Biogeosciences, 23, 3023-3038, 2026
https://doi.org/10.5194/bg-23-3023-2026

© Author(s) 2026. This work is distributed under
the Creative Commons Attribution 4.0 License.

Vertebrate impact on bacterial community structure of coastal

Arctic spring snowpacks

Stawomir Sulowicz', Krzysztof Zawierucha®>, Anna Markowicz', Krystyna Koziol*, Wiktoria Zientak®,

Adam Nawrot’, Krzesimir Tomaszewski’, Christoph Keuschnig®, Bartlomiej Luks’, and Catherine Larose

7

!'University of Silesia, Faculty of Natural Sciences, Institute of Biology, Biotechnology and Environmental Protection,

Jagielloniska 28, 40-032 Katowice, Poland

2 Adam Mickiewicz University, Faculty of Biology, Department of Animal Taxonomy and Ecology,

Uniwersytetu Poznafiskiego 6, 61-614 Poznan, Poland

3nstitute of Biochemistry and Biophysics, Department of Antarctic Biology, Polish Academy of Sciences,

Adolfa Pawinskiego 5a, 02-106 Warszawa, Poland

4The Kazimierz Wielki University in Bydgoszcz, Faculty of Geographical Sciences, Department of Environmental Change
and Geochemistry, Koscieleckich Sq. 8, 85-033 Bydgoszcz, Poland

SInstitute of Geophysics, Polish Academy of Sciences, Ksigcia Janusza 64, 01-452 Warsaw, Poland

SInterface Geochemistry, GFZ Helmholtz Center for Geosciences, 14473 Potsdam, Germany

Tnstitut des Géosciences de I’Environnement (IGE) CNRS, UGA, IRD, INRAE, Grenoble INP, 38058, Grenoble CEDEX,
France and Section for Genetics and Evolutionary Biology (Evogene), Department of Biosciences,

University of Oslo, Oslo, Norway

Correspondence: Stawomir Sutowicz (slawomir.sulowicz@us.edu.pl)

Received: 11 October 2025 — Discussion started: 21 October 2025
Revised: 27 March 2026 — Accepted: 16 April 2026 — Published: 6 May 2026

Abstract. Snow covers up to 35 % of the Earth’s surface sea-
sonally, impacts biogeochemical cycling, and forms a micro-
bial habitat despite harsh and variable conditions. While at-
mospheric deposition is a well-known source of microbial
input, the role of vertebrates in shaping snow microbiomes
remains underexplored. In Arctic ecosystems, seabirds and
terrestrial mammals influence the concentration and distri-
bution of nutrients, but their effects on microbial commu-
nities in snow remain poorly understood. Here, we explore
the role of vertebrates in shaping snow microbial biodiver-
sity of Arctic terrestrial snowpacks. The study was conducted
on the northern coast of Hornsund Fjord on Spitsbergen.
Forty snow samples were collected in four transects, two
established along the gradient from the centre of a seabird
(Alle alle) colony towards non-impacted areas and two tran-
sects along the coast. We identified 854 bacterial ASVs using
short-read sequencing of the 16S rRNA gene. Samples clus-
tered into four groups based on community composition, but
were not linked to spatial factors such as distance to colonies.
Bird and terrestrial mammal faecal indicators like Catellicoc-

cus or Streptococcus were detected in 17 out of the 40 sam-
ples and drove the formation of two distinct clusters. These
findings suggest that coastal Arctic snow microbiomes are
strongly shaped by biological activity, with wildlife acting as
key microbial vectors.

1 Introduction

Snow is an important component of the cryosphere, hydro-
sphere and biosphere, regulating albedo, water resources, and
biogeochemical cycles (Déry and Brown, 2007; Dong et al.,
2023; Hudson, 2006). Although seasonal snow covers up to
half of the Northern Hemisphere land surface, most studies
on the biological diversity and ecological processes on the
snow surface are focused on seasonal snow patches during
summer, specifically on snow algae blooms in lower lati-
tudes (Hoham and Remias, 2020; Lemke et al., 2007). Arctic
seasonal snowpacks are now recognized as viable habitats
for diverse microbial communities (Maccario et al., 2015),
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even outside the melting period (Amato et al., 2007; Malard
et al., 2021). To colonize and thrive in cold environments
like snowpacks, microorganisms must adapt to physiologi-
cal stressors such as low temperatures (below 0 °C), high so-
lar radiation, low nutrient and water availability and freeze-
thaw cycles (Larose et al., 2013). In the Arctic, high latitude
leads to pronounced seasonality, causing gradual yet extreme
shifts in photoperiod, irradiance, and temperature (Larose et
al., 2013), which can induce oxidative stress (Sanchez-Cid et
al., 2023). These temporal ecosystems provide an opportu-
nity for studying the drivers of microbial community struc-
ture and assembly mechanisms, as they form new habitats
seeded by microbes from snow-free ground or the atmo-
sphere (Keuschnig et al., 2023).

When considering potential colonization of microorgan-
isms to snowpacks, seeding by abiotic transport factors has
generally been the focus. One of the most recognized sources
for freshly developing snow habitats is the atmosphere; with
microorganisms entering the snowpack via wet and dry de-
position (Maccario et al., 2019). Colonization from the ter-
restrial surface upon which the snowpack develops might
also be a factor, e.g. from nunataks (Monteil et al., 2012).
Keuschnig et al., (2023) revealed that microbial abundance
in surface snow, but not diversity, was tightly linked to sea
spray, although few marine taxa were detected in snowpacks.
In contrast, biotic vectors, such as migrating animals, have
been less studied as colonization routes. Vertebrates that in-
habit the Arctic, such as birds, reindeers, bears and foxes,
can transport and spread significant quantities of biological
and chemical material with the potential to influence com-
munity structure, diversity and ecosystem function in res-
ident habitats (Bauer and Hoye, 2014). Seabirds, feeding
in the sea and breeding on land, deliver nutrients in the
form of guano, feathers and egg-shells to terrestrial ecosys-
tems, thereby linking nutrient-rich marine ecosystems with
nutrient-poor ecosystems on land (Zmudczynska-Skarbek et
al., 2024). Depending on their diet and nesting sites, these
birds can shape the diversity of plant cover and other organ-
isms (Zawierucha et al., 2016, 2019; Zmudczyriska-Skarbek
et al., 2024; Zwolicki et al., 2013). Bird colonies reestablish
during the late snow season when migrating seabirds return
to the Arctic. These colonies attract other vertebrates that
feed on lichens (reindeer, Rangifer tarandus) or for hunt-
ing (polar fox, Vulpes lagopus) (Jakubas et al., 2008). Un-
like abiotic vectors, these organisms are not limited by en-
vironmental gradients, allowing them to transport materials
in diverse directions and against prevailing abiotic flow pat-
terns (McInturf et al., 2019). Animal-origin nutrient addi-
tions might also impact snow microbial community structure
since organic inputs have been shown to be the main drivers
of bacterial diversity (Keuschnig et al., 2023) and microbial
interactions (Bergk Pinto et al., 2019). For example, seabird
colonies have been shown to affect nutrients (C : N : P), trace
elements and organic matter concentration (Souza-Kasprzyk
et al., 2022). In addition to contributing nutrients, vertebrates
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can directly introduce microorganisms, including multidrug-
resistant bacteria, parasites, and propagules into snowpacks
through excretions, facilitating their transfer and dispersal
(Hayashi et al., 2018). For instance, migratory birds have
been shown to play an important role in the spread of an-
tibiotic resistant bacteria to snow ecosystems in remote lo-
calities (Segawa et al., 2013). Whether these organisms are
able to survive and colonize once they have been deposited
into snowpacks has yet to be determined. The adverse abi-
otic factors encountered in the snow habitat, like cold tem-
peratures and limited nutrient availability, likely hinder the
survival of animal-associated microorganisms, while estab-
lished snow communities might outcompete newcomers for
resources.

While the influence of aerosols and snow/ice-free areas
on bacterial communities in cryospheric ecosystems (e.g.,
snow, ice) has been well documented (Franzetti et al., 2017),
the role of vertebrate activity in shaping microbial com-
position and function on snow remains unexplored. In this
study, we assess how marine vertebrates (seabirds) and ter-
restrial animals (polar foxes, reindeer) alter microbial com-
munities in coastal spring snowpacks in the vicinity of Pol-
ish Polar Station Hornsund (PPSH), Svalbard. Hornsund is a
fjord in the southwestern part of Spitsbergen, the largest is-
land of the Svalbard archipelago. Climate at Hornsund shores
is strongly shaped by Atlantic waters, and by less saline,
coastal Arctic waters from the Barents Sea. Ocean currents,
geomorphology and the presence of both marine and land-
terminating glaciers sustain a high productivity and animal
species richness in the area (Skagseth et al., 2008; Westawski
et al., 2006). Hornsund, an All Taxon Biodiversity Inven-
tory (ATBI) site (Warwick et al., 2003), is inhabited by one
of the largest worldwide concentrations of little auks (Alle
alle) during breeding season (Keslinka et al., 2019). The lit-
tle auk colony supplied ca. 60t of dry guano per km? of
colony area during the breeding season, which shapes tun-
dra plants, algae, invertebrates and bacterial communities
(Stempniewicz, 1990; Zawierucha et al., 2019; Zielinska et
al., 2016b; Zwolicki et al., 2013). Apart from birds, Horn-
sund is an important route for migration of polar bears Ur-
sus maritimus, and habitat for two other mammals in Sval-
bard, reindeers Rangifer tarandus platyrhynchus and polar
foxes Vulpes lagopus (Stempniewicz, 2017). Reindeers and
foxes are known to disseminate parasites in this Arctic re-
gion (Myskova et al., 2019; Popiotek et al., 2007).

In our study, we analyzed bacterial biodiversity along four
transects: two adjacent to a little auk colony and two dis-
tanced from the direct avian influence. Sampling areas ex-
hibited clear signs of vertebrate activity, including observa-
tions of reindeer herd presence, polar fox tracks, and biologi-
cal remnants (feathers, bones, excrements). We hypothesized
that seabirds and terrestrial vertebrates serve as a source of
bacteria and nutrients on snowpacks. We assume such nutri-
ents could reshape the microbial community on snow. Un-
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derstanding such microbial diversity and dynamics is urgent
given the rapid decline of Arctic snowpacks.

2 Materials and methods

2.1 Sample collection, DNA isolation and NGS
sequencing

To study the effect of biotic vectors on the colonization
of non-melting snowpacks, we conducted a field experi-
ment near the PPSH in May 2024, on the northern coast of
Hornsund fjord (south-west Spitsbergen), on the slopes of
the Fugleberget (569 m a.s.l.) and Ariekammen (517 ma.s.1.)
mountains. They are located ca. 1km north from the sta-
tion, and the little auk colonies on these slopes are inhab-
ited during summer season by ca. 25000 pairs (Keslinka et
al., 2019). In winter 2023/2024, the snow season started in
late October. Between November and February, snowpack in
the catchment was stable, with minor depth changes due to
wind redeposition and occasional thaws. Maximum depth de-
pended on the measurement point within the catchment and
reached 111-127 cm at the feet of Fugleberget (sample lines
A and B), 70-80 cm in the Fuglebergsletta plain (sample line
C), and up to 58 cm at the coast (sampling line D). In mid-
May snowmelt has started, with snow patches lasting at the
bottom of the slope until the end of June, and snow disappear-
ing at the coast as early as first week of June 2024. The total
recorded precipitation in the period 1 October 2023-31 May
2024 amounted to 209.5 mm. Of this, 152.4 mm occurred on
days when the mean daily air temperature was at or below
0°C, while 57.1 mm was recorded on days with mean tem-
peratures above 0 °C. Notably, 15d within the observation
period experienced precipitation under positive temperature
conditions.

A total of 40 surface snow samples (top 10 cm) were col-
lected into sterile Whirl-Pak bags (equivalent to 2-3L of
melted snow) using a sterilized Teflon shovel from four tran-
sects (Line A, B, C, D) (Fig. 1). Two transects were es-
tablished from the centre of a seabird colony towards non-
impacted areas along an altitudinal gradient, while two other
parallel transects were established closer to the coast. The
measured snow density of this top layer showed low variabil-
ity (255 +26 gdm™3; average =+ 1 SD). To reduce contami-
nation, Tyvex® body suits, face masks and latex gloves were
used during sample handling (Larose et al., 2010). Samples
were immediately transported to the laboratory, and were
left to melt at room temperature. A total of 1.5L of melted
snow were filtered onto sterile MCE (Mixed Cellulose Es-
ters) 0.22 um pore size, 47 mm diameter white gridded filters
(Millipore) using a sterile filtration unit (Nalge Nunc Interna-
tional Corporation). The samples for chemical analyses were
measured on site or transported in cool storage for further
analysis. Similarly, filters with microbial biomass for DNA
isolation were stored in sterile Eppendorf tubes at —20 °C.
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Procedural blanks were carried out by filtering MilliQ water
(sample MQB2 and MQB3 in Supplementary Excel 1 meta-
data table) and treated as samples for downstream analysis.

Environmental DNA was extracted from filters using
the PowerWater® DNA Isolation Kit (MoBio, Carlsbad,
CA, US) according to the manufacturer’s instructions.
The DNA purity was checked spectrophotometrically and
the concentration of DNA measured using the NanoPho-
tometer NP80 was in the range of 2.7-9.3nguL~!. The
16S rRNA fragment was amplified using bacterial primers
341F (CCTACGGGNGGCWGCAG) and 805R (GAC-
TACHVGGGTATCTAATCC) spanning the V3-V4 hyper-
variable regions (Herlemann et al., 2011). Sequencing was
performed on the MiSeq™ platform (Illumina, San Diego,
USA) using paired-end reads (2 x 300 bp) by the Macrogen
company (Macrogen Europe, Amsterdam, The Netherlands).
Amplicon dataset, including blanks, was deposited at the Se-
quence Read Archive (ID: PRINA1277323).

2.2 Bioinformatics and statistical analysis

Paired-end 16S rRNA gene amplicon reads were processed
in R using DADA?2 (Callahan et al., 2016) to generate ampli-
con sequence variants (ASVs). Briefly, primers targeting the
V3-V4 region of the bacterial 16S rRNA gene were cut from
raw reads with cutadapt (Martin, 2011) in paired-end mode
with a minimum post-trim length of 50 bp. Forward and re-
verse reads were cut to 270 and 260 bp based on observation
of quality profiles and the reads were further filtered using
truncQ = 12 and maxEE = 1, generating in total 1.4 million
high quality reads. Error models, dereplication, ASV infer-
ence (pool =FALSE) and merging were done with default
options. Merged reads with a size between 400—435 bp based
on the expected amplicon size were retained which corre-
sponded to 8611 ASVs, then chimeras were removed using
the consensus method, resulting in 7640 ASVs. Taxonomy
was assigned to these ASVs using SILVA NR99 training set
v138.2 (Chuvochina et al., 2025). Contaminants were identi-
fied using the R package decontam in prevalence mode and
a threshold of 0.2. We performed a stringent prevalence (at
least present in 3 samples) and abundance (at least 5 counts
per ASV over all samples) filtering to further reduce the in-
fluence of spurious low abundance ASVs (Bokulich et al.,
2013). Script details are attached in Supplementary materi-
als. After removal of ASVs annotated to chloroplast and mi-
tochondrial sequences, this analysis resulted in a final set of
854 ASVs.

Next, Estimate Alpha and Beta Diversities workflow (Qi-
agen, 2024) was used to estimate relative abundance, al-
pha and beta diversity. Relative abundance at the family and
genus level was presented as a stacked area chart. Alpha-
diversity richness metrics (total number of ASVs, Faith’s
phylogenetic diversity PD) were calculated based on ASV
counts (presence—absence), whereas diversity indices ac-
counting for evenness (Shannon entropy and Simpson’s in-
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Figure 1. Transect lines on the slope and the base of Fugleberget (A, B)

, the wetland plain (C), and close to the sea shore of Hansvika (D)

where snow samples were collected (background map Norwegian Polar Institute, 2014, bird colonies — Keslinka et al., 2019).

dex) were calculated using ASV read abundances. (Faith and
Baker, 2006; Qiagen, 2024). Significant changes in the alpha
diversity indices between snow clusters were evaluated using
pairwise Mann-Whitney U tests (P <0.05).

Beta-diversity analyses were performed using generalized
UniFrac distances d©) calculated from ASV tables based
on read abundances. Principal Coordinates Analysis (PCoA)
was then applied to the resulting distance matrix to visual-
ize differences in community composition among samples
(Chen et al., 2012). Significant changes between samples
based on their transect localization (line as a main factor) or
created snow clusters (cluster as factors) were detected using
the PERMANOVA analysis tool with 99999 permutations.
Among the 52 genera present at >1 % relative abundance
in one of the clusters, 46 significantly differentiated snow
clusters (FDR-corrected P <0.05). These genera were visu-
alized using a Euclidean distance-based heatmap with TMM
normalized (CPM), log-transformed and Z-score-scaled read
abundances. Their overlap among clusters was visualized us-
ing Venn diagram (Qiagen, 2024).
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2.3 Physicochemical analysis of snow properties

Samples for the determination of physicochemical parame-
ters and major ions were collected into sterile Whirl-Pak bags
using face masks, gloves and a special protective suit against
contamination. Samples were transported to the Polish Po-
lar Station Hornsund. After melting at room temperature,
pH and conductivity were measured using calibrated EPP-
1 pH and EFC-1t conductivity probes and pH/conductivity
meter CPC-505 (Elmetron), and HCO; was determined by
titration with 0.02M HCI to pH 4.4 using a Titrino 702SM
automatic titrator (Metrohm) and a pH probe (Metrohm).
Then, a sample aliquot for inorganic ion analysis was fil-
tered with sterile MCE (Mixed Cellulose Esters) 0.45 um
pore size, 47 mm diameter white gridded filters (Millipore).
Inorganic ion concentrations were determined on a Metrohm
930 Compact IC Flex ion chromatograph equipped with an
autosampler (Metrohm, Herisau, Switzerland). Cation sam-
ples were acidified with 2 uL. of 2mM HNOj3 per 10 mL sam-
ple prior to analysis. Cations NH, Ca®*, Mg?* were deter-
mined (PN EN ISO 14911, 2002) without suppression using
column Metrohm 930 Compact IC Flex and eluent HNO3
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34 mM/dipicolinic acid 14 mM in water (from IC eluent con-
centrate (20x), Supelco 61905). Anions (Br—, Cl7, NO;,

POi_, SOi_) were determined (PN EN ISO 10304-1, 2009)
using chemical suppression on column Metrosep A Supp 5 —
250/4.0 and eluent Na,CO3 64 mM/NaHCO3; 20 mM in wa-
ter (from IC eluent concentrate (20x), Supelco 62414). The
injection volume was 20 uL in the anion system and 100 uL
in the cation system.

Snow samples for TOC (Total Organic Carbon) were col-
lected in the field into HDPE 500 mL bottles, melted in them
and transferred directly after melting into 60 mL amber glass
vials with a PTFE septum. These vials were closed airtight
with no headspace, stored in cool storage (+4 °C) and trans-
ported to Poland. TOC (total organic carbon) was deter-
mined with a TOC-L Analyser (Shimadzu, Japan), utilizing
catalytic oxidation to CO, by combustion at 680 °C with a
high-sensitivity platinum catalyst. CO, was then detected by
NDIR (non-dispersive infra-red detection). TOC was deter-
mined as NPOC (non-purgeable organic carbon), which is a
method that may lead to an underestimation of volatile or-
ganic compounds. Calibration curves achieved RZ > (.995,
with blank offset (deionized water <30 ppb TOC was used
for all blanks). The analytical range was 0.09—10 mg L~! (for
concentrations >10mg L™, dilutions were applied); limit of
detection (LOD) and limit of quantification (LOQ) were 0.03
and 0.09 mgL~!, respectively. Other measurement settings
were: 3 out of 4 repeats accepted, CV < 2 %, sparging time
(with HCI) 90s. Field container blanks were performed in 5
repeats and yielded results < LOQ. Comparisons of two sam-
ple storage types, i.e., samples stored frozen in polypropy-
lene vials with the samples in amber glass, yielded consistent
results.

2.4 Statistical analysis of physicochemical variables

Canonical correspondence analysis (CCA) was used to iden-
tify the most important environmental factors that corre-
lated with the snow cluster microbial communities. The
CCA was performed using PAST software (Hammer et al.,
2001). Among 20 measured environmental variables describ-
ing snow physicochemical properties, a subset of 12 (pH,
conductivity, non-purgeable organic carbon [NPOC], cations
NHJ, Ca**, Mg?" and anions HCO3, Br~, CI~, NOj,
POi_, SOi_) was selected following preliminary screening
to remove redundant and derived variables (e.g., N-NH4, N-
NO3) and to avoid overrepresentation of closely related pa-
rameters (e.g., Na™ and CI™, total and inorganic nitrogen).
This approach ensured that the retained variables represented
distinct environmental gradients while reducing collinearity.
Additionally, Spearman’s rank correlation analysis was ap-
plied to assess relationships among the environmental vari-
ables and significance of the correlations (P <0.05, Bonfer-
roni corrected). Despite this selection, some degree of corre-
lation between variables is expected in natural environmen-
tal datasets (Table S2). Microbial community data were an-
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alyzed at the genus level and restricted to 46 bacterial gen-
era exceeding 1 % relative abundance in at least one cluster
and significantly differentiated snow clusters (the false dis-
covery rate corrected, FDR-corrected P <0.05), in order to
focus on the most informative taxa and reduce the impact of
stochastic variation on clustering patterns. In addition, two
sequencing-derived technical variables (the total number of
sequencing reads per sample and the total number of detected
ASVs per sample) were included as auxiliary variables to ac-
count for variation related to sequencing depth and observed
richness; these variables were not interpreted as ecological
drivers. Prior to analysis, all variables except pH (which is
inherently logarithmic) were log10-transformed to stabilize
variances and reduce the influence of extreme values on the
ordination (Supplementary materials Excel 2).

3 Results

3.1 Bacterial community structure — beta diversity and
taxa distribution

Principal Coordinate Analysis was used to compare beta-
diversity profiles across different sampling sites. When the
transect line was considered as a grouping factor, PER-
MANOVA did not reveal significant overall multivariate dif-
ferences in bacterial community composition among lines
(P =0.089) (Fig. S1). However, based on the 2D and 3D
view (Fig. 2) of principal coordinate analysis (PCoA) of bac-
terial 16S rRNA profile, samples formed four clusters char-
acterized by distinct multivariate community profiles, a pat-
tern supported by PERMANOVA results (P <0.001 for each
pair of clusters, except for the comparison of Clusters 1 and
2, where P <0.01). This observation was additionally sup-
ported by taxa distribution pattern in each cluster (Fig. 3).
The obtained 16S rRNA sequences were assigned to a to-
tal of 854 bacterial ASVs that were mainly classified into
Bacilli, Cyanobacteriia, and Alpha- and Gammaproteobac-
teria classes (Table S1). Distribution varied across samples,
and the bacterial markers responsible for their grouping were
identified. At the genus level (Fig. 3), Catellicoccus (Bacilli
class) dominated samples A05-A10, B10, CO7, and DOS,
comprising between 52.3 %-99.5 % of reads. Other abun-
dant genera included Streptococcus (Bacilli; up to 35.9 %)
and Aliterella (Cyanobacteriia class; up to 72.2 % in D06).
Samples with Catellicoccus marker created cluster number
three (marked red in Fig. 2). Cluster number two was distin-
guished based on the higher Strepfrococcus content (orange
one). These two clusters contained 17 snow samples. Other
samples were classified into two additional clusters. ASVs
affiliated with Aliterella characterized cluster number four
(blue). Additionally, Cluster 1 (Fig. 2, marked in gold) sep-
arated from Cluster 4 along PCo2 and was characterized by
high bacterial diversity (Fig. S2, Sect. S1, Fig. S3).
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Figure 3. Stacked bar chart of the microbial community at the genus level. Individual samples are grouped according to the snow clusters
defined using PCoA and hierarchical clustering methods. The taxonomic affiliation of the most abundant genera is indicated in the legend.
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3.2 Microbial taxa that differentiate snow clusters

To identify additional marker taxa that were not clearly ap-
parent from percentage-based bar charts, statistical analy-
ses were performed to detect genera significantly differen-
tiating the samples, and the resulting 46 genera were sub-
sequently visualized using a heatmap to highlight key taxa
across clusters (Fig. 4). In Cluster 3, ASV reads affili-
ated with Catellicoccus and genus Candidatus Arthromi-
tus (Clostridia class) were significantly higher (P <0.001)
than in other clusters. Abundance of ASVs classified as
Psychrobacter, Sporosarcina, Aequorivita and Gelidibacter
were significantly higher in Cluster 3 than in Clusters 2
and 4, and Lichenibacterium sequences were more abundant
in Cluster 3 than in Clusters 1 and 2. Cluster 2 contained
significantly more ASV reads affiliated with Streptococcus,
Veillonella (class Negativicutes) and Rothia genera (class
Actinobacteria) than other clusters. Additionally, the higher
abundance of Haemophilus and Lactobacillus distinguished
Cluster 2 from 3 and 4, and the Escherichia-Shigella genus
from Clusters 1 and 4. A significantly higher abundance of
two cyanobacterial taxa, Aliterella and Chamaesiphon PCC-
7430, was detected in Cluster 4.The higher abundances of
cyanobacterial CENA359 and Acidothermus genera differ-
entiated Cluster 4 from 1 and 2, and Polymorphobacter from
2 and 3. As for Cluster 1, two sequences from Gammapro-
teobacteria class, affiliated with the unknown genus from the
Lysobacteraceae family and the Oxalicibacterium genus, as
well as Cryomorpha and Pricia genera (Bacteroidia class),
showed higher sequence read counts than the others.

Based on Venn diagram visualization (Fig. S4), the most
significant differences at genera level were observed between
Cluster 2 and the other snow clusters. Among 46 genera con-
sidered, 41 significantly differentiated this cluster from Clus-
ter 3, and 39 and 30 with Clusters 4 and 1, respectively.

3.3 Exploring relationships between bacterial
community structure and snow environmental
variables — canonical correspondence analysis
(CCA)

Canonical correspondence analysis (CCA) was used to re-
late variation in bacterial community structure with snow
physicochemical variables (Figs. 5, S5). The top two axes
(CCA 1 and 2) were included and accounted for 31.03 % and
16.18 % of microbial genera sequence structure variation, re-
spectively.

In Cluster 1, marker genera such as Pricia, Cryomor-
pha, Oxalicibacterium and members of the Lysobacteraceae
(Fig. S5, marked in gold) covaried with low nutrient avail-
ability and generally low concentrations of measured physic-
ochemical parameters (Fig. 5). The abundance of markers of
Cluster 2: Streptococcus, Veillonella, Rothia, Haemophilus,
Lactobacillus and Escherichia—Shigella (Fig. S5, marked
in orange), was positively correlated with higher salinity-
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related parameters (represented in the analysis by Cl1—, SOi_
and conductivity) and lower NO; concentrations. In Cluster
3, the presence of Catellicoccus and Candidatus Arthromi-
tus markers (Fig. S5, in red) was correlated with nutrient-
enriched snow conditions, including higher concentrations
of organic carbon (non-purgeable organic carbon, NPOC),
NHI, and anions POi_, HCO3_ , and Br—, as well as ele-
vated pH values, representing a set of interrelated variables
linked to nutrient enrichment. In Cluster 4, marker genera in-
cluding Aliterella, Chamaesiphon PCC-7430, CENA359 and
Polymorphobacter were associated with a broader nitrogen-
related environmental gradient, including inorganic nutri-
ent availability. Additionally, selected marker genera, such
as Oxalicibacterium, Lichenibacterium, and Acidothermus,
characteristic of Clusters 1, 3, and 4, respectively, showed a
positive correlation with nitrate (NO3’) concentrations.

4 Discussion

Snowpacks are complex ecosystems populated by diverse
microorganisms, and their community composition is linked
to the specific physicochemical properties of snow and the
nutrients that snow provides (Maccario et al., 2015). As
newly formed habitats, seasonal terrestrial snowpacks are
colonized from the terrestrial surface upon which the snow-
pack develops or microorganisms from aerosols (Keuschnig
et al., 2023; Maccario et al., 2019). In this study, we focus
on the effects of vertebrates on the snow surface microbiome
during early spring (pre-melt) in the High Arctic. As our ap-
proach is DNA-based, we do not infer activity.

4.1 Vertebrates as Key Contributors to Snow Microbial
Communities

We showed that wild animals contribute substantially to the
surface snow microbiomes, with bacteria of animal origin
identified in almost half of our samples (Clusters 2 and 3).
Successful colonization into snow communities by these mi-
croorganisms is unlikely due to the significant differences in
ecosystem characteristics between snow and the host envi-
ronment that may limit their survival. However, studies have
shown that organisms that fail to establish long-term popula-
tions can still impact the recipient community regardless of
their ability to proliferate or spread: for example, the genetic
pool of ecosystems can be impacted through the release of
free DNA, which can then be taken up by the local commu-
nity (Amor et al., 2020; Collins and Deming, 2011). Further-
more, it is possible that these bacteria persist until the tundra
surface becomes exposed, at which point they may re-enter
the digestive tracts of grazing animals.

Cluster 3 was dominated by the Gram-positive bacteria
Catellicoccus of the Lactobacillales order, a ubiquitous or-
ganism in the gut microbiome of many avian species that is
used as a bird faecal indicator (Grond et al., 2018; Kreisinger
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et al., 2017). Catellicoccus genus is also a dominant bacteria
in the gut microbiome of thick-billed murres (Uria lomvia)
(Géngora et al., 2021), and was detected in the microbiome
of ruddy turnstone (Arenaria interpres) (Grond et al., 2014,
2017). Similarly, the detection of Candidatus Arthromitus
(Grond et al., 2017), despite its uneven distribution among
samples, suggests that Arctic birds were the main source
of microorganisms on the snow surface in Cluster 3. Psy-
chrobacter, a cold-adapted Gram-negative aerobic bacteria
commonly identified in ice, snow and frozen soils (Rodrigues
et al., 2009; Zeng et al., 2013) was also detected in higher
abundance in Cluster 3. These cold-adapted bacteria are
commonly found in Arctic and Antarctic ornithogenic soils,
which are derived from the deposition of the faecal matter of
birds (Bowman et al., 1996; Lasek et al., 2017). Interestingly,
Psychrobacter strains were also isolated from the guano of
little auks collected in the vicinity of the Polish Polar Sta-
tion Hornsund on Spitsbergen (Dziewit et al., 2013), which is

Biogeosciences, 23, 3023-3038, 2026

consistent with our hypothesis. This interpretation is further
supported by the physicochemical data showing correlation
of organic carbon, ammonium ions (forming the majority of
total and inorganic nitrogen in the samples), and phosphate
concentrations and pH with the relative abundance of Catel-
licoccus, likely showing their joint origin in bird droppings,
as Catellicoccus has been found in faecal matter of e.g. gull
(Koskey et al., 2014; Yao et al., 2023), and the chemical con-
stituents are also characteristic for guano. This bird-related
nutrient enrichment of the Arctic tundra has been shown in
multiple locations, including the little auk colony at the study
location (Finne et al., 2024; Skrzypek et al., 2015; Zwolicki
et al., 2016).

Cluster 2 had the lowest diversity of all clusters, which
could be explained by the presence of a few dominant or-
ganisms. Genera detected in higher abundance in this clus-
ter were markers of the bird or animal microbiome (includ-
ing human). The prevalence of animal-derived genera, cor-
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roborated by a heatmap and a Venn diagram, confirmed that
Cluster 2 is the most unique grouping within the snow mi-
crobiome. For instance, Streptococcus, another Lactobacil-
lales member common in migratory bird guts (Kreisinger
et al.,, 2017) as well as animals like reindeer (Aagnes et
al., 1995; Sundset et al., 2007) or fish (Ringg et al., 2018),
was correlated with a strict anaerobic bacteria Veillonella
(Fig. S5). Both bacterial genera were described as frequently
co-occurring members of the human and animal gut micro-
biome (van den Bogert et al., 2013; Lu et al., 2020) or were
detected in birds that live in Svalbard during summer like
snow bunting (Plectrophenax nivalis), sanderling (Calidris
alba) (Cho and Young, 2020) or all-season rock ptarmigans
(Lagopus muta hyperborea) (Ushida et al., 2016). Veillonella
were also observed in a small proportion in the tundra river
system in Svalbard (Kosek et al., 2018), glacial snow and
soil (Yang et al., 2016) or in the inner fjord Kongsfjorden
(Jain and Krishnan, 2017). Another significantly more abun-
dant genus was Escherichia-Shigella (these two genera can-
not be distinguished solely on the basis of the 16S rRNA
gene sequence), often identified in mammal, avian and hu-
man microbiomes (Franz et al., 2022; Géngora et al., 2021;
Kamenova et al., 2023; Nekrasova et al., 2024). A similar sit-
uation was noted for Rothia, previously observed in samples
from the oral and gut microbiomes of birds (Abolnik et al.,
2021; Cho and Young, 2020) or humans (Buetas et al., 2024;
Yamane et al., 2010). Based on our analysis, these genera
were mainly associated with higher salinity indices (multi-
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ple correlated ionic concentrations, represented in the CCA
graph by conductivity, CI-, Mg?*, Ca>", Br~ and SO;~
concentrations) and negatively correlated with NO5' anions,
suggesting a high tolerance for saline stress, which might
support their survival in harsh environments (Zhang et al.,
2021). These salinity-related parameters were strongly cor-
related with each other, suggesting a shared marine aerosol
signal rather than independent effects of individual ions. The
elevated salinity of snow may be due to the sea spray impact,
which is very typical for snowpacks in the Hornsund area of
Svalbard (Barbaro et al., 2021).

While the community composition of these two groups
was strongly associated with vertebrate-derived inputs, other
colonization sources were also likely. For example, in Clus-
ter 3, the high relative abundance of Lichenibacterium genus
(Alphaproteobacteria class), which is often linked to lichen-
associated Rhizobiales, suggests a lichen origin (Pankratov
et al., 2020) that may have been sourced from the snow free,
lichen covered rocks observed near our study sites. Other
bacteria, like Gelidibacter or Aequorivita, are also often
found in marine and polar environments (Amores-Arrocha
et al., 2023; Groudieva et al., 2004).

4.2 Bacterial taxa distribution in non-animal impacted
snow

Clusters 1 and 4 exhibited minimal animal influence, instead
reflecting microbial communities typical of Arctic snow en-
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vironments. These clusters displayed the highest species di-
versity (Fig. S3), significantly exceeding values reported for
other Spitsbergen snow samples (Keuschnig et al., 2023;
Thomas et al., 2020). Dominant taxa in Cluster 4 included
cold-adapted genera such as Aliterella (Cluster 4 key indica-
tor), cyanobacteria previously identified in Antarctic seawa-
ter (Rigonato et al., 2016), Atacama Desert rocks (Jung et al.,
2020), and lichen photobionts (Jung et al., 2021). Additional
cyanobacteria in Cluster 4, Chamaesiphon, is known from
polar lake microbial mats (Pessi et al., 2023) and riverine
rocks (Aigner et al., 2018; Nemergut et al., 2007), suggest-
ing wind dispersal from local terrestrial or aquatic habitats
(Harding et al., 2011; Jensen et al., 2022). Other sequences
characteristic for Cluster 4 were classified to CENA359, an
undescribed cyanobacterial strain from environmental 16S
rRNA gene surveys, previously detected in diverse aquatic
and extreme environments and affiliated with the family Lep-
tolyngbyaceae (Kamran et al., 2021), to Acidothermus, de-
tected in Arctic soil (Christiansen et al., 2025; Semenova et
al., 2025), and to psychrotolerant bacteria Polymorphobacter,
previously isolated from glacial ice, (Thomas et al., 2020) as
well as from Arctic lithic niches (Choe et al., 2021).

Cluster 4 was associated with elevated nitrate concen-
trations and dominated by cyanobacterial taxa. Free-living
cyanobacteria are known to actively fix atmospheric Ny in
High Arctic tundra ecosystems, including coastal sites on
Spitsbergen, with fixed nitrogen initially incorporated into
organic biomass (Jungblut et al., 2010). The observed ni-
trate in snow may therefore reflect indirect processes such
as mineralization and subsequent nitrification, or alternative
sources including atmospheric deposition or oxidized ammo-
nium of fecal origin (Rousk et al., 2017). Disentangling these
potential sources would require additional analyses, such as
stable nitrogen isotope measurements (8'°N) and transcrip-
tomic studies to establish microbial activity, which were be-
yond the scope of the present study. As key nitrogen fix-
ers in Arctic ecosystems (Liengen and Olsen, 1997; Solheim
et al., 1996), cyanobacteria play critical roles in soil forma-
tion, biocrust development, and aquatic primary production
(Patova et al., 2016; Rousk et al., 2017), while also serving
as ecosystem engineers through formation of bioaggregates
from organic and mineral matter on glaciers (Rozwalak et
al., 2022; Wejnerowski et al., 2023). Collectively, these pat-
terns suggest Cluster 4 represents a characteristic snow mi-
crobiome shaped by wind-dispersed tundra materials con-
taining nitrogen-cycling taxa.

Cluster 1 differed from Cluster 4, not only by a
significantly lower content of Chamaesiphon PCC-7430,
CENA359, Aliterella, and Acidothermus, but also by a sig-
nificantly higher relative abundance of the unknown genus
from the Lysobacteraceae. Members of this family, belong-
ing to Gammaproteobacteria class, were isolated from Arctic
permafrost soils (Hofle et al., 2015). Another member of this
class, Oxalicibacterium, included strain isolates from differ-
ent environments like soil or plant litter (Cavanaugh et al.,

Biogeosciences, 23, 3023-3038, 2026

2006). Furthermore, Cryomorpha and Pricia members (Bac-
teroidia) were isolated from Antarctic intertidal sediments
or South Ocean samples particulates and from quartz stone
subliths (Bowman et al., 2003; Yu et al., 2012). These cold-
adapted taxa suggest airborne dispersal as the primary colo-
nization mechanism, mirroring Cluster 4. The abundance of
Gammaproteobacteria and Bacteroidia correlated with lower
nutrient and pH levels (Figs. 5, S5), suggesting tolerance to
oligotrophic conditions. These phyla are well-documented in
Arctic tundra soils (Kosek et al., 2017; Nissinen et al., 2012)
and Hornsund river systems (Kosek et al., 2019). For in-
stance, genus Pricia thrives in nutrient-poor, oxygen-limited
settings (Liu et al., 2021). Moreover, reindeer feces may
represent an additional source, as several genera (Cryobac-
terium, and Bacteroidia members) have been identified in fe-
cal samples from Ny-Alesund (Fang et al., 2024) and Horn-
sund (Zielinska et al., 2016a).

Overall, the strong correlations observed among multiple
environmental variables indicate that microbial community
patterns should be interpreted as responses to combined en-
vironmental gradients (e.g., faecal nutrient enrichment and
marine aerosol input) rather than to individual physicochem-
ical parameters.

5 Conclusions

Our study shows that vertebrates influence the bacterial com-
munity structure in springtime Arctic snowpacks in coastal
areas. In addition to identifying cold-adapted organisms typ-
ically associated with psychrophilic environments, we also
detected microbes of vertebrate origin. These were mainly
linked to the gut microbiome of birds and terrestrial mam-
mals, including humans. Although further studies are needed
to determine whether these organisms are active and able to
survive in the snow, sequences classified to Catellicoccus and
Streptococcus genera indicated vertebrate activity and nu-
trient enrichment. Physicochemical properties of snow, es-
pecially salinity, pH, and nutrient concentrations, were im-
pacted by both vertebrates and marine aerosols, and they
likely influenced the snow microbiome. Our study indicates
that animals are an important source of microorganisms to
the snow surface. Overall, our findings indicate that in addi-
tion to airborne transport factors such as sea spray and wind
transport from snow-free terrestrial environments, microbial
composition in Arctic coastal snowpacks is more dependent
on wildlife than previously assumed. Therefore, both abiotic
and biotic transport factors should be considered when as-
sessing microbial ecosystem dynamics in polar regions.

Code availability. The bioinformatics workflow is implemented in
a custom R script based on the DADA?2 pipeline. The script can be
accessed directly as part of the Supplementary Information associ-
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ated with this article and enables full reproducibility of the sequence
processing steps.

Data availability. The amplicon sequencing dataset, including
blank controls, has been deposited in the NCBI Sequence Read
Archive (SRA) under accession number PRINA1277323. Processed
data, including the ASV table and associated sample metadata, as
well as physicochemical measurements of snow samples, are pro-
vided in the Supplement as Supplementary Excel 1 (NGS data)
and Supplementary Excel 2 (CCA data), respectively. All data are
available in formats that allow full reproduction of the analyses pre-
sented.
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