These dust emissions are likely increasing with
the retreat of glaciers (Bullard et al., 2016), potentially enhancing mi-
crobial dispersal, including pathogens identified in glacial communities
(Yarzabal et al., 2021; Zhang et al., 2024). Beyond human health risks,
dust emission can affect the climate by reducing snow albedo
(Meinander et al., 2014) and the high iron content (~10% Fe) in vol-
canic dust has been shown to disrupt oceanic biogeochemical processes
in the North Atlantic upon deposition (Achterberg et al., 2018).
Advancing desert sandsheets in Iceland also threaten the fragile
ecological balance of the island (Arnalds et al., 2016; Baratoux et al.,
2011).

Predicting the origin of airborne microorganisms requires comparing
atmospheric communities with potential source habitats. Dominant
sources of microorganisms to the atmosphere can include soil, water
bodies, leaf/plant, animal feces, and anthropogenic environments (Niu
etal., 2023; Qi et al., 2020). While previous work has attempted to infer
the provenance of species identified in aerosols (Bowers et al., 2011),
rigorous statistical approaches (Knights et al., 2011) leveraging samples
collected from potential sources in the study area have rarely been
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employed in the natural environment (Niu et al., 2023; Qi et al., 2020;
Uetake et al., 2019). Moreover, entrainment of bioaerosols is strongly
associated with environmental factors such as solar irradiance and
temperature (Gusareva et al., 2019), or mechanical disturbance of sur-
faces by wind and rainfall (Joung et al., 2017). Meteorological condi-
tions additionally influence the diversity of airborne microbial
communities in natural environments through environmental filtering
(Bowers et al., 2013; Ruiz-Gil et al., 2020), which generally contrasts
with urban areas where pollutants shape the community composition
(Qi et al., 2020). However, most studies rely on distant weather stations
rather than site-specific measurements, which may poorly represent
local conditions (De Frenne et al., 2025).

Here, we use the Dyngjusandur sandsheet—a well-characterized
glaciofluvial plain in the Icelandic highland (Arnalds et al., 2016; Bar-
atoux et al., 2011; Hudziak et al., 2025) where daily katabatic winds
from the Vatnajokull ice sheet drive frequent dust storms—as a case
study to address three central questions about microbial dispersal from
high-latitude dust sources: (1) How do meteorological conditions con-
trol the structure and diversity of local airborne microbial communities?
(2) Can atmospheric microorganisms be traced to specific source envi-
ronments, and does this attribution change with weather conditions? (3)
Are transported microorganisms viable and associated with dust parti-
cles in ways that may enhance atmospheric survival? To answer these
questions, we combine high-resolution local meteorological data with
biological sampling to understand the conditions driving microbial
dispersal. We characterize the atmospheric microbial community
composition and diversity through amplicon sequencing of 16S and 18S
rRNA genes and evaluate the relationship between microbial diversity
and meteorological parameters. We further assess the role of environ-
mental filtering in shaping airborne communities and investigate their
provenance by comparing bioaerosols to potential sources in the study
area (sand, diurnal floodplain sediment, and water) using both quali-
tative (overlap of taxa and beta diversity) and quantitative (Bayesian
source tracking) methods. The viability of transported microorganisms
is confirmed through culture-based isolations, while microscopy visu-
alizes associations between microbial cells and dust particles that may
enhance atmospheric survival. Collectively, these complementary ap-
proaches provide a rigorous assessment of how local environmental
conditions drive microbial dispersal dynamics in a hyperactive dust
environment, with implications for understanding ecosystem connec-
tivity and potential health risks as glacial retreat intensifies high-latitude
dust emissions (Bullard et al., 2016).

2. Materials and methods
2.1. Field site

The Dyngjusandur sandsheet, bordered to the northwest by the Askja
central volcano and to the east by the major glacial drainage system of
the Jokulsa a Fjollum and by the Vadalda shield volcano (Fig. 1), is a
large glaciofluvial plain. The sandsheet formed from hyaloclastite silt
deposition caused by diurnal flooding and jokulhlaups (massive
outburst flooding) from the Dyngjujokull outlet glacier of Vatnajokull
(Baratoux et al., 2011; Mountney and Russell, 2004), as well as from
volcanic tephra from the nearby Askja, Kverkjoll, and Bardarbunga
volcanic systems. Areas of the sandsheet have diurnal flooding patterns
in the summer—it floods in the afternoon and dries out overnight
because it is situated in the rain shadow of the Vatnajokull ice sheet,
resulting in a semi-arid environment. Consequently, dust storms often
occur daily due to prevailing southwesterly katabatic winds descending
from Vatnajokull and lofting the dried sediment. Dyngjusandur is
covered in snow for most of the year, so dust emission is primarily
observed during the summer, though autumn dust events can occur
(Dagsson-Waldhauserova et al., 2015; Nakashima and Dagsson-
Waldhauserova, 2019).

Dyngjusandur has distinct upwind, central, and downwind sections
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and covers approximately 270 km? (parts were covered by lava during
the 2014-2015 Holuhraun eruption; Pedersen et al., 2017) with a
thickness of up to 10 m (Mountney and Russell, 2004). The bioaerosol
sampling was conducted in the downwind region (Fig. 1; 64.97165°N,
16.57135°W), a flat, plane-bedded, and poorly sorted area composed
volcanic glass, tephra, and lithic fragments (Baratoux et al., 2011). The
rationale for sampling in this location was to capture the aerosols
emitted from the central and upwind regions of the sandsheet. However,
some bioaerosol emission might have been missed due to dust being
lofted higher in the atmosphere prior to reaching the samplers.

2.2. Sampling and processing

Field campaigns occurred in July and August of 2022 and 2023. A
field laboratory was established at the Dreki campsite (Fig. 1) and
included a laminar flow hood with ultraviolet (UV) sterilization (Azzota
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Scientific) and a portable incubator (ReptiPro). Bioaerosol samples were
collected via impaction onto quartz membrane filters (Pall Corporation)
using the Deployable Particulate Sampler (SKC, Inc.) with a PM10 se-
lective inlet mounted 1.5 m above the ground to avoid dust mobilization
in the immediate vicinity of the sampler (Bottos et al., 2014). Quartz
filters were sterilized (30 min UV on each side, 500 °C for 8 h; Dom-
mergue et al., 2019) and inserted into the ethanol (EtOH) and UV-
sterilized sampling apparatus aseptically. Filters inserted but not
exposed to airflow were used as negative controls. Samples were
collected for 24 h and up to 72 h at 15 L/min. In 2023, a higher volume
aerosol sampler (SASS 3100, Research International, Inc.) was used at
300 L/min for 24 h (Mbareche Hamza et al., 2018). Filters were folded in
half, flash-frozen in liquid nitrogen in the field, and then stored at
—80 °C. Alternatively, filters were incubated in 1 mL 4% para-
formaldehyde (PFA) for 1 h in the field followed by gentle suction to
remove the liquid and then stored at —20 °C for later analysis with laser
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Fig. 1. Overview map and environmental context of the study area. (A) Dyngjusandur sandsheet within the Icelandic highlands. Sample site locations are
indicated by the colored dots. Samples collected directly from glacial outflow are located further to the south at Kverkjoll and out of view of the map. The location of
the aerosol samplers and weather station is indicated by the star located at the boundary of the central and downwind areas of the sandsheet. Basemap digital
elevation model is from LANDSAT (NASA, USGS). Characterization of the sandsheet is modified from Mountney and Russell (2004) and Hudziak et al. (2025). (B)
Photo of the aerosol samplers and weather station taken in 2023 (Credit: N. Hadland). (C) Photo of dust lofting at a dry diurnal floodplain in the morning near the

margin of the 2014-2015 Holuhraun lava flow field (Credit: N. Hadland).
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scanning microscopy.

To characterize source environments, sand (composed of basaltic
fragments, eroded hyaloclastite, volcanic glass, and tephra), diurnal
floodplain sediment, and water sources were collected from upwind,
central, and downwind regions of Dyngjusandur, surrounding glacial
outflows, and ponded water and lakes (Fig. 1). Sand and floodplain
samples were collected aseptically by scraping the surface into 15 mL
polypropylene tubes. Up to 665 mL (due to clogging filters) of water
were filtered (Supplementary Material Table S1) onto Sterivex. All
samples were flash-frozen in liquid nitrogen in the field. In total, we
analyzed 12 bioaerosol, 17 sand, 8 diurnal floodplain, and 5 freshwater
samples across the 2022 and 2023 field campaigns (Supplementary
Material Table S1). Sampling and export were conducted under permits
from the Icelandic Institute of Natural History and Vatnajokull National
Park.

2.3. Weather data

We used high-resolution, site-specific weather data to investigate
dispersal patterns, and to establish direct connections between local
surface microbiota and airborne communities. To capture microclimate
data during the bioaerosol samplings, weather data were collected at 30-
s intervals using a HOBO U30 weather station (Onset Computer Cor-
poration) co-located with the bioaerosol samplers, with sensors moun-
ted on a telescoping tripod mast up to 4 m above the ground (Fig. 1b).
Parameters included air temperature, relative humidity, rainfall, solar
flux, barometric pressure, and wind speed and direction. Wind speed
was recorded as the mean over logging interval whereas gust speed was
defined as the highest 3-s gust. Wind direction was calibrated to true
north (£5°). The mean wind direction (§) was computed for each sam-
pling period (e.g., 24 h) by vector averaging the angles 6; in radians:

= (X sin(6;)
0 =tan (Z cos(&l-)) M

with an additional weighted version using wind speed scaled compo-
nents. Total rainfall (mm) was summed over the period, and mean,
minimum, maximum, and inter-quartile range (25th-75th percentiles)
were calculated for all other parameters. Long-term seasonal data were
obtained from the Upptyppingar station (65.06065°N, 16.21040°W)
operated by the Icelandic Meteorological Office.

2.4. Culturing

To test the presence of culturable microorganisms, and to directly
assess whether transported microorganisms remain viable in this harsh
atmospheric environment, we used the drop plate method (Azua-Bustos
et al., 2019). Sterile nutrient rich (Tryptic Soy Broth; TSB) and nutrient
poor (R2A) agar plates were exposed on the ground for 24 h at the
bioaerosol sampling site to trap airborne particles and saltating sand.
Plates were then aseptically sealed and incubated at 11 °C (average
ambient temperature) for up to 2 weeks in the field. Single colonies were
re-streaked three times for purity, grown again in nutrient broth, and
preserved in 25% glycerol at —80 °C. Sand and floodplain samples were
also cultured by adding ~5 g of sample to the broth. DNA was extracted
using the DNeasy Biofilm DNA Extraction Kit (Qiagen) and then the 16S
ribosomal RNA (rRNA) was amplified using primers F9 and R1544R and
primer R805 internal of the 16S rRNA gene for Sanger sequencing on an
Applied Biosystems 3730XL DNA Analyzer. Sequences were edited,
classified, and identified through BLAST searches in GenBank. GenBank
accession numbers are PV624792-PV624803.

2.5. Microscopy

To visualize associations between microbial cells and dust particles
that may enhance atmospheric survival, PFA fixed filters were
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submerged in 30% EtOH and 70% (1x) Phosphate Buffered Solution
(PBS). The tube was placed in an ice slurry (to prevent overheating) and
the probe of a Branson digital sonifier 150 was positioned 1 cm away
from the sample to detach the grains from the filter while limiting mi-
crobial removal from grains. The following settings were used: pulse,
timed, 40% amplitude, 30 s on, 1 min off, 3 min on in total, as a variation
of previously described methods (Duhamel and Jacquet, 2006). The
rinsate was then filtered onto 0.1 pm grey polycarbonate (PCTE) filter.
The sonication steps were repeated on the same sample soaked in fresh
EtOH:PBS (1:1) and filtered through the same PCTE filter (to collect and
concentrate further grains). The PCTE filter was then rinsed 3 times with
1x PBS, for 5 min each, discarding the effluent flowing through the
filter. Filters were stained directly with 4000:1 SYBR Gold (Invitrogen)
dilution in 1 x PBS, incubated in the dark for 20 min, rinsed with 1 x PBS
twice, followed by 50%, 80%, and 90% EtOH washes, incubating 5 min
each wash. Half of the filter was placed onto a clean glass slide, mounted
with Citifluor™—Antifadent Mountant Solutions (Electron Microscopy
Science), covered with a coverslip, and stored overnight at —20 °C.

Filter halves were imaged using a laser scanning confocal microscope
(Leica Stellaris 5 on a DMI8 microscope), equipped with a white light
laser and its unique fluorescence lifetime based TauSense® technology.
A low magnification overview map was created to identify promising
regions of higher particle density and subsequent higher resolution
microscopy areas were identified using a nested dataset approach
(Neveu et al., 2018). Additionally, 15 random fields of view were
captured for cell counts. The samples were excited at 496 nm and
emitted light collected in the emission window 525-615 nm, capturing
emission maxima at around ~540 nm of SYBR gold. Finally, a Tau
lifetime scan was collected at each imaged grain to assess the presence of
mineral autofluorescence. Excitation at 405 nm (emission 415-485 nm)
and at 663 nm (emission 675-825 nm) were employed to evaluate po-
tential UV-generated autofluorescence from grains and the presence of
chlorophyll-harboring microbes, respectively. Stained biomass was
located and logged using the “Cell Counter” plugin (Kurt De Vos, Univ
Sheffield, Academic Neurology, https://imagej.net/ij/plugins/
cell-counter.html) in ImageJ/FLJI. However, microbes removed during
processing or located on the filter side of optically opaque grains would
not be enumerated. Moreover, biofilms are agglomerations of cells,
obfuscating absolute enumeration. The reported values therefore should
be considered minimums.

2.6. DNA extractions

Due to the low biomass nature of bioaerosol samples, enhanced
precautions were employed during sample handling, including working
in a specified environment for molecular biology work and in a PCR
clean hood (AirClean Systems), personnel masking, and working on
EtOH and bleach sterilized surfaces. DNA was extracted using a modified
DNeasy PowerWater Kit (Qiagen) method (Basapathi Raghavendra
etal., 2023; Dommergue et al., 2019). Briefly, cylindrically rolled filters
were placed into a preheated (60 °C) lysis buffer, sonicated at 45 KHz at
65 °C for 30 min, and homogenized using a FastPrep-24 (MP) bead
beater (45 s at 6.5 m/s x 2), placing the tubes on ice between runs.
Lysates were recovered by centrifugation (1000 g, 4 min) through a
sterile syringe inserted into a 50 mL tube to prevent excessive absorption
of liquid by filter debris (Dommergue et al., 2019), then purified and
eluted following the manufacturer's instructions. DNA from sand and
floodplain samples was extracted using the DNeasy PowerSoil Pro Kit
(Qiagen), with extraction blanks consisting of unused bead tubes pro-
cessed alongside samples. DNA from water samples was extracted using
the DNeasy PowerWater Sterivex Kit (Qiagen), with extraction blanks
consisting of unused Sterivex filters. DNA concentrations were quanti-
fied using a Qubit Fluorometer (Thermo Fisher Scientific) with the high-
sensitivity dsDNA assay.


https://imagej.net/ij/plugins/cell-counter.html
https://imagej.net/ij/plugins/cell-counter.html

N. Hadland et al.
2.7. Sequencing and data processing

To identify prokaryotic and eukaryotic taxa in atmospheric and
source samples and enable quantitative community comparisons, the
16S rRNA gene (v4 region) and 18S rRNA gene (v9 region) were
amplified using primers 515F/806R and Euk1391/eukbr respectively,
with 35-cycle PCR (95 °C 5 min; 35 cycles of 95°C 30s,53°C40s,72°C
1 min; final elongation 72 °C 10 min) using HotStarTaq Plus Master Mix
Kit (Qiagen). PCR products were checked in a 2% agarose gel, multi-
plexed using unique dual indices, and then pooled in equal proportions
based on molecular weight and DNA concentration. The pooled samples
were purified using calibrated Ampure XP beads and sequenced at MR
DNA (Shallowater, TX, USA) on an Illumina MiSeq.

Raw sequences were processed in QIIME2's Python API (v2024.10;
Bolyen et al., 2019). Demultiplexing and primer removal were per-
formed using Cutadapt (Martin, 2011). Denoising, chimera removal, and
forward and reverse read merging were completed using DADA2
(Callahan et al., 2016). Taxonomy assignment used a custom SILVA
database (v138.1; Yilmaz et al., 2014) built using RESCRIPt (Robeson II
et al., 2021). Representative sequences for each amplicon sequence
variant (ASV) were used for taxonomic assignment using the built
database. A phylogenetic tree was created using MAFFT alignment
(Katoh et al., 2002) and FastTree (Price et al., 2009). Metabolic func-
tional interferences were conducted using FAPROTAX, which maps
ASVs to broad ecological functions based on implicit assignments of a
trait to taxa (Louca et al., 2016), and PICRUSt2 (Douglas et al., 2020),
which uses genome reconstruction to predict MetaCyc pathway abun-
dances. Pathway inferences were normalized to per-sample relative
abundances. The rationale for including these pipelines was to capture
complementary perspectives on microbial function variation. Results
must be interpreted with caution since FAPROTAX assumes functional
uniformity within taxa, while PICRUSt2 relies on reference genomes.

Cross-contamination due to ‘tag switching,” or barcode sequencing
errors (cross-talk) is enhanced in low biomass samples (Eisenhofer et al.,
2019). Sequences matching Staphylococcus, Finegoldia, Lactobacillus,
Bradyrhizobium, and Streptococcus in the 16S dataset were removed
based on abundances in blanks. These taxa, though found in bioaerosols,
are common contaminants (Eisenhofer et al., 2019). Additional filtering
used the decontam package (Davis et al., 2018), removing features with
p < 0.1. This approach identifies contaminants based on their prevalence
in true samples versus controls and performs well with low biomass
samples (Karstens et al., 2019). A summary of contaminants removed is
shown in Supplementary Material Fig. S1. Mitochondrial and chloro-
plast sequences found in the 16S dataset and prokaryotic sequences
found in the 18S dataset were removed from the analyses. After pro-
cessing, the minimum sequencing depth was 43,050, which was used as
the rarefaction depth in statistical analyses. Sequencing data are avail-
able in the GenBank (accession numbers:
SAMN48399260-SAMN48399309, BioProject: PRINA1260575).

2.8. Statistical analyses

To assess relationships between environmental conditions and mi-
crobial community structure, and to quantitatively attribute bioaerosol
sources, we employed multiple complementary statistical approaches.
Alpha diversity using Faith's phylogenetic diversity (PD) and Shannon's
index, and beta diversity using weighted Unifrac (Lozupone and Knight,
2005) and Jaccard distances were analyzed using QIIME2. Faith's PD
incorporates the lengths of branches on the phylogenetic tree while
Shannon's index incorporates richness (number of species) and evenness
(relative abundance of species). Weighted Unifrac incorporates phylo-
genetic distances and taxon abundance, whereas Jaccard uses presence/
absence only. Beta diversity correlations with environmental variables
were assessed via Mantel tests (QIIME2's diversity beta-correlation).
Briefly, a distance matrix for each weather parameter was constructed
to quantify pairwise differences in environmental conditions.
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Spearman's correlation (p) was computed, and statistical significance
was assessed using 999 permutations by permuting one matrix to obtain
a null distribution.

Relationships between alpha diversity and meteorological variables
were assessed using linear fixed-effects models incorporating weather
parameters as explanatory variables. Sampling volume (the total air
volume collected) differed between samples and therefore needed to be
accounted for in downstream statistical analyses. Sampling volume was
treated as a fixed effect to control the variability introduced by differ-
ences in air sampling duration and instrument used across samples,
ensuring alpha diversity estimates were not confounded by sampling.
The linear fixed effects model was conducted using the Python package
pymer4 (Jolly, 2018) to generate a slope and y-intercept, where indi-
vidual meteorological parameters were tested separately. Pairwise
Kruskal-Wallis tests were conducted for wind speed weighted wind di-
rections binned into NE, NW, SE, SW quadrants to test the effect of wind
direction on alpha diversity.

To determine the impact of environmental filtering on microbial
community structure, phylogenetic null modelling was used to test if
phylogenetic distribution was more or less clustered than expected by
chance (Stegen et al., 2012). Phylogenetic clustering typically occurs
when environmental conditions select species that have similar traits.
Conversely, phylogenetic overdispersion occurs due to competitive
exclusion. The trans_nullmodel class in the microeco R package (Liu
et al., 2021) was used with the metrics net relatedness index (NRI) and
the nearest taxon index (NTI). NRI is calculated as the mean pairwise
phylogenetic distance of taxa in a single sample:

mn(Xeps) — mnX(n)

NRI = == &)

@

where X, is the phylogenetic distance between two taxa, mn(Xs) is the
pairwise mean distance of all (n) taxa, and mnX(n) and sdX(n) are the
mean and standard deviation, respectively, based on a null model con-
sisting of shuffling the tree branches in the sample pool over 10,000
iterations. Similarly, NTI is a measure of phylogenetic distance to the
nearest taxon on the tree:

mn(Yeps) — mnY(n)

NTT= === &%)

3

where Y, is the phylogenetic distance to the nearest taxon, mn(Yps) is
the observed mean nearest taxon distance, and the other parameters are
calculated as in Eq. 2 (Webb et al., 2002). NRI therefore describes
phylogenetic structure across all possible pairs of taxa in a community,
while NTI captures fine-scale clustering.

To quantitatively determine the contribution of different terrestrial
sources to the airborne community, microbial source attribution to
bioaerosols was performed using the Bayesian algorithm Source-
Tracker2 on rarefied data (Knights et al., 2011), assigning proportions of
sequences from sand, diurnal floodplain sediment, and water sources.
SourceTracker2 probabilistically estimates the proportional contribu-
tion of each source environment to the sink (bioaerosol) community,
without assuming complete preservation of source communities during
transfer. The algorithm includes an “unknown” category that captures
sequences in the sink that cannot be confidently attributed to any
characterized source environment, accounting for unsampled source
environments, or novel taxa in the atmosphere.

Pairwise comparisons in beta diversity between sources and bio-
aerosols were conducted using Permanova tests with 999 permutations
to generate a null distribution. Overlapping ASVs across sample types
were determined using microeco (Liu et al., 2021).

2.9. HYSPLIT trajectories

To assess the potential for long-range microbial transport and iden-
tify possible pathways for bioaerosol dispersal to population centers,
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dust transport from Dyngjusandur was analyzed using forward trajec-
tory modelling through the Hybrid Single-Particle Lagrangian Inte-
grated Trajectory (HYSPLIT) tool (Stein et al., 2015). HYSPLIT computes
the position of an air parcel carried from a starting position as driven by
three-dimensional winds. These trajectories demonstrate potential
pathways of dust, rather than direct dust emissions (Baddock et al.,
2017). Consequently, not all the modeled trajectories necessarily
contain suspended dust. Five-day forward trajectories were initiated at
100 m above ground level starting at each hour during the study periods
in 2022 and 2023, using the GDAS database (Baddock et al., 2017). We
select this height, which is lower than typical for HYSPLIT, to maximize
the possibility that trajectories contained dust and potentially bio-
aerosols, rather than an estimation of the longest possible range. Addi-
tionally, shorter or longer residence times are possible for bioaerosols
(Mayol et al., 2017), but HYSPLIT's accuracy decreases over longer
timescales. Five-day backwards trajectories were also conducted to
determine the possible origin of distinct microbial populations. Models
were executed in Python using the PySPLIT package (Warner, 2018).
Trajectories were clustered using HYSPLIT's variance-based algorithm to
group similar paths and summarize patterns. Dust emission during the
study periods was corroborated using Atmospheric Infrared Sounder
(AIRS) dust scores obtained from NASA Worldview. Dust scores
exceeding 380, indicating probable dust presence, were observed over
central Iceland on seven days during the 2022 campaign (July 19, 22,
26; August 3, 4, 5, 6) and three days during the 2023 campaign (July 29,
30; August 5). AIRS dust detection is optimized for bright mineral dust
and may underestimate dark basaltic dust from Icelandic sources;
consequently, dust emission likely occurred on additional days not
captured by satellite observations.

2.10. Particle size analysis

To characterize the grain size distributions of potential source sedi-
ments, particle size distributions of sand and diurnal floodplain samples
were measured in triplicate using a laser diffraction particle size
analyzer (Microtrac) equipped with a recirculating pump and internal
ultrasonic dispersion capabilities at Particle Size Labs LLC. Samples were
dry sieved, if necessary, through a 2000 pm mesh to remove coarse
material, homogenized, and then added to the instrument's recirculation
chamber filled with deionized water. The instrument's internal ultra-
sonic probe was activated 30 s prior to each measurement. Analysis
parameters included volcanic sand optical properties (refractive index
= 1.60, transparent, irregular shape) appropriate for basaltic materials.
Measurements were conducted with 4 rinse cycles and three replicate
30 s runs averaged for each sample. Data processing was performed
using Microtrac FLEX software (v12.1.2), which calculated volume-
weighted distribution parameters including mean diameter (MV), me-
dian diameter (D50), and percentile values.

2.11. Sediment transport calculations

To determine which particle sizes could be mobilized under observed
wind conditions during bioaerosol sampling periods and thereby
constrain the physical mechanisms of microbial entrainment, we
implemented Melosh (2011)’s discussion of sediment transport, using a
threshold calculation where the drag force exceeds the gravitational
force. Under the assumption that grains protrude above the viscous
sublayer—where turbulence is suppressed next to the surface—each
grain is subjected to a drag force proportional to the shear stress times
surface area. This is resisted by the effective weight of the grain (its
weight reduced by air buoyancy). Equating these forces and solving for
the friction velocity (v+), a measure of wind shear stress, yields:

Ve = Ay /w )

Science of the Total Environment 1025 (2026) 181659

where d is the grain size, p,, is air density, p; is grain (basalt) density, and
A is an empirical coefficient taken here as 0.1 (Melosh, 2011). In reality,
A varies with grain geometry, soil moisture and cohesion, electrostatic
forces, and van der Waals forces, especially at small grain sizes, where
higher wind speeds are required to transport sediment. Moreover, larger
particles undergo saltation rather than sustained suspension, and upon
impact can eject finer particles. However, detailed modelling and
empirical measurements of these effects are beyond this study's scope
(Field and Pelletier, 2018). We then calculate the threshold wind ve-
locity at height z using:

v(z), = 5.75v:log <z£) (5)
0

where 2o = 1 mm represents the roughness factor, based on ripple
heights of a few cm at Dyngjusandur (Mountney and Russell, 2004).
Using 30 s wind speeds measured at z = 4 m, we compute, for each
bioaerosol sample, the fraction of the sampling period during which
wind exceeded the threshold across a range of grain sizes.

3. Results

3.1. Meteorological conditions shape airborne microbial diversity and
community structure

The 2022 and 2023 field campaigns captured a broad range of
meteorological conditions, providing an opportunity to assess how
weather variability influences airborne microbial communities (Sup-
plementary Material, Fig. S2). For example, a low-pressure system
during the 2022 sampling campaign resulted in sustained winds
exceeding 16 m/s, while 2023 was comparatively calmer, with gusts
rarely exceeding 8 m/s.

After accounting for sampling volume, there were statistically sig-
nificant relationships of alpha diversity (Faith's PD and Shannon's index)
with weather variables for the bioaerosols, a selection of which are
shown in Table 1. Temperature, wind speed, and gust speed had sig-
nificant (p < 0.05) or moderately significant (p < 0.1) positive re-
lationships with alpha diversity. Pressure (mean, minimum and lower
quartile) had a negative relationship with alpha diversity. In other
words, low pressure storm systems resulted in a higher Shannon's index.
18S metrics had similar relationships, except for temperature. Other
weather measures and statistics (e.g., mean and maximum wind speed)
for alpha diversity indices were found to be significant or moderately
significant but not included in the table for simplicity (see Supplemen-
tary Material Table S2). A pairwise Kruskal-Wallis test for both Faith's
PD and Shannon's index did not result in significant differences with
respect to wind speed weighted wind directions binned into NE, NW, SE,
SW (Supplementary Material Table S3). The 18S Shannon diversity
pairwise comparison between NE and SW bins was moderately signifi-
cant (p = 0.064).

NRI and NTI analyses revealed values greater than zero for both 16S
and 18S datasets (Fig. 2) due to phylogenetic clustering, which is typi-
cally a result of environmental filtering (Stegen et al., 2012). Linear
fixed effects models applied to NRI and NTI values against environ-
mental variables found significantly positive relationships with
maximum gust speed and wind speed for NTI (Supplementary Material
Table S2), like the relationships with alpha diversity.

Mantel tests were used to evaluate the correlation between weather
variables and beta diversity to assess shifts in bioaerosol community
composition. To determine whether sampling volume influenced the
trends, the test was conducted on a distance matrix based on sampling
volume. No significant relationships were found for both 16S and 18S
datasets (Supplementary Material Table S4), suggesting that variations
in sampling volume did not introduce systematic biases in community
composition. The Mantel test was then applied to weather variables, and
certain significant relationships are reported in Table 2. A positive
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Table 1
Linear fixed effects models of alpha diversity indices with respect to select weather parameters.
16S 18S
Faith's PD" Shannon Faith's PD Shannon
Var m° SE! -value m SE -value m SE -value m SE -value
p p P P
Tomax 4.86 2.32 0.07 0.44 0.23 0.09 n.s. n.s. n.s. n.s. n.s. n.s.
GSqs® 7.48 4.06 0.10 0.73 0.38 0.09 6.47 3.49 0.10 0.70 0.31 0.05
WSQ3h n.s. n.s. n.s. 0.76 0.41 0.09 n.s. n.s. n.s. 0.72 0.33 0.06
Poin’ n.s. n.s. n.s. -0.27 0.11 0.03 n.s. n.s. n.s. —0.25 0.08 0.01
@ Faith's Phylogenetic Diversity (PD).
b var = weather variable.
¢ m = slope.
4 SE = Standard Error.
¢ n.s. = not significant.
fr= Temperature.
8 GS = Gust Speed.
" WS = Wind speed.
! P = Pressure.
max = maximum value.
Q3 = upper quartile.
min = minimum value.
16S 18S Table 2
A : B Mantel correlations between the distance matrices of beta diversity (Weighted
4 A Unifrac and Jaccard) and select weather parameters.
s — . 168 188
4’* * . .
. . . ' We.lghted Jaccard We'lghted Jaccard
2 . . J Unifrac Unifrac
 — * ! Var" I p- o p- PP P p-
s : value value value value
0 GSgs’  0.301  0.032 ‘ns.  ns. n.  ns ns. n.s.
It s.
NRI NTI NRI NTI WSq3® 0.283  0.065 n.s. n.s. n. n.s n.s n.s
S.
Fig. 2. Box and whisker plots of Net Relatedness Index (NRI) and Nearest Poi n.s. n.s. 0.388  0.008 n. n.s 0.326  0.053
Taxon Index (NTI). Separate plots are shown for (A) 16S and (B) 18S datasets. S.
The horizontal dashed line at zero denotes the transition from phylogenetic RHmax"  n.S. 1.S. 1.8 n.s. o ns 0.318  0.076
s.

clustering (NRI or NTI > 0), associated with strong environmental filtering, to
phylogenetic overdispersion (NRI or NTI < 0), associated with competi-
tive exclusion.

Spearman's p suggests that as differences in each weather parameter
between sample pairs increase, so do differences in microbial commu-
nity structure. Gust speed was significantly correlated with weighted
Unifrac distances (p = 0.032), while wind speed showed a similar pos-
itive trend (p = 0.065; Table 2). Pressure variables were similarly
significantly correlated with Jaccard distances (Table 2; Supplementary
Material Table S4). Pairwise permanova tests for both weighted Unifrac
and Jaccard metrics did not have differences between wind speed
weighted binned wind directions, like alpha diversity (Supplementary
Material Table S5), except for pairwise comparisons between NW and SE
for both Jaccard (p = 0.079) and weighted Unifrac (p = 0.062) for 18S
data which were moderately (p < 0.1) significant.

3.2. Storm events enhance coupling between surface sources and
atmospheric microbial communities

The Bayesian algorithm SourceTracker2 requires that each source
has a distinct fingerprint. Sand, diurnal floodplain, and fluvial source
environments harbored distinct microbial communities (Supplementary
Material Fig. S3), with pairwise permanova tests confirming significant
differences between all source categories (Supplementary Material
Table S5). The model revealed that bioaerosols were sourced from a
combination of all three categories—sand, diurnal floodplain, and
freshwater. However, a large fraction came from an unknown source

@ Var = weather variable.

b o = Spearman's rho.

n.s. = not significant.

4 GS = Gust Speed.

¢ WS = Wind Speed.

f p = Pressure.

8 RH = Relative Humidity.
max = maximum value.
Q3 = upper quartile.
min = minimum value.

c

(Fig. 3). Two of the bioaerosol samples at lower wind speeds had no
species attributable to the categorized source environments. Moreover,
the lower wind speeds had a slightly higher proportion sourced from
fluvial sources, up to 19.923 + 0.006% (mean + SD). Conversely, higher
wind speeds had a higher contribution of sand and floodplain sediment,
with the bioaerosol collected during the windiest day (collected in 2022)
having 75.593 £ 0.015% sand as the inferred source of microorganisms.
Below 8.56 m/s maximum gust speed, there was very little contribution
of sand- (<0.395 + 0.003%) or floodplain-based (<0.597 + 0.006%)
microorganisms to the bioaerosol samples.

Sediment transport modelling provided a mechanistic explanation
for this threshold. Modeled emission patterns varied markedly across
sampling periods, with calm conditions mobilizing only fine particles
(<90 pm) while storms exceeded threshold velocities for sand-sized
grains (>400 pm; Fig. 4). Particle size analysis additionally revealed
that the sand was substantially coarser (volume-weighted mean di-
ameters of 426-456 pm) than diurnal floodplain deposits (~82 pm;
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Fig. 3. Quantitative source tracking of microorganisms sourcing the bio-
aerosols using a Bayesian model. Each color represents the mean fractional
contributions of each source (sand, diurnal floodplain, and freshwater) to each
sink (bioaerosol), with each bar representing a unique sample on different days.

Supplementary Material Fig. S4), consistent with the higher wind speeds
required to mobilize sand-associated microorganisms observed in the
source tracking analysis.

Aerosols had several distinct ASVs (1714) when compared to surface
source environments, but 121 were common between the aerosols and
all three sources (Supplementary Material Fig. S5). The greatest overlap
with aerosols was observed for the sand environments, which shared
337 ASVs with aerosols, compared to 43 shared with floodplain alone,
and 109 with water alone. The top groups that were present in all en-
vironments at the family level were Beijerinckiaceae, Methylophilaceae,
Solirubrobacteraceae, Comamonadaceae, Pseudanabaenaceae, Gem-
matimonadaceae, Chtinophagaceae. Specific genera in these groups
included Methylotenera, Conexibacter, Polaromonas, Pseudanabaena,
Gemmatimonas, and Rhizobacter.

Comparing beta diversity of the categories also provided useful
qualitative insight into the coupling of bioaerosols and source environ-
ments (Fig. 5). For weighted Unifrac, bioaerosols generally grouped
separately from the sand, diurnal floodplain, or fluvial sources, but
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samples with higher wind speeds and lower pressures (e.g., more
extreme weather events, <930 mbar) were more closely associated with
the sand and floodplain, corroborating the SourceTracker2 analysis. One
fluvial source from ponded water in the diurnal lake region of the
sandsheet clustered closely with the aerosols. Similar associations are
shown in a PCoA of the Jaccard metric—most of the bioaerosols were
distinct with a close association of the ponded water sample as well as
glacial outflow (Fig. 5b). Pairwise permanova tests for both Unifrac and
Jaccard metrics showed significant differences (p < 0.05) between
source environments and bioaerosols, except for the freshwa-
ter-bioaerosols comparison with the Jaccard metric, which was only
moderately significant (Supplementary Material Table S5; p = 0.082).
Pairwise Kruskal-Wallis tests revealed significant or moderately signif-
icant differences in Faith's PD and Shannon's diversity between bio-
aerosols and source environments (Supplementary Material Table S3),
except for the fluvial—bioaerosol comparison for Shannon diversity (p
= 0.46).

3.3. Particle attachment and viability of airborne microorganisms

Source tracking analyses indicated that microorganisms from the
sandsheet enter the atmosphere during storm events but did not address
whether they survived transport or remained associated with particles.
We addressed this through complementary culture-based and micro-
scopy approaches. Airborne and sand-associated microorganisms were
isolated from both nutrient rich (TSB) and nutrient poor (R2A) media to
assess the presence of viable cells capable of surviving environmental
exposure and transport (Supplementary Material Table S6). Six bacterial
species were successfully cultured from sand and aerosol drop plate
samples, confirming the viability of microorganisms associated with the
sandsheet and its emissions. The isolates included potentially cold-
adapted taxa such as Pseudomonas antarctica, Arthrobacter sp., and Pys-
chrobacter sp. which have been isolated from polar and cryospheric
environments, such as Iceland (Daussin et al., 2024; Kelly et al., 2014).
Pseudomonas syringae, a known ice-nucleating species that can act as
cloud condensation nuclei (de Araujo et al., 2019), was recovered from a
sandsheet sample. Moreover, this species along with members of
Arthobacter can be opportunistic pathogens of crops (Hirano and Upper,
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Fig. 4. Sediment transport model. Fraction of time during the sampling window that the wind speed exceeded a threshold where the drag force overcomes the

force due to gravity.
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2000).

To determine whether these viable taxa were transported in associ-
ation with dust particles, we examined aerosol filter samples using
confocal laser scanning microscopy (Fig. 6). After checking for miner-
alogical autofluorescence (Supplementary Material Fig. S6), laser
scanning confocal microscopy revealed the presence of individual cells
and biofilm-like structures coating dust particles captured as aerosols on
a relatively calm day in 2023 (mean wind speed = 1.87 m/s). Two
visually distinct types of particles were observed: (1) darker, optically
opaque, and topographically complex grains (Fig. 6a—c), and (2) lighter-
toned, largely transparent, and smoother grains (Fig. 6d—f). Cell counts
from random fields of view, based on nucleic acid staining with SYBR
Gold, were significantly higher on the darker, rougher grains (165 + 107
cells; mean + SD), than the smoother, lighter particles (73 + 37; Krus-
kal-Wallis, p = 0.045; Supplementary Material Fig. S7). When both
particle types were in close spatial proximity (Fig. 6g-i), cellular
biomass was predominantly associated with the more topographically
complex and darker surfaces. Chlorophyll fluorescence, indicating the
presence of photosynthetic organisms, was rarely observed (Supple-
mentary Material Fig. S6).

3.4. Bioaerosols contain distinct taxa with potential for long-range
transport

The microbial diversity in the aerosol samples, based on 16S rRNA
gene sequencing, was dominated by Actinobacteria,
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Gammaproteobacteria, Alphaproteobacteria, Bacilli, Bacterioida, and
Thermoleophilia at the taxonomic level of class (Supplementary Mate-
rial Fig. S8). There were also 12 families belonging to Cyanobacteriota,
up to 6.2% relative abundance (for Nostocaceae, specifically Anabaena
sp.). Additionally, several samples had ASVs—up to 14.5%—that could
not be assigned to a known phylum, suggesting the presence of novel or
poorly characterized microbial lineages in this environment. Several
ecologically relevant bacterial genera were identified. For instance,
Actinetobacter and Cupriavidus, which can grow on nutrients leached
from basalt (Byloos et al., 2018), Paeniglutamicibacter, which has been
cultivated from different cold environments, including Antarctica
(Busse, 2016), and Sphingomonas previously isolated from the atmo-
sphere and young lava rocks in Iceland (Daussin et al., 2023). While we
detected Corynebacterium, a genus identified in a number of environ-
mental soil samples and known to include potential human pathogens,
we note that it has also been reported as a DNA extraction contaminant
(Eisenhofer et al., 2019). However, its presence in only one laboratory
blank sample suggests that most detections represent genuine environ-
mental occurrences rather than systematic contamination, with the
single blank detection potentially attributable to tag switching during
sequencing. The FAPROTAX metabolic interference pipeline revealed
that chemoheterotrophy dominated across all bioaerosol samples, while
nitrate reduction, fermentation, aromatic compound degradation, pho-
totrophy, and some pathogen-associated functions were also present
(Supplementary Material Fig. S9a). Nitrogen cycling (ureolysis,
ammonia oxidation, and nitrification) and C1 metabolisms (methanol
oxidation and methylotrophy) had statistically significant (p < 0.05)
increases in relative abundance under lower atmospheric pressures, or
stormy conditions (Supplementary Material Fig. S9b). Complementary
PICRUSt2 analysis predicted that peptidoglycan maturation and fatty-
acid salvage (e.g., cell envelope remodeling) were the most abundant
pathways, while phytol degradation signaled microbial use of plant/
algal material (Supplementary Material Fig. S10). These predictions
should be interpreted with caution however, as they rely on 16S rRNA
amplicon sequencing. As such, the analysis is exploratory and intended
to serve as a hypothesis-generating tool for identifying potential func-
tional shifts.

Eukaryotes in the bioaerosol samples identified using the 18S rRNA
gene included fungi, algae, protists, and plants (Supplementary Fig. S8).
Specifically, top fungal classes included Agaricomycetes, Dothideomy-
cetes, and Leotiomycetes. One of the most abundant (up to 30% relative
abundance) belonged to the order Agaricales, an extremely diverse
group, also found previously in Iceland (Gulden and Hallgrimsson,
2000). Major fungal genera identified were Amylocorticium, Helotiales,
Cladosporium, and Ascochyta, all of which are involved in plant decay
and can be pathogenic to crops. The major protist group identified was
the unicellular spore forming parasite Apicomplexa. Sarcomonadea,
Phyllopharyngea, and other protist classes were also present in small
amounts. Major algal classes included members of Trebouxiophyceae,
Ulvophyceae, and Chlorophyceae (specifically, the genus Chlamydomo-
nas). The identified plant orders were Poales, Solanales, and other minor
groups. Both the Solanales and Poales are species-rich and are ecologi-
cally and economically important (Elliott et al., 2024; Sarkinen et al.,
2013).

Forward trajectory modelling provided an estimate of the potential
geographic reach of these bioaerosol taxa. Fig. 7 presents a comparison
of clustered HYSPLIT trajectories run on an hourly basis for the bio-
aerosol sampling periods in 2022 and in 2023 (Baddock et al., 2017). Air
masses emitted from the sandsheet reached several geographic areas in
Europe, including the British Isles, Norway, Svalbard, and mainland
Europe (e.g., France, Belgium, Denmark, and the Netherlands). A few
trajectories also circulated within Iceland, reaching Reykjavik. For
example, 31% of trajectories in 2022 and 40% in 2023 headed west
towards Reykjavik, and some air masses continued towards Greenland.
While there were more trajectories heading further south in 2023
compared to 2022, both years consistently reached major population
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Fig. 6. Laser scanning confocal microscopy images of representative particles. Images show dark-toned (A-C), light-toned (D—F), and other (G-I) dust particles
captured using an aerosol sampler. Green fluorescence indicates nucleic acid staining with SYBR Gold.

centers in mainland Europe and the British Isles. This modelling
approach has inherent limitations due to a lack of constraints on dust
emission and deposition processes. However, actual atmospheric resi-
dence times for microbe-carrying particles may exceed the 5-day
simulation period presented here, particularly for finer particles that
could remain suspended for extended periods (Mayol et al., 2017).
Backwards trajectories show that most air parcels arriving at Dyngju-
sandur came from the North Atlantic and eastern Greenland. Some
trajectories came from the south and west (e.g., from northern Canada;
Supplementary Material Fig. S11).

4. Discussion

A central question in atmospheric microbiology is whether airborne
microbial communities are assembled passively through stochastic
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aerosolization or actively shaped by environmental selection pressures
(Lappan et al., 2024). In other words, there is a possibility of obligately
atmospheric (e.g., never landing) microorganisms that may play un-
derappreciated roles in global biogeochemical cycles (Frohlich-Now-
oisky et al., 2016). In this study, we found that bioaerosols at
Dyngjusandur were compositionally distinct from, yet still partially
traceable to local surface sources. Diversity and phylogenetic structure
were strongly correlated with meteorological variables, particularly
wind/gust speed and pressure, suggesting that extreme weather events
act as environmental filters, selectively entraining microbes into the
atmosphere and potentially enabling their transport to populated re-
gions. The microbial community structure of the local atmosphere
therefore is likely a reflection of surrounding surface environments,
selective processes, meteorological variables, and possibly long-range
transport.
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The relationship between community structure and meteorological
parameters provides evidence that airborne communities are shaped by
deterministic processes. At Dyngjusandur, bioaerosol communities were
consistently phylogenetically clustered according to NRI and NTI indices
for both 16S and 18S datasets (Fig. 2), which typically is associated with
strong environmental filtering (Stegen et al., 2012). NTI increased with
maximum wind speed (Supplementary Material Table S2), suggesting
more closely related taxa were released during storms, likely those
associated with the sandsheet. Higher intensity storm conditions resul-
ted in higher alpha diversity (Table 1) and increased beta diversity, with
low-pressure samples being compositionally distinct from other bio-
aerosol samples (Fig. 5). These storm events likely facilitated the
entrainment of a broader range of particle sizes (Fig. 4), thereby
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allowing a more diverse subset of the surface microbiome to enter the
atmosphere. Similarly, in dusty environments elsewhere on Earth,
certain taxa are strongly associated with dust storm events. For example,
fungal abundances, particularly Cladosporium, increased during dust
storm days in Taiwan (Ho et al., 2005). In contrast to these results,
previous studies have demonstrated that in urban environments, pol-
lutants affect the community structure and composition more than
meteorological variables (Qi et al., 2020). While we did not measure
atmospheric pollutants directly, our findings from Dyngjusandur suggest
that, in the absence of substantial anthropogenic input, natural meteo-
rological variability plays a key role in structuring atmospheric micro-
biomes. Therefore, proximity to anthropogenic activity is likely a
primary control on the structure of atmospheric microbial communities
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(Jiang et al., 2022).

Previous work has identified common sources of airborne bacteria,
including soil, water bodies, vegetation, animal waste, and anthropo-
genic environments (Niu et al., 2023; Qi et al., 2020). Comparative
analyses against the source environments at Dyngjusandur (sand,
diurnal floodplains, and fluvial environments) revealed similar trends to
these previous studies. For example, community dissimilarity between
aerosol samples and local sources decreased during storm events,
particularly with sand and, to a lesser extent, floodplain sources (Fig. 5;
Table 2). The SourceTracker2 analysis corroborated this pattern. On
days with strong gusts, aerosols were predominantly sourced from sand
environments, with contributions from fluvial sources slightly
increasing when wind speeds were lower (Fig. 3), presumably from
bubble bursting (Michaud et al., 2018) or biofilm release (McDougald
et al., 2012). Diurnal floodplain environments sourced a minor fraction
of the microorganisms across all weather conditions (Fig. 3), consistent
with the fewer cells observed on the lighter particles, presumably hya-
loclastite loess (Fig. 6), which is expected to be at higher concentrations
in the glacial outwash (Baratoux et al., 2011). Active dust emission was
observed in the field from this region (Fig. 1c), where some samples
contained a substantial fine particle fraction (<10 pm; Supplementary
Fig. S4). It is also possible that free-floating cells (Hu et al., 2020) were
emitted from the source environments independently of dust particles.

Despite contributions from local sources during storms, a substantial
fraction of the atmospheric community could not be attributed to any
sampled environment (Fig. 3), and statistical analysis of beta diversity
demonstrated significant phylogenetic differentiation between airborne
and surface communities (Supplementary Material Table S5). These
findings confirm that bioaerosols maintain distinct community struc-
tures despite varying contributions from local sources, suggesting more
complex origins and assembly processes. The substantial “unknown”
fraction likely reflects the convergence of multiple atmospheric pro-
cesses rather than methodological limitations. While insufficient sam-
pling of source environments or sequencing artifacts and contaminant
DNA could contribute to this pattern, our rigorous decontamination
steps and the consistency of our findings with previous airborne studies
in Iceland (Daussin et al., 2024, 2023) support the existence of a real,
structured atmospheric community distinct from the surrounding
sandsheet. Phylogenetic clustering analyses (Fig. 2) demonstrated that
airborne communities are environmentally filtered rather than
randomly sampled from the sources. Additional contributions likely
came from gravitational settling from higher altitudes (Bryan et al.,
2019), potentially explaining the unknown fraction on calmer days.
Moreover, HYSPLIT backward trajectory analysis revealed that air par-
cels primarily came from the North Atlantic and eastern Greenland
(Supplementary Material Fig. S11), suggesting that the distinct bio-
aerosol populations possibly originated from the ocean (e.g., from sea
spray or bubble bursting; Michaud et al., 2018). The convergence of
evidence from source tracking, beta diversity, and phylogenetic null
modelling supports the interpretation that atmospheric communities at
Dyngjusandur reflect a mixture of local surface emissions, background
atmospheric populations from long-range transport, and unsampled
local sources.

The major bacterial phyla identified in this work were similar to the
taxa identified in several other air surveys of Iceland, such as Sphingo-
monadaceae, Micrococcaceae, and Serratia using both culturing and
amplicon sequence approaches (Daussin et al., 2024, 2023). The
eukaryotic composition showed the presence of fungi involved in
biogeochemical processes, plant decomposition, and pathogenesis in
plants and crops. However, the most abundant fungal populations
observed here (e.g., Agaricales, Amylocorticium, and Helotiales) diverged
from those detected in dust storms at low latitudes (Ho et al., 2005). The
identification of Apicomplexa and other parasitic protists raises the
possibility for long-range transport of pathogens via dust plumes origi-
nating from the sandsheet. Previous work has also identified spores of
Apicomplexa in air samples in other deserts (Belilla et al., 2022).
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Additionally, the presence of these potentially pathogenic or agricul-
turally relevant taxa, including Corynebacterium, Cladosporium, and
Ascochyta, underscores the need for further investigation into the public
health and ecosystem impacts of dust-mediated microbial dispersal. This
is especially pressing in the context of increasing dust emissions from
Iceland due to glacial retreat (Bullard et al., 2016).

Samples analyzed for microscopy showed the presence of microor-
ganisms and biofilm-like structures attached to these dust particles
(Fig. 6). Moreover, cells were predominantly associated with darker
toned, optically opaque particles (Fig. 6a—c), presumably basaltic sand.
In contrast, fewer cells were associated with the lighter toned, trans-
parent particles (Fig. 6d-f; Supplementary Material Fig. S7). This pref-
erential association suggests that not all particles are equally effective as
microbial carriers. The increased surface morphological complexity on
the sand may offer more favorable sites for adhesion and protection from
radiation and desiccating conditions in the atmosphere, consistent with
previous work showing a higher number of cells on grains as opposed to
free floating cells (Dong et al., 2022; Hu et al., 2020). These microscopy
observations complement the phylogenetic clustering results (Fig. 2),
since not all members of the surface community are equally likely to
enter the atmosphere. Instead, community composition aloft may reflect
both the physics of the entrainment of dust and the survival of micro-
organisms linked to certain types of particles.

Sediment transport modelling suggests that wind speeds during
certain sampling periods were sufficient to loft both silt- and sand-sized
particles, creating opportunities for microbes to hitchhike on mineral
surfaces (Fig. 4). However, it is unclear whether the microorganisms
survived beyond immediate emission. While we did not include direct
measures of activity in this study, there has been progress in under-
standing whether the atmosphere exhibits the characteristics of a true
ecosystem including metabolic activity, or if it simply is a passive
dispersal medium (Lappan et al., 2024). Previous detections of adeno-
sine triphosphate (ATP) in bioaerosols as well as bacteria possessing
extreme environment tolerance confirmed that certain microorganisms
have the capacity to persist up to the lower altitudes of the stratosphere
(Bryan et al., 2019). Similarly, our drop plate culturing analysis
confirmed that viable microorganisms can be recovered from airborne
deposition and included taxa adapted to cold and oligotrophic envi-
ronments (e.g., Psychrobacter, Pseudomonas antarctica), suggesting that
some airborne microorganisms are physiologically equipped to endure
harsh atmospheric conditions and possibly remain active (Supplemen-
tary Material Table S6).

The presence of viable, particle-associated microorganisms sourced
from the sandsheet with potential ecological and public health impli-
cations raises questions about the geographic reach of these bioaerosol
emissions. HYSPLIT forward trajectory models showed that air parcels
originating from Dyngjusandur during the study period potentially
arrived in major population centers in the United Kingdom, Continental
Europe, Svalbard, and Greenland (Fig. 7). This suggests extensive po-
tential for long-range atmospheric transport of microorganisms from
this near-Arctic dust source. Future studies could integrate satellite-
based dust observations to further validate modeled transport path-
ways and constrain emission timing. Additionally, standardized pro-
tocols for bioaerosol sampling in dust-emitting environments would
further facilitate cross-study comparisons and support broader applica-
tions in dust monitoring. The presence of an atmospheric microbial
population sourced from a variety of locations in the study area (Fig. 3)
and the direct observation of microorganisms on particles (Fig. 6) in-
dicates that dust, and therefore microbial populations can be emitted
from the sandsheet, particularly on gusty days. These storm events likely
act as a key coupling mechanism between surface microbial reservoirs
and the atmosphere, enabling the episodic transport of microbial con-
sortia, including potentially viable, pathogenic, and agriculturally
relevant taxa, across Iceland and into downwind regions of Europe and
the Arctic. This dispersal mechanism has important implications for
regional biogeography, climate processes, and public health. As climate
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shifts intensify extreme weather events and increase desertification,
these findings support the emerging view of the atmosphere as both a
conduit for microbial transport and an integral component of Earth's
biosphere.
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