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Abstract

Understanding how feeding ecology and environmental conditions shape gut microbiota is essential for interpreting host—
microbe interactions in extreme environments. Here, we investigated the diet and gut-associated bacterial communities of
the Antarctic fairy shrimp Branchinecta gaini across multiple postglacial freshwater ponds on King George Island. We
combined microscopic gut content analysis with 18 S and 16 S rRNA gene metabarcoding and distinguished between gut
content and gut tract—associated bacterial fractions in pooled, pond-level samples to assess the relative roles of diet, host
filtering, and environmental context in structuring gut-associated communities. Our results reveal pronounced dietary flex-
ibility of B. gaini, with strong site-specific differences in consumed eukaryotic taxa reflecting local resource availability.
This trophic variability was mirrored by highly variable gut-associated bacterial communities, characterized by low taxo-
nomic overlap among ponds and the absence of a stable core microbiota at the pooled sample level. Although bacterial
assemblages differed between gut contents and gut tract, consistent at the composite-sample scale, this pattern suggests
limited evidence for strong host filtering. Gut-associated communities retained pond-specific signatures, indicating a domi-
nant role of environmental sourcing. Environmental drivers influenced different aspects of gut microbiome organization:
hydrological connectivity and associated conductivity gradients were linked to shifts in bacterial community composition,
whereas water temperature showed a non-linear association with bacterial alpha diversity but not with overall community
structure. Water pH showed no detectable effect on either metric. Together, these findings indicate that gut-associated
bacterial communities of B. gaini, as captured by pooled samples, largely reflect environmentally acquired assemblages
shaped by opportunistic feeding and local environmental filtering. This ecological flexibility may represent a key strategy
enabling persistence of B. gaini across highly heterogeneous Antarctic freshwater ecosystems.

Keywords Gut-associated bacteria - Environmentally acquired microbiota - Freshwater zooplankton - Polar limnology -
Microbial community assembly

Introduction

The Antarctic fairy shrimp Branchinecta gaini is the larg-
est freshwater invertebrate inhabiting Antarctic inland water
bodies and the only member of the order Anostraca that has

D4 Jakub Grzesiak successfully colonized freshwater habitats of the maritime
jgrzesiak@ibb.waw.pl Antarctica and the Antarctic Peninsula following the retreat
Stanistaw Cukier of the last glaciation [1-4]. It is a ubiquitous inhabitant of
stanislaw.cukier@ibb.waw.pl ponds and lakes in this region and represents one of the few
Jan Gawor metazoan consumers consistently present in Antarctic fresh-
gaworj@ibb.waw.pl water ecosystems. As such, B. gaini constitutes an important

L' Institute of Biochemistry and Biophysics, Polish Academy of biological link between microbial primary producers, detri-
Sciences, Pawinskiego 5A, 02-106 Warsaw, Poland tal material, and higher trophic levels where present [5, 6].

2 Antarctic freshwater ecosystems are characterized

Doctoral School of Molecular Biology and Biological > = ) ‘
Chemistry, Pawinskiego 5A, 02-106 Warsaw, Poland by extreme environmental conditions, including strong

Published online: 02 July 2026 &)\ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00248-026-02820-4&domain=pdf&date_stamp=2026-7-1
https://doi.org/10.1007/s00248-026-02820-4
mailto:jgrzesiak@ibb.waw.pl
mailto:stanislaw.cukier@ibb.waw.pl
mailto:gaworj@ibb.waw.pl
http://orcid.org/0000-0002-6197-6141
http://orcid.org/0000-0003-3800-2557
http://orcid.org/0000-0001-5972-2356

178 Page 2 of 24

S. Cukier et al.

seasonality, frequent freezing, and pronounced spatial iso-
lation. These habitats typically support low diversity of
macro-organisms but harbour diverse and productive micro-
bial communities [7, 8]. Primary production is often limited
and depends largely on allochthonous inputs, such as gla-
cial meltwater sediments, wind-deposited marine algae, and
guano from seabirds and marine mammals. Despite these
constraints, B. gaini has successfully established wide-
spread populations across a range of highly dynamic fresh-
water environments, highlighting its ecological flexibility
and broad trophic niche [3, 5, 9].

King George Island (South Shetland Islands, maritime
Antarctica) provides a particularly suitable setting for study-
ing the ecology of B. gaini. The island combines relatively
mild climatic conditions with high environmental hetero-
geneity, supporting numerous freshwater ponds that differ
in hydrology, physicochemical characteristics, and organic
matter inputs. These conditions allow B. gaini to complete
its rapid life cycle and exploit variable food resources, mak-
ing King George Island a natural laboratory for investigating
dietary strategies and gut-associated microbial communities
in Antarctic freshwater invertebrates [10].

Adaptation to Antarctic conditions in B. gaini is facili-
tated by the production of resistant cysts, enabling survival
through freezing and desiccation. However, this strategy
requires substantial energetic investment within a short
growth period of only 2-3 months [3, 9, 11]. Most anos-
tracans are non-selective filter feeders that capture bacteria,
algae, and detrital particles using specialized appendages
and possess robust mandibles capable of mechanically dis-
rupting cell walls [12, 13]. Microscopy-based studies have
shown that the diet of B. gaini includes large quantities
of microbial cells, green algae, fungal material, and frag-
ments of invertebrates, including conspecifics [5]. Although
these polymer-rich resources can be nutritionally valuable
if enzymatically degraded, low environmental temperatures
in Antarctic freshwater systems may reduce digestive effi-
ciency and limit nutrient assimilation [9, 14].

Microorganisms associated with ingested material or
transiently present within the digestive tract may play an
important complementary role in nutrient acquisition, either
by increasing nutrient availability through extracellular
enzymatic activity or by contributing directly as a food
source for filter-feeding crustaceans [15].

At the same time, many crustaceans are considered to
lack stable gut microbiomes due to the presence of the peri-
trophic matrix—a chitin-based structure lining the midgut
that physically separates microbes from the gut epithelium
and is continuously shed, thereby limiting long-term micro-
bial colonization [16].
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Nevertheless, studies on other anostracan species indi-
cate that microbial attachment and biofilm formation on
gut-associated structures can occur, suggesting that tran-
sient microbial associations may arise under certain envi-
ronmental conditions [15, 17]. Whether such associations
represent stable colonization or primarily reflect environ-
mentally acquired, short-lived assemblages remains unre-
solved, particularly in polar freshwater systems.

Despite the ecological importance of B. gaini, its gut-
associated microbial communities and their relationship
to dietary strategies remain poorly understood. Previous
research has focused mainly on the physical and chemical
characteristics of Antarctic fairy shrimp habitats, while
biological interactions within these ecosystems have
received comparatively little attention [18-20]. To date,
only a single study has examined the dietary composition
of B. gaini using microscopy-based approaches [5], which
are inherently limited to the detection of morphologically
recognizable and undigested components. Furthermore,
the only available study addressing the gut microbiota of
B. gaini did not explicitly consider differences between
gut-associated microhabitats, leaving unresolved the
extent to which microbial assemblages reflect transient
dietary inputs versus host-related filtering processes [21].
Here, we investigate how the diet and gut-associated
microbial communities of B. gaini vary across Antarctic
freshwater habitats. Specifically, we aim to (i) character-
ize the dietary composition of wild B. gaini populations
across multiple ponds using complementary microscopy-
based and amplicon sequencing approaches, (ii) assess
whether bacterial communities associated with the gut
tract, including structures influenced by the peritrophic
matrix, primarily reflect transient environmental inputs
or exhibit evidence of host-specific filtering, and (iii)
evaluate the extent to which environmental heterogeneity
among ponds shapes the composition of eukaryotic and
bacterial components within the gut of B. gaini. Based
on previous studies [5, 10, 21] indicating the ecological
flexibility of B. gaini we hypothesize that diet composi-
tion differs substantially among ponds in response to local
resource availability, that gut tract-associated bacterial
communities are dominated by environmentally derived
and highly variable taxa rather than a stable core micro-
biome, and that environmental conditions act as strong
filters shaping both dietary intake and gut-associated
bacterial community composition. By integrating dietary,
microbiological, and environmental data, this study pro-
vides new insights into the ecological strategies enabling
B. gaini to persist in the extreme and dynamic freshwater
ecosystems of Antarctica.
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Materials and Methods
Study Sites

The study was conducted in eight separate freshwater ponds
located along the shores of Admiralty Bay and King George
Bay (King George Island, South Shetland Islands, Maritime
Antarctica) (Fig. 1A; Table 1). A series of hydrologically
interconnected water bodies were treated as a single sam-
pling site. During sampling, geographic coordinates were
recorded using a GNSS receiver (GPSMAP® 78, Garmin
Ltd.), which enabled subsequent spatial analyses. Distances
between localities were calculated using the geosphere
package in the R programming environment [24]. Sam-
pling sites were separated by distances ranging from 0.2 to
29.1 km (Fig. 1B).

Basic physicochemical water parameters, including tem-
perature, electrical conductivity, and pH, were measured using
a Pro1030 multiparameter probe (YSI Inc. / Xylem Inc.) three
times at each locality (Fig. 1C). Specimens of B. gaini were
collected using a hand net during the austral summer season
of 2021/2022 from eight sampling sites (Table 1). Preserva-
tion took place immediately after collection in the field. No
live holding or transport prior to fixation was applied. Speci-
mens collected from a single site were placed in labelled 50
mL Falcon tubes containing either prepared ethanol or forma-
lin solution, depending on the intended downstream analysis.
Five individuals from each site (a total of 40 specimens) were
preserved in 96% ethanol and stored at —20 °C for subsequent
molecular analyses. Additional material fixed in formalin
was used for microscopic examination of gut contents. Under
laboratory conditions, preserved specimens were transferred
to freshly prepared, labelled 2 mL tubes, with one specimen
per tube. Due to technical limitations during field sampling,
some water parameters were not recorded at the Hennequin
and Rakusa sites.

Additionally, whenever possible, aerial photogram-
metric surveys of the study area were conducted using an
unmanned aerial vehicle (Inspire 2, DJI™) equipped with a
digital camera (Fig. 1D). Notes were recorded for each site,
including information on water turbidity (visual assessment:
transparent or turbid), the presence of a bottom organic mat-
ter layer (present or absent), the presence of penguins, ele-
phant seals, or skuas in the vicinity, and evidence of water
flow (e.g. a stream flowing through the pond; constant flow,
temporary flow, or static conditions).

Microscopy-Based Analysis
Formalin-fixed specimens were used for analysis, includ-

ing 10 individuals per site from Ecology, Hennequin, Orni-
thologists, Rakusa, and Sphinx, and five individuals per site

from Viéville, Turret, and Llano. Specimens were rinsed
in demineralized water, and their digestive tracts were dis-
sected under a Delta Optical SZ-630T stereomicroscope
using fine forceps. Microscopy-based analyses were per-
formed exclusively on gut content samples free of gut tract
material. Gut contents were transferred using either forceps
or a pipette into microcentrifuge tubes containing 100 pL
of prepared dispersant [25]. The contents of each tube were
mixed using a pipette tip and then placed onto microscope
slides. Prepared slides were examined under a Genetic Pro
Trino (Delta Optical) compound microscope equipped with
a Raspberry Pi HQ IMX477R 12.3 MPx camera.

The presence of various organisms was recorded for
each sample, and photographic documentation of observed
objects was obtained. Each digestive tract was examined
individually, and microscopic data were recorded as pres-
ence—absence of dietary components per specimen; reported
frequencies therefore represent the proportion of exam-
ined individuals per site in which a given component was
observed. Organisms were identified using illustrations and
taxonomic keys available in the literature [26-28], with
particular attention given to taxa observed and reported by
Paggi [5] and Janiec [29].

Molecular Analyses

Ethanol-preserved specimens were rinsed in sterile TE buf-
fer. For the purposes of downstream analyses, two intesti-
nal fractions were distinguished: (i) gut contents, defined
as luminal material representing ingested food and transient
microorganisms, and (ii) gut tract, defined as the dissected
intestinal tissue including the epithelium and associated peri-
trophic matrix after removal of luminal contents. Therefore,
the analysed material comprised the midgut region together
with its contents and the associated peritrophic matrix; fore-
gut and hindgut structures were not analysed separately).
Digestive tracts with their contents were dissected and
rinsed again in TE buffer to separate gut contents from the
gut tract itself using the stereomicroscope mentioned above.
Each gut content was carefully examined for the presence
of the peritrophic matrix. When present (in <10% of speci-
mens), the matrix was separated from the bulk gut contents.
This separation was performed to allow comparative assess-
ment of environmentally acquired, food-associated micro-
bial communities (gut contents) versus those more closely
associated with the lining of the gut tract. DNA extraction
from the Hennequin site yielded insufficient material of ade-
quate quality for downstream metabarcoding analyses. As a
result, Hennequin samples were excluded from molecular
analyses.

Cleaned gut tracts were placed into sterile microcentri-
fuge tubes, and samples from 5 individuals from each site
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Fig. 1 Overview of the sampling sites and environmental context. (A)
Geographic distribution of the eight studied water bodies on King
George Island, generated using the Quantarctica package (Norwe-
gian Polar Institute). (B) Heatmap of pairwise geographic distances
(km) between sampling sites, calculated from GNSS coordinates. (C)
Physicochemical characteristics of the sampled waters at each site,
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Table 1 Description of sampling points

Name (abbrev.)

Time of
Sampling

Coordinates

Description

54

59

61

63

64

66

72

78

Llano Point
(Llano)

Ecology Glacier
(Ecology)

Hennequin Point
(Hennequin)

Viéville Glacier
(Viéville)

Ornithologists
Creek
(Ornithologists)

Rakusa Point
(Rakusa Point)

Sphinx Glacier
(Sphinx)

Turret Point
(Turret)

12.12.2021

17.12.2021

21.12.2021

24.12.2021

27.12.2021

29.12.2021

4.01.2022

5.01.2022

62°10°21” S
58°27°32” W

62°10°07” S
58°27°44” W

62°07°24” S
58°23°50” W

62°07°48” S
58°22°47” W

62°09°58” S
58°28°14” W

62°10°01” S
58°27°37” W

62°11°38” S

58°26°20” W

62°04°52” S
57°56°29” W

A shallow pond located along the shore of Suszczewski Cove, adjacent to the Ecol-
ogy Glacier. The surrounding hills feature peat mounds approximately 100 cm thick,
covered with Antarctic hair grass (Deschampsia antarctica) and mosses such as
Polytrichum alpinum and Drepanocladus uncinatus [22]. The pond bottom consists
of mixed silt and mud, with visible accumulations of dead organic matter. The water
is slightly turbid. The pond likely formed within the past 30 years due to the retreat of
the Ecology Glacier [23].

A complex of several interconnected ponds. The bottom is a mix of stony and muddy
substrates. The water is turbid and greenish, indicating the presence of planktonic
algae. Filamentous algae mats are present along the shores, where many B. gaini indi-
viduals become entangled and immobilized, leading to mortality. Nearby, the activity
of birds such as skuas (Stercorarius antarcticus, S. maccormicki), Antarctic terns
(Sterna vittata), and Antarctic fur seals (Arctocephalus gazella) can be observed. The
immediate area is mostly devoid of vascular plants, but lichens and small patches of
Colobanthus quitensis are present. The ponds likely formed within the past 30 years
due to glacial retreat. Historical data suggest these ponds were initially connected to
seawater, implying that B. gaini may have colonized them within the last few decades.

This site is located on the opposite side of Admiralty Bay from the Henryk Arctowski
Polish Antarctic Station, near the Uruguayan summer station. It is an ephemeral,
shallow puddle with a rocky bottom. Microbial mats are visible between the rocks,
and the site is surrounded by dense moss patches. The area serves as a nesting site for
south polar skuas (Stercorarius maccormicki).

A relatively large glacial lake situated at the base of the Viéville Glacier. The site
likely formed in recent decades as the glacier front has retreated from the shoreline.
The water is moderately turbid, and the bottom is sandy. South polar skua (Sterco-
rarius maccormicki) have been observed in the area. Despite the lake’s proximity to
the sea, no saltwater inflow is expected due to its elevated position. The surrounding
area is devoid of vegetation.

First described by Jurasz et al. [11] as the site of B. gaini, this is a small but deep pond
located on glacial moraines. It likely connects to a temporary stream during snowmelt
or heavy rains. The water is clear, and the rocky bottom is covered with microbial
mats. Brown skua (Stercorarius antarcticus) nest nearby, and there are numerous
lichens, mosses, and Colobanthus quitensis in the area.

A small, ephemeral puddle that dries out completely in summer. The bottom is sandy,
with accumulations of bird feathers, driftwood deposited by tides or wind, and marine
shrivelled macroalgae. The site is close to a gentoo penguin (Pygoscelis papua)
colony, and penguins have been observed wallowing in the puddle. The copepod
Boeckella poppei is abundant at this site. Sparse moss patches are present. Water
column turbidity and depth vary with weather conditions.

A pond located near the shoreline of Admiralty Bay. The water is turbid, and the
bottom is a mix of mud and stones. The surrounding area is covered by Deschampsia
antarctica and mosses. Adélie penguins (Pygoscelis adeliae) have been observed
entering the pond.

A small pond located on a hill. The water is clear, and the bottom is muddy, covered
with mats of cyanobacteria and filamentous algae. Brown skua (Stercorarius antarcti-
cus) nest nearby, and mosses and lichens are present in the area.

were pooled to form one composite sample per location,
ensuring sufficient material for subsequent procedures.
A similar procedure was followed for the gut content sus-
pensions obtained during the rinsing step; these were also
pooled by site and processed as separate samples. Pooling
was necessary due to the low biomass obtained from indi-
vidual specimens. Consequently, each site is represented by
a single composite sample, and within-site inter-individual
biological variability could not be assessed. Gut content
and gut tract samples originated from the same pooled

individuals and therefore do not represent independent
biological replicates. These compartments were treated as
paired microhabitats within each site rather than as indepen-
dent samples.

Genomic DNA was extracted from the samples, includ-
ing both gut content and gut tract, using an enzymatic and
detergent-based lysis protocol. Samples were centrifuged
for 3 min at 10,000 rpm and resuspended in 100 pL of lysis
buffer containing 50 mM Tris-HCI (pH 8.0) and 10 mM
EDTA. To facilitate the breakdown of microbial cell walls,
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particularly those of Gram-positive bacteria, 10 pL of lyso-
zyme (20 mg mL'; A&A Biotechnology) and 5 pL of muta-
nolysin (10,000 U mL™'; A&A Biotechnology) were added
to each sample. The mixture was incubated at 50 °C for
20 min to allow enzymatic digestion. Subsequently, 6 pL of
10% SDS and 5 pL of Proteinase K (20 mg mL™!; A&A Bio-
technology) were added to lyse residual cellular structures
and digest proteins, followed by incubation at 50 °C for an
additional 20 min. Following lysis and digestion, DNA was
purified using a column-based DNA isolation kit (Clean-up
Concentrator, A&A Biotechnology). The resulting DNA
solution underwent quality control using a spectrophotom-
eter (NanoPhotometer® NP80, Implen GmbH).

The isolated DNA served as a template for PCR ampli-
fication using Illumina-compatible primers. The bacte-
rial 16 S rRNA gene was amplified from both gut content
and gut tract DNA using primers targeting the V3-V4
hypervariable regions (16S V3-F: 5-CCTACGGGNG-
GCWGCAG-3"; 16S V4-R: 5-GACTACHVGGGTATC-
TAATCC-3"), corresponding to positions 341-357 F and
785-805R, respectively, based on the Escherichia coli 16 S
rRNA gene reference sequence [30]. Eukaryotic diversity
was assessed exclusively in gut content samples by ampli-
fying the V4 region of the 18 S rRNA gene using primers
18S V4-F (5-CCAGCAGCCGCGGTAATTCC-3') and
18S V4-R (5-ACTTTCGTTCTTGATTAA-3') (Choi and
Park, 2020). Primers were synthesized with Illumina over-
hang adapter sequences to enable dual-indexed sequencing.

PCR amplification was performed using KAPA HiFi Hot-
Start ReadyMix (Roche) in a total reaction volume of 25 pL
containing 12.5 pL of ReadyMix, 0.2 uM of each primer,
10-50 ng of template DNA, and nuclease-free water. Ther-
mal cycling conditions were as follows: initial denaturation
at 95 °C for 3 min; 30 cycles of denaturation at 95 °C for
30 s, annealing at 58 °C for 30 s, and extension at 72 °C
for 30 s; followed by a final extension at 72 °C for 5 min.
Amplicon libraries were purified using AMPure XP beads
(Beckman Coulter) and quantified with a Qubit fluorometer
(Thermo Fisher Scientific). Dual indices and sequencing
adapters were added in a second PCR using the Nextera XT
Index Kit (Illumina), followed by additional purification.
Libraries were normalized and pooled equimolarly based on
qPCR quantification using the NEB Library Quant Kit (New
England Biolabs). The pooled libraries were sequenced on
an Illumina MiSeq platform (Illumina, San Diego, USA)
at the DNA Sequencing and Synthesis Facility, Institute of
Biochemistry and Biophysics, Polish Academy of Sciences.
Sequencing was performed in paired-end mode (2 x 300 bp)
using a MiSeq v3 (600-cycle) chemistry kit, enabling full
overlap of the 16 S V3—V4 and 18 S V4 amplicons.

Extraction blanks (negative controls containing no added
biological material) were included in each batch of nucleic
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acid extractions and processed alongside samples using
identical reagents and protocols.

Data Analysis

Illumina sequence reads were initially filtered using fastp
(https://github.com/OpenGene/fastp) [31], quality-checked
using the FastQC v.0.12.1 toolkit [32], and further processed
using the QIIME2 pipeline (qiime2-amplicon-2024.10) [33].
Paired-end reads were merged and denoised using DADA?2
implemented within QIIME2, and amplicon sequence
variants (ASVs) were inferred using default parameters.
Chimeric sequences were identified and removed during
bioinformatic processing, and all downstream analyses were
performed on non-chimeric ASVs. Contaminants were iden-
tified using the R package decontam with a combined prev-
alence- and frequency-based approach, incorporating both
negative controls and DNA concentration measurements.

Sequences were taxonomically classified using a Bayes-
ian naive classifier pre-trained on the SILVA version 138.2
database optimized for the classification of Bacteria and
Archaea [34], and the SILVA Eukaryotic 18 S database ver-
sion 132. For the bacterial (16 S rRNA gene) dataset, non-
target ASVs, including those classified as mitochondria,
chloroplasts, Eukaryota, or unassigned at the domain level,
were removed using the giime taxa filter-table command.
For the eukaryotic (18 S rRNA gene) dataset, sequences
identified as Anostraca (host-derived) were removed using
the same approach.

Downstream analyses were performed in the R v.4.3.3
environment. ASV count data were rarefied to an even
sequencing depth using the rrarefy function in the vegan
package. Rarefied ASV tables were used for alpha- and
beta-diversity analyses. Relative abundances were calcu-
lated by normalizing ASV tables to a total sum of 1 using
the decostand function (method = “normalize”) and were
used for visualization purposes only. Rarefaction curves
were generated from the ASV table using observed richness
as a function of sequencing depth to evaluate sampling com-
pleteness across samples. Rarefied datasets were employed
only for comparative analyses of relative community
structure and diversity; no conclusions regarding absolute
microbial abundances were drawn from these data. Rarefac-
tion was applied to standardize sequencing depth across
samples and enable direct comparison of diversity metrics.
Although rarefaction has been criticized for discarding data
and reducing statistical power, it remains widely used for
ensuring comparability in datasets with uneven sampling
depth. Given the limited number of composite samples and
the focus on broad, qualitative patterns rather than precise
estimation of absolute diversity, rarefaction was considered
an appropriate and conservative approach in this study.
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Alternative normalization methods (e.g., variance-stabiliz-
ing transformations) may provide complementary insights
and should be explored in future work.

Alpha diversity of bacterial communities was assessed
using the Shannon diversity index, inverse Simpson index,
and Faith’s phylogenetic diversity. Shannon and inverse
Simpson indices were calculated using functions imple-
mented in the vegan and phyloseq packages. Faith’s phy-
logenetic diversity was calculated using the pd function
from the picante package based on a phylogenetic tree con-
structed from aligned 16 S rRNA gene sequences. Given the
compositional nature of amplicon data and the use of pooled
samples, we focused on diversity metrics (e.g., Shannon,
inverse Simpson, Faith’s PD) that integrate both richness
and evenness and are less sensitive to undersampling of rare
taxa.

Beta diversity was assessed using Bray—Curtis dissimi-
larities calculated from rarefied ASV abundance tables with
the vegdist function in the vegan package. Hierarchical
clustering (UPGMA) was performed using the hclust func-
tion in R with the average linkage method based on Bray—
Curtis dissimilarity matrices. Principal coordinates analysis
(PCoA) was performed using the cmdscale function and
visualized using ggplot2. Statistical differences in com-
munity composition were tested using permutational multi-
variate analysis of variance (PERMANOVA) implemented
with the adonis2 function in the vegan package (9,999 per-
mutations). Homogeneity of multivariate dispersions was
assessed using PERMDISP via the betadisper function. The
correspondence between bacterial (16 S rRNA) and eukary-
otic (18 S rRNA) community structures was evaluated using
Procrustes analysis, and the correlation between distance
matrices was assessed with a Mantel test.

Differences in Bray—Curtis dissimilarities calculated
within ponds and between ponds were tested using a Wil-
coxon rank-sum test implemented with the wilcox.test func-
tion in R. The proportion of shared ASVs was calculated
as the number of ASVs detected in gut tract samples that
were also present in gut content samples, divided by the
total number of gut tract—associated ASVs, and calculated
separately for each pond; a global pooled proportion was
additionally calculated across all samples. Relative abun-
dances of shared ASVs were calculated from normalized
ASYV tables and summarized using boxplots.

Shared gut tract—associated ASVs among sampling sites
were identified based on binary presence—absence matrices
derived from ASV tables and visualized using UpSet plots.

To assess the influence of environmental conditions on
gut tract-associated bacterial community composition,
Bray—Curtis dissimilarities were calculated from rarefied gut
tract ASV tables and visualized using PCoA. Physicochemi-
cal variables measured at the sampling sites (pH, electrical

conductivity, and temperature) were analysed separately.
Mean values of physicochemical parameters were used for
subsequent statistical analyses. For visualization purposes,
samples were grouped according to whether the measured
value of a given physicochemical parameter was below or
above the mean across sampling sites. Environmental vari-
ables were categorized into values above and below the
mean to facilitate visualization of patterns in ordination
analyses. This approach was used as a descriptive simplifica-
tion of continuous gradients and should not be interpreted as
reflecting discrete environmental categories. Differences in
community composition between groups were tested using
PERMANOVA, and homogeneity of multivariate disper-
sions was assessed using PERMDISP. Grouping thresholds
were defined using mean values of environmental variables,
as this approach provided more stable group structure and
avoided heterogeneity of dispersion among groups, which is
critical for PERMANOVA interpretation.

Generalized additive models (GAMs) were used to
evaluate potentially non-linear relationships between water
physicochemical variables and bacterial alpha diversity. The
Shannon diversity index was used as the response variable,
while pH, conductivity, and temperature were included as
explanatory variables in separate models. GAMs were fitted
using the mgcv package in R. Model significance was evalu-
ated using approximate F-tests, and model performance was
assessed using adjusted R? values.

Results
Study Sites and Environmental Heterogeneity

The studied ponds spanned a wide range of spatial and
physicochemical conditions across the coastal zone of King
George Island (Fig. 1A, B; Supplementary Table S1). Pond
surface area varied by nearly two orders of magnitude,
ranging from approximately 12.5 to 47 419.6 m* (mean 7
617.4 m?).

Water physicochemical parameters differed markedly
among sites (Fig. 1C). Water pH ranged from slightly acidic
to alkaline (6.4-8.8, mean 7.8), with the lowest values
recorded at the Viéville proglacial pond and the highest at
Llano. Water temperature averaged 5.8 °C, with the warm-
est conditions observed at Ornithologists (8.2 °C) and the
coldest at the Viéville site (3.4 °C). Electrical conductiv-
ity exhibited substantial variability among ponds, spanning
from 149 uS cm™ at Viéville to 776 uS cm™ at Ecology.

The ponds were distributed along pronounced altitudinal
and coastal gradients (Fig. 1B; Supplementary Table S1).
Ornithologists and Turret were situated at higher eleva-
tions (50 and 45 m a.s.l., respectively), whereas Viéville
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and Rakusa occurred at 10 m a.s.1., and Llano, Ecology, and
Sphinx were located at 5 m a.s.l. Viéville was positioned
directly at the glacier terminus, while the remaining ponds
were located farther from glaciers, at an average distance of
631+126 m. In contrast, most sites were situated close to
the coastline (<45 m), with the exception of Ornithologists
and Turret, which were located substantially farther inland
(360 and 238 m from the coast, respectively).

Measurements for selected physicochemical parameters
could not be obtained at some sites (Rakusa and Hennequin)
due to technical or logistical constraints.

Gut content Composition Assessed By Microscopy
and Metabarcoding

Sequencing-based analysis of gut contents revealed pro-
nounced differences in taxonomic composition among
ponds, with clear site-specific patterns observed in pooled
samples (Fig. 2A). Although all ponds contained a mixture

of photosynthetic, heterotrophic, and metazoan-associated
taxa, their relative contributions varied markedly. Rarefac-
tion curves indicated sufficient sequencing depth for both
16 S and 18 S datasets (Supplementary Figs. S1 and S2).

A substantial proportion of recovered 18 S rRNA gene
amplicons across all samples was assigned to Anostraca.
These sequences were not included in Fig. 2A, as it could
not be determined whether they originated from host DNA
or from ingested conspecific material. Gut contents from
Llano, Rakusa, and Turret were dominated by ciliates
of the class Intramacronucleata (Opisthonecta), which
accounted for 89.5%, 55.2%, and 96.6% of recovered
sequences, respectively. In these ponds, other taxonomic
groups contributed only marginally to the overall com-
position. In contrast, Ecology and Sphinx exhibited more
heterogeneous profiles, characterized by a substantial con-
tribution of both ciliates and chlorophytes. In Ecology,
Opisthonecta (34.0%) co-occurred with Telotrochidium
(34.1%) and chlorophytes, particularly Chlorophyceae
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Fig.2 Composition and diversity of gut contents in Antarctic Branchi-
necta gaini. (A) Heatmap showing the relative composition of gut
contents based on high-throughput sequencing, including primarily
eukaryotic taxa identified using the 18 S rRNA gene (V4 region), with
cyanobacterial sequences (16 S rRNA gene) additionally included to
facilitate comparison with microscopy-based observations. Values
represent relative sequence abundance (%). (B) Heatmap showing the
composition of gut contents assessed by light microscopy, expressed
as the percentage frequency of occurrence of organismal groups
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across sampling sites. Values represent frequency of occurrence (%
of individuals per site in which a given component was detected).
Frequency of occurrence was calculated as the proportion of analysed
individuals per site in which a given component was detected (C) Pres-
ence—absence matrix comparing gut content components detected by
sequencing and light microscopy. The classification scheme shown in
the legend refers to higher-level taxonomic groups and applies to both
heatmaps
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(ca. 24% combined). Similarly, Sphinx showed a mixed
assemblage dominated by Telotrochidium (51.8%) along-
side chlorophytes, including Mychonastes (26.6%) and
Trebouxiophyceae (16.5%). Ornithologists displayed a
distinct gut content composition, with chlorophytes repre-
senting the dominant component, primarily Mychonastes
(43.2%) and Chlorophyceae indet. (9.3%). This site also
showed a relatively high contribution of heterotrophic pro-
tists, including Glissomonadida (4.5%), as well as minor
but diverse contributions from eustigmatophytes (Nanno-
chloropsis), fungi, ichthyosporeans, and metazoan-asso-
ciated sequences. Viéville was characterized by a unique
profile dominated by Chlorophyceae indet. (59.6%) and
ciliates (Opisthonecta, 38.8%), with only minor contri-
butions from other groups. Notably, diatom-associated
sequences were absent from Viéville gut contents, dis-
tinguishing this site from several other ponds. Diatoms
(Bacillariophyceae) were detected only at selected sites
and always at low relative abundances, with Navicula and
Nitzschia detected in Ecology and Ornithologists, Pinnu-
laria in Rakusa, and unidentified diatoms in Llano.

Cyanobacterial sequences were present at low to mod-
erate levels in Llano (3.1%), Rakusa (6.0%), and Orni-
thologists (0.3%), but were absent from several other sites.
Metazoan-associated sequences were rare and highly site-
specific, including calanoid copepods detected exclusively
in Rakusa and vertebrate-associated sequences detected
only in Ornithologists. Overall, no single taxonomic group
dominated gut contents across all ponds, and each site
exhibited a distinct sequencing-based gut content profile at
the composite level.

Light microscopy revealed a taxonomically diverse gut
content composition with pronounced differences in the
frequency of occurrence of individual components among
ponds (Fig. 2B). In contrast to sequencing-based pro-
files, microscopy emphasized the widespread occurrence
of benthic and periphytic taxa, as well as particulate and
metazoan material, across individual hosts. Diatoms (Bac-
illariophyceae) were among the most frequently observed
components of gut contents and occurred across all ponds,
although their frequency varied among sites. Synedra was
the most consistently detected diatom genus, occurring
in a high proportion of individuals at most sites, includ-
ing Llano, Rakusa, Sphinx, and Turret. Other diatom taxa,
such as Pinnularia, Diatoma, Fragilaria, and Staurosira,
exhibited marked site-specific patterns, with high frequen-
cies in Ecology and Rakusa but limited or no occurrence in
Viéville. Green algae (Chlorophyta) were also commonly
observed but showed spatial heterogeneity. Micractinium
and Monoraphidium occurred frequently in Ecology and
Rakusa, while being absent or rare in several other ponds.
Zygnematophytes (Cosmarium and Mougeotia) were

predominantly detected in Llano and, to a lesser extent,
Ecology and Turret, but were largely absent from Viéville
and Sphinx.

Cyanobacteria (Phormidium) were detected at high fre-
quency in Rakusa, where they occurred in all examined
individuals, but were rare or absent at most other sites.
Chrysophytes and phaecophyte material were observed
sporadically and at low frequencies, restricted to a small
subset of ponds. Metazoan components were detected
infrequently but consistently across sites. Copepods
(Boeckella poppei) occurred in a limited number of indi-
viduals at Hennequin, Ornithologists, and Rakusa. Roti-
fers (Notholca), nematodes, and tardigrades were observed
only sporadically, while vertebrate-derived material (bird
feathers) was detected exclusively at Ecology and Rakusa.
Non-algal eukaryotic material, including fungal hyphae
and spores, was commonly observed across ponds, with
fungal spores occurring at high frequencies in Llano and
Turret and moderate frequencies at most other sites. Bryo-
phyte tissue and spores, as well as pollen and fragments
of vascular plants, were detected sporadically, primarily
in Ecology, Hennequin, and Rakusa. Overall, microscopy-
based observations revealed high within-site variability in
gut content composition and highlighted spatial heteroge-
neity among ponds, with no single taxonomic component
occurring at uniformly high frequencies across all sites. In
addition, fragments of Branchinecta gaini were observed
in gut contents of individuals from all sampled ponds,
indicating the ubiquitous presence of conspecific material
across sites.

A presence—absence comparison of gut content com-
ponents detected by sequencing and light microscopy at
two taxonomic resolutions was applied: higher-level taxa
and selected lower-level taxonomic groups (Fig. 2C). At
the level of higher taxonomic groups, several components
were detected by both methods at multiple ponds, including
Chlorophyta, Diatomista, Fungi, and Zygnematophyceae,
although not uniformly across all sites. In contrast, pro-
nounced method-specific detection patterns were observed
for other groups. Ciliophora (Intramacronucleata), Cerco-
zoa, Amoebozoa, and Holozoa were detected exclusively by
sequencing, whereas several metazoan groups, including
Rotifera, Tardigrada, and Nematozoa, were detected only
by microscopy. Comparison at a finer taxonomic resolution
further emphasized the partial overlap between methods.
Sequencing detected a broader range of protistan and algal
lineages, including Glissomonadida, Ichthyosporea, Eustig-
matophyceae, Mamiellophyceae, Trebouxiophyceae, and
Tubulinea, which were not observed microscopically. Con-
versely, microscopy uniquely detected several morphologi-
cally distinctive components, such as Coscinodiscophyceae,
Phaeophyceae, and avian-derived material (Aves), which
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were absent from sequencing-based records. Despite these
discrepancies, some lower-level taxa, including Bacillari-
ophyceae, Chlorophyceae, Cyanobacteriia, and Bryales,
were detected by both methods at multiple sites, although
rarely in the same combination across all ponds. No pond
showed complete concordance between sequencing and
microscopy across either taxonomic resolution.

Microscopic examination of gut contents revealed a
wide range of ingested biological material and particulate
debris, consistent with the taxonomic patterns summarized
in Fig. 2. Representative examples of food items, detrital
material, and microplastic fibers observed during light and
stereomicroscopy are shown in Fig. 3.

Bacterial Community Diversity and Composition in
Gut Microcompartments

Alpha diversity of bacterial communities varied substantially
in pooled samples both between gut microcompartments and
among ponds (Fig. 4A). Across all samples, Shannon diver-
sity ranged from 3.0 to 5.9, inverse Simpson diversity from
approximately 18.6 to 273.3, and Faith’s phylogenetic diver-
sity from 3.0 to 42.2, indicating pronounced heterogeneity in
bacterial diversity across sites. The correspondence between
bacterial (16 S rRNA) and eukaryotic (18 S rRNA) commu-
nity structures was weak, as indicated by Procrustes analysis
and a non-significant Mantel test (Supplementary Fig. S3).

Fig. 3 Representative food items, ingested debris, and microplastic
particles observed in Branchinecta gaini. (A—H) Light microscopy
images of gut contents showing: (A) cyanobacteria, (B) a diatom, (C)
fungal spores, (D) green algae, (E) an exopodite fragment of B. gaini,
(F) a tardigrade, (G) moss tissue, and (H) bird feather/down. White

@ Springer

scale bars in panels A—H represent 50 pm. (I-K) Stereomicroscopy
images of dissected B. gaini individuals showing ingested microplastic
fibres: (I) a red fibre, (J) a red fibre accompanied by additional small
particles, and (K) a blue fibre protruding from the oral region
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Fig. 4 Bacterial community diversity and composition in two gut
microcompartments of Branchinecta gaini based on 16 S rRNA gene
sequencing. (A) Alpha diversity metrics (Shannon index, inverse
Simpson index, and Faith’s phylogenetic diversity) comparing gut
contents and gut tract across seven ponds. Points represent individual
samples, colours indicate sampling sites, and grey lines connect paired
samples from the same individual. (B) Principal coordinates analysis
(PCoA) of Bray—Curtis dissimilarities showing differences in bacterial
community composition between gut contents and gut tract. Results

Differences between gut contents and gut tract were pond-
specific. In Llano, Ecology, Viéville, and Ornithologists, bac-
terial diversity tended to be higher in gut contents than in the
gut tract, with Shannon indices decreasing from 4.0 to 4.6 in
gut contents to 3.0-3.9 in the gut tract, and inverse Simpson
diversity declining from 32 to 74 to 19—40. Similarly, Faith’s
phylogenetic diversity was reduced in the gut tract at these
sites, for example from 12.7 to 9.3 in Llano and from 13.2 to
6.3 in Ornithologists. In contrast, Rakusa and Sphinx exhib-
ited higher bacterial diversity in the gut tract compared to

of PERMANOVA (R? and p-value) and PERMDISP are shown. (C)
Relative abundance of bacterial phyla in gut contents (C) and gut tract
(T) across sampling sites. Letters above the bars represent initials of
pond names (L — Llano, E — Ecology, V — Viéville, O — Ornithologists,
R —Rakusa, S — Sphinx, T — Turret). (D) Heatmap showing the relative
abundance of dominant bacterial families (1-50%) in gut contents (C)
and gut tract (T) across sampling sites. Sampling sites are indicated by
coloured circles above the heatmap

gut contents. At Rakusa, Shannon diversity increased from
4.2 in gut contents to 4.8 in the gut tract, accompanied by a
threefold increase in inverse Simpson diversity (from 26.2
to 83.0) and higher phylogenetic diversity (18.4 to 25.7).
The highest compartmental contrast was observed at Sphinx,
where inverse Simpson diversity nearly doubled from 142.6
in gut contents to 273.3 in the gut tract, and Faith’s phyloge-
netic diversity increased from 19.0 to 42.2.

Marked differences in alpha diversity were also observed
among ponds irrespective of gut compartment. Turret and
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Sphinx consistently harboured the most diverse bacterial
communities, with high Shannon (=5.2), inverse Simpson
(>130), and Faith’s PD (>28) values in both gut contents
and gut tract. In contrast, Ecology and Viéville showed com-
paratively low bacterial diversity across compartments, par-
ticularly in terms of phylogenetic diversity, which remained
below 5 in gut contents and below 3.1 in the gut tract.
Overall, alpha diversity patterns indicate that pond identity
appears to influence bacterial diversity, with compartment-
specific differences superimposed on pronounced between-
pond variability.

Beta diversity analysis based on Bray—Curtis dissimilari-
ties revealed differences in bacterial community composi-
tion between gut contents and gut tract, as well as spatial
structuring among ponds as observed at the composite level
(Fig. 4B). Principal coordinates analysis (PCoA) showed a
clear separation of samples according to gut microcompart-
ment, with paired samples from the same pond connected by
lines. PERMANOVA indicated that gut microcompartment
explained a substantial proportion of variation in bacterial
community composition (R?=0.57, p=0.001) although this
should be interpreted cautiously given pooling. However,
this pattern was accompanied by significant heterogeneity
of dispersion between groups, as indicated by PERMDISP
(»<0.001), suggesting that differences in within-group vari-
ability also contributed to the observed separation. In addi-
tion to compartmental effects, samples clustered by pond of
origin, indicating site-specific signatures in bacterial com-
munity composition, suggesting site-associated patterns
rather than strong inferred effects.

Ponds such as Sphinx and Turret formed relatively com-
pact clusters, whereas other sites, including Rakusa and
Ornithologists, showed greater dispersion in ordination
space, reflecting higher variability among samples from
these locations. Overall, beta diversity patterns demonstrate
that bacterial community composition differed consistently
between gut contents and gut tract, while also being shaped
by pond-specific factors, with compartmental differences
superimposed on pronounced spatial heterogeneity.

Bacterial community composition at the phylum level in
pooled samples varied among ponds and between gut con-
tents and gut tract (Fig. 4C). Across all sites, communities
were dominated by Pseudomonadota, Bacteroidota, Actino-
mycetota, Bacillota, and Verrucomicrobiota, with substan-
tial variation in their relative contributions.

Some ponds (e.g., Viéville and Ornithologists) were
characterized by strong dominance of Pseudomonadota,
whereas others (e.g., Llano, Rakusa, Sphinx, and Turret)
exhibited more even and taxonomically heterogeneous pro-
files. Differences between gut contents and gut tract were
observed across ponds but were not uniform. In general,
Bacillota and Pseudomonadota tended to be relatively more
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abundant in the gut tract, while Verrucomicrobiota and
Patescibacteria were more prominent in gut contents. Low-
abundance phyla (e.g., Cyanobacteriota, Chloroflexota)
showed site-specific variation.

Overall, phylum-level composition reflected pond-asso-
ciated patterns, with compartmental differences superim-
posed but not consistent across all sites.

At the family level, bacterial community composition
differed between gut contents and gut tract and varied
among ponds (Fig. 4D). A limited number of dominant fam-
ilies accounted for most of the observed variation. It should
be noted that all abundance values are relative and do not
reflect absolute cell numbers. Consequently, differences in
relative abundance do not necessarily correspond to differ-
ences in absolute abundance, and may also be influenced by
variation in rRNA gene copy number.

Within Pseudomonadota, Comamonadaceae were con-
sistently among the most abundant families across multiple
sites, with notable contributions also from Rhodobactera-
ceae, Sphingomonadaceae, and Pseudomonadaceae. Within
Bacteroidota, Flavobacteriaceae and Chitinophagaceae
were prominent, often showing site-specific enrichment.
Actinomycetota were represented by several moderately
abundant families (e.g., [lumatobacteraceae, Intraspo-
rangiaceae, Nocardioidaceae), while Bacillota-associated
families, particularly Clostridiaceae, tended to be relatively
more abundant in the gut tract.

Verrucomicrobiota-associated families (e.g., Rubrita-
leaceae, Verrucomicrobiaceae) also contributed substan-
tially but showed variable distribution across ponds and
compartments.

Overall, family-level patterns indicate that differences
between gut contents and gut tract were driven by shifts in a
small number of dominant families and were not consistent
across all sites.

Dissimilarity and Taxonomic Overlap Between
Gut Content- and Gut Tract-Associated Bacterial
Communities

Pairwise comparisons of bacterial community composition
at the pooled level revealed dissimilarity between gut con-
tent— and gut tract—associated communities across ponds
(Fig. 5). Hierarchically clustered Bray—Curtis dissimilari-
ties showed that most samples clustered primarily by pond
of origin rather than by gut microcompartment, while gut
content and gut tract samples from the same pond still
remained highly dissimilar (Fig. 5A). These patterns were
not consistent across all ponds and in some cases appeared
to be driven by a subset of sites.

Quantitative comparison of Bray—Curtis dissimilarities
confirmed that bacterial communities differed more between
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Fig. 5 Dissimilarity and overlap
between bacterial communities A
associated with gut contents and
gut tract of Branchinecta gaini.
(A) Hierarchically clustered
heatmap of pairwise Bray—Curtis
dissimilarities between bacterial
communities from gut contents
(GC) and gut tract (GT) across
all sampling sites. Dendrograms
indicate clustering of samples
based on community composi-
tion. (B) Comparison of Bray—
Curtis dissimilarities calculated
between ponds and within ponds.
Boxplots show median and inter-
quartile range; points represent
individual pairwise compari-
sons. Statistical significance

was assessed using a Wilcoxon
rank-sum test. (C) Proportion of
gut tract—associated ASVs shared
with gut content communities.
Boxplot shows the distribu-

tion of the proportion of shared
ASVs calculated separately

for each pond (n=7). Points
represent individual ponds. The
dashed horizontal line indicates
the global pooled proportion of B
shared ASVs calculated across
all samples (13.6%), shown for
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ponds than within ponds (Fig. 5B). Median Bray—Curtis
dissimilarity values were higher for between-pond com-
parisons (median approximately 0.96) than for within-pond
comparisons between gut contents and gut tract (median
approximately 0.85). This difference was statistically sig-
nificant (Wilcoxon rank-sum test, p=0.000516), indicating
that pond identity explained a larger proportion of commu-
nity dissimilarity than gut microcompartment alone. These
patterns suggest spatial structuring but should not be inter-
preted at the individual level.

Despite this, overlap between gut content— and gut tract—
associated communities within ponds was limited (Fig. 5C).
The proportion of gut tract—associated ASVs shared with
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gut content communities varied among ponds but remained
consistently low, ranging from approximately 7% to 30%,
with a median of around 17%. The pooled proportion of
shared ASVs across all samples was 13.6%, indicating that
only a small fraction of gut tract—associated bacterial diver-
sity was also detected in gut contents. Together, these results
demonstrate that bacterial communities associated with the
gut tract are largely distinct from those present in gut con-
tents, while both compartments are structured by pond-spe-
cific factors.

Patterns of ASV sharing were structured by pond identity
(Fig. 6). The largest sets of shared gut tract—associated ASVs
were observed among Sphinx, Turret, and Viéville, both in
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Fig. 6 Shared gut tract—associated bacterial ASVs across sampling
sites and their relative abundance. The lower panel shows an UpSet
plot illustrating the number of shared gut tract—associated ASVs
among sampling sites. Filled circles connected by vertical lines indi-
cate specific site combinations, and bars above represent the number
of ASVs shared among the indicated sites. Horizontal bars on the right
show the total number of gut tract—associated ASVs detected at each

pairwise and multi-site combinations. In particular, ASVs
shared between Sphinx and Turret, as well as those shared
among Sphinx, Turret, and Viéville, represented the largest
ASV intersections in the UpSet analysis. Additional high-
sharing combinations involved Ornithologists together with
Sphinx and Turret, indicating partial overlap among these
sites. In contrast, ponds such as Rakusa and Ecology con-
tributed relatively few shared ASVs and were dominated by
site-specific ASVs, resulting in small or absent intersections
with other ponds. Thus, ASV sharing was uneven across
sites, with a subset of ponds accounting for the majority of
multi-site shared ASVs. Notably, the ponds that shared the
highest numbers of gut tract—associated ASVs corresponded
to those that clustered more closely in Bray—Curtis—based
analyses (Fig. 5A), indicating concordance between taxo-
nomic overlap and overall community similarity.
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site. The upper panel shows the relative abundance (%) of these shared
ASVs within gut tract samples, summarized as boxplots across sites.
Boxes represent the interquartile range with medians indicated, and
whiskers denote the range excluding outliers. Boxplots highlighted in
green indicate shared ASVs for which the median relative abundance
across samples exceeded 10%

Environmental Drivers of Gut Bacterial Communities

Principal coordinates analyses based on Bray—Curtis
dissimilarities revealed variable effects of environmen-
tal parameters on gut bacterial community composition
(Fig. 7; Supplementary Tables S3 and S4), however, these
analyses should be considered exploratory. Due to miss-
ing environmental data for some sites (e.g., Rakusa),
the number of samples included in these analyses was
reduced (n=6-7 depending on the variable). When sam-
ples were grouped according to pH values below and
above the site mean, no significant separation of bacterial
communities was observed (PERMANOVA R? = 0.100,
p=0.211; Fig. 7A), indicating that pH explained only a
small proportion of variation in gut-associated bacterial
assemblages.
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Fig. 7 Associations between environmental conditions and gut bacte-
rial community composition of Branchinecta gaini. (A—C) Principal
coordinates analysis (PCoA) based on Bray—Curtis dissimilarities of
16 S tRNA gene ASV data from gut tract samples, shown separately for
pH (A), conductivity (B), and temperature (C). Samples are grouped
according to environmental conditions at the sampling sites, catego-
rized as values below and above the mean for each physicochemical
parameter for visualization purposes only. Differences in community
composition between groups were evaluated using PERMANOVA;

In contrast, electrical conductivity showed a signifi-
cant association with bacterial community composition
(Fig. 7B). Samples from sites with lower and higher con-
ductivity values formed distinct clusters in ordination space,
and PERMANOVA indicated that conductivity explained a
moderate proportion of variation (R? = 0.156, p=0.003).
However, this pattern should be interpreted cautiously given
the limited sample size and composite nature of the data.
Differences in multivariate dispersion were not significant,
suggesting that the observed separation likely reflected dif-
ferences in community composition rather than unequal
within-group variability. Temperature explained a smaller
proportion of variation in community composition (PER-
MANOVA R? = 0.109, p=0.104; Fig. 7C). Although some
separation between low- and high-temperature groups was
visible in ordination space, this pattern was weak and not
supported by statistical significance.

Overall, these analyses indicate that conductivity was
associated with variation in gut bacterial community com-
position at the population level, whereas pH and tempera-
ture explained relatively limited variation.

Generalized additive models revealed contrasting rela-
tionships between environmental variables and bacterial
alpha diversity in the gut, measured as the Shannon diver-
sity index (Fig. 8). Shannon diversity showed no apparent
relationship with pH (Fig. 8A), with the GAM explaining
negligible variance (R = 0.002, p=0.656).

A non-linear but weak association was observed between
conductivity and Shannon diversity (Fig. 8B). The GAM
explained a moderate proportion of variance (R* = 0.467),

PCoA1 (17.2%)

PCoAT1 (17.2%)

corresponding R? and p-values are shown on the plots. Homogeneity
of multivariate dispersions was assessed using PERMDISP and was
not significant in any comparison. Given the limited number of sites
and pooled sampling design, these analyses should be interpreted as
exploratory. Each point represents a composite sample, and gut micro-
compartments are not independent biological replicates. Axis scales
differ between panels to optimize visualization of the ordination struc-
ture in each case. Mean pH="7.8, mean conductivity=370.4 pS cm™,
mean temperature=5.8 °C

although the smooth term was not statistically significant
(»=0.0639), indicating that this relationship should be
interpreted cautiously.

In contrast, temperature showed a non-linear association
with bacterial alpha diversity (Fig. 8C). Shannon diversity
increased with temperature, and the GAM explained a large
proportion of variance (R? = 0.836, F=19.5, p=0.000537).
However, given the limited number of observations, this
relationship should also be considered exploratory rather
than confirmatory.

Together, these results indicate that environmental
variables may be associated with different aspects of gut
microbiome organization: conductivity with variation in
community composition and temperature with within-
sample diversity. These patterns should be interpreted as
indicative and hypothesis-generating rather than definitive.
Because gut content and gut tract samples were derived
from the same pooled individuals, these data represent
paired compartments rather than independent observations.

Discussion

Our results suggest that feeding patterns and gut-associ-
ated bacterial communities of the Antarctic fairy shrimp
Branchinecta gaini are closely associated with local envi-
ronmental conditions rather than structured around a sta-
ble, host-specific intestinal microbiota. Across Antarctic
freshwater ponds, B. gaini exhibits pronounced dietary
flexibility, which is mirrored by highly variable bacterial

@ Springer



178 Page 16 of 24

S. Cukier et al.

s o A

p = 0.656
R? = 0.00206

Shannon diversity Index
>
[
Shannon diversity Index

6.5 7.0 75 8.0 8.5 200

pH Conductivity (uS cm™)

Fig. 8 Associations between environmental variables and bacterial
alpha diversity in the gut of Branchinecta gaini. (A—C) Generalized
additive models (GAMs) describing associations between Shannon
diversity index and measured physicochemical parameters of the
water at the sampling sites: pH (A), conductivity (B), and temperature
(C). Solid lines represent GAM smooth terms, and shaded areas indi-
cate 95% confidence intervals. Statistical significance of the smooth

communities in both gut contents and gut tract in pooled,
pond-level samples. Despite consistent differentiation
between gut microcompartments, taxonomic overlap of
bacterial lineages among ponds remained low, suggesting
that feeding ecology and environmental context may influ-
ence microbiota assembly more strongly than persistent
host—microbe associations at the population level. Together,
these findings are consistent with B. gaini as an ecologi-
cally flexible consumer whose intestinal microbiota largely
reflects opportunistic feeding and site-specific environmen-
tal filtering [5, 21]. Below, we discuss how these patterns
reflect the interplay between environmental filtering, gut
microhabitats, and ecological plasticity in Antarctic fresh-
water systems.

Dietary Composition and Feeding Behaviour

The diet of this Antarctic fairy shrimp varied considerably
between sites. Microscopic analysis of gut contents revealed
the presence of the following groups of organisms: diatoms,
filamentous green algae, cyanobacteria, fungal hyphae and
spores, rotifers, nematodes, tardigrades, and even frag-
ments of bryophytes and vascular plants. The presence of B.
gaini exoskeleton fragments and copepod eggs of the genus
Boeckella suggests occasional cannibalism or predation
on other zooplankton, as well as the consumption of shed
exuviae. This high dietary diversity confirms the role of B.
gaini as a feeding generalist in Antarctic water bodies, capa-
ble of utilizing both autochthonous production (algae and
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terms is indicated on the plots. Circles represent gut content samples
and triangles represent gut tract samples. Both sample types originate
from the same pooled individuals and therefore represent paired, non-
independent observations; therefore, these models are interpreted as
exploratory. Given the limited number of observations and pooled
sampling design, these relationships should be interpreted as explor-
atory and hypothesis-generating rather than confirmatory

microorganisms developing within the pond) and alloch-
thonous food sources (organic matter and organisms intro-
duced by wind or marine animals). Consistent with Paggi
[5] gut content analysis, we found that the diet of B. gaini
is dominated by amorphous organic matter, benthic algae,
and microbiological components such as fungal hyphae
and spores. Importantly, we also frequently observed rem-
nants of conspecific individuals in the gut contents, which
supports Paggi [5] earlier hypothesis regarding scaveng-
ing behaviour. Hawes [14] provided direct behavioural
evidence that B. gaini actively manipulates and consumes
detrital material, including carrion from dead conspecif-
ics. Our data corroborate this observation, documenting the
ingestion of B. gaini remains under natural conditions.
Microscopic observations suggest that, apart from B.
gaini remains, benthic diatoms and green algae are domi-
nant dietary components. However, molecular analyses do
not confirm this assumption, instead highlighting ciliates as
the primary dietary element. It is likely that microscopy pref-
erentially detects dietary elements with indigestible struc-
tures, such as cellulose cell walls or diatom frustules. Ciliate
remnants, lacking such cell walls, were not identifiable
under microscopic examination. The discrepancy between
molecular and microscopic results underscores the limita-
tions of microscopy-based dietary analyses and should be
considered in future research of this kind. Nonetheless, both
microscopic analysis and eukaryotic 18 S rRNA gene ampli-
con high-throughput sequencing reveal significant dietary
variation across sampling sites. For example, sequences of
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Oligohymenophorea (ciliates) were abundant in specimens
from Sphinx and Turret ponds but nearly absent in those
from Ornithologists and Viéville. Similarly, green algae
(e.g., Trebouxiophyceae) constituted a substantial portion of
the gut content in Sphinx Pond (over 16% of sequences) but
were negligible elsewhere. Differences in gut content com-
position of B. gaini among ponds can be plausibly explained
by pronounced spatial heterogeneity of Antarctic freshwater
ecosystems [35]. Previous studies have shown that micro-
bial and algal communities in Antarctic lakes and ponds
vary strongly in response to local physicochemical condi-
tions, resulting in distinct site-specific assemblages [36, 37].
These observations suggest that each pond or lake offers B.
gaini a specific food base shaped by local environmental
conditions and the influx of nutrients from terrestrial and
marine ecosystems. Ponds with greater nutrient input may
develop richer algal blooms and microbial mats, which B.
gaini readily exploits. For example, the proximity of seabird
colonies can substantially enrich water bodies with nitrogen
and phosphorus from guano, promoting algal growth [38].
Indeed, some of our sites (e.g., Rakusa Pond) are located
near gentoo penguin colonies. However, we did not observe
a straightforward correlation between this factor and algal
abundance in the diet, although at this site elevated contri-
bution of blue-green algae in gut contents was noted. This is
consistent with published observation of nitrophilic cyano-
bacteria developing in freshwater ponds adjacent to marine
birds and marine mammals breeding/resting sites [39]. At
the Ornithologists Pond, situated on a hill with minimal
avian influence, green algae were significantly more promi-
nent in the diet, confirming their preference for oligotrophic
freshwaters [38]. Interestingly, in the Ecology Pond, where
algal blooms were visually apparent as green turbidity,
algae were not the dominant dietary component and were
surpassed by ciliates. The high relative abundance of Oli-
gohymenophorea detected in gut contents likely reflects
a combination of biological and methodological factors.
Members of this group are common components of Antarc-
tic freshwater biofilms, periphyton, and benthic microbial
mats, and many species occur as epibionts on invertebrates
or organic substrates [40]. Given the detritus-oriented feed-
ing behaviour of B. gaini and its frequent interaction with
benthic material, biofilms, and conspecific remains, inges-
tion of epibiotic and surface-associated ciliates is biologi-
cally plausible. In addition, consumption of exuviae or dead
individuals, which provide suitable substrates for ciliate col-
onization, may further increase exposure to Oligohymeno-
phorea. At the same time, methodological biases associated
with 18 S rRNA gene metabarcoding should be considered,
as ciliates are characterized by high rRNA gene copy num-
bers and are efficiently amplified by commonly used primer
sets [41].

The presence of moss and grass fragments in the gut con-
tents from some sites suggests inputs of terrestrial material:
ponds surrounded by dense moss carpets or clumps of Ant-
arctic hair grass (D. antarctica) likely provide plant detri-
tus. B. gaini feeding in such ponds consumes decaying moss
fragments, along with the fungi and microorganisms inhab-
iting this detritus. These moss-dominated systems may sup-
port a distinct trophic base (e.g., detritivorous organisms
associated with fungi and terrestrial algae), often substan-
tially adding to the dietary profile of B. gaini in certain sites.
Additionally, sporadic ingestion of avian-derived material
was recorded—we detected small feather fragments in gut
contents from Ecology and especially from the Rakusa site.

Although B. gaini is not a specialist bacterivore, bacteria
likely represent an unavoidable and potentially important
dietary component, ingested together with detritus, bio-
films, and microalgae during feeding. Similar detritus-based
bacterial ingestion has been reported for other freshwater
crustaceans, where bacteria enhance the nutritional quality
of ingested material rather than serving as a primary food
source [42]. Bacterial biomass contributes proteins, lipids,
and essential micronutrients when ingested together with
detrital and biofilm-associated material [43]. This interpre-
tation is supported by aquaculture studies on anostracans,
where the presence of bacterial communities in rearing sys-
tems has been shown to enhance growth, survival, and nutri-
tional quality of cultured individuals, even when bacteria
are not provided as a targeted food source [44]. Aquaculture
studies on filter-feeding anostracans such as Artemia sug-
gest that bacteria can contribute to nutrition when ingested,
either directly or as part of mixed microbial aggregates, and
in some experimental diets have supported growth and bio-
mass comparable to algal feeds [45].

Another component frequently observed in the gut con-
tents was inorganic mineral particles (e.g., fine sand and
silt), present in all examined individuals, often in substantial
quantities. These particles are likely ingested unintention-
ally during benthic foraging or while filtering turbid water,
including wind-blown dust mixed with organic detritus.

Mineral particles may influence digestive processes both
physically and chemically. In crustaceans, clays have been
shown to bind toxins and modulate gut microbiota, while in
branchiopods they may enhance digestibility by mechani-
cally disrupting resilient food structures [46—48]. This
mechanical role is analogous to gastroliths in granivorous
birds. Together, these observations suggest that ingested
mineral particles may contribute to digestion through a
combination of physicochemical and mechanical effects.

Among the non-dietary components detected in the
gut contents of B. gaini, microplastics were particularly
notable. Synthetic fibres were observed during dissection,
including red fibres (approximately 2—5 mm long) in three
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individuals from the Llano site and a blue fibre fragment
in one specimen from Viéville. In Llano individuals, small
red fragments suggested partial shredding of fibres by the
mandibles, whereas the digestive tract of the Viéville speci-
men was nearly empty, potentially indicating difficulty in
processing the ingested plastic and interference with nor-
mal food intake. Based on their morphology, the fibres were
identified as plastics, most likely polyester. Although alarm-
ing, the presence of microplastics in Antarctic freshwater
invertebrates is increasingly reported and reflects grow-
ing environmental contamination in the region [49-51].
Importantly, experimental studies have demonstrated that
B. gaini exhibits physiological and molecular responses to
plastic exposure, even in the absence of significant mortal-
ity. Exposure to polystyrene nanoparticles has been shown
to induce histopathological changes in the gut epithelium,
altered ventilation rates, and upregulation of stress-related
genes, alongside sublethal effects such as increased moult-
ing frequency and disrupted faecal structure [18]. Together,
these findings suggest that microplastic ingestion may have
chronic consequences for digestion, energy balance, and
nutrient cycling in Antarctic anostracans.

The combined use of microscopy and metabarcoding
provides complementary insights into the feeding ecology
of B. gaini and the structure of gut-associated communi-
ties. Microscopy captures morphologically identifiable and
structurally persistent dietary components, such as diatom
frustules, plant fragments, and metazoan remains, thereby
providing information on ingested material that resists diges-
tion. In contrast, metabarcoding detects a broader spectrum
of taxa, including soft-bodied and rapidly degraded organ-
isms such as ciliates and other protists, as well as microbial
components that are not identifiable microscopically.

Importantly, the integration of these approaches allows
differentiation between structurally preserved dietary sig-
nals and more transient or molecularly detectable compo-
nents, highlighting potential biases inherent to each method
when used in isolation. The observed discrepancies between
microscopy and sequencing therefore do not represent
inconsistencies but rather reflect complementary aspects
of feeding and gut-associated assemblages. Together, these
methods provide a more comprehensive view of trophic
interactions and microbiome structure than either approach
alone.

Gut Tract as a Weak Ecological Filter Rather Than a
Passive Conduit

A central question in gut microbiome ecology is whether
microbial communities detected in animal intestines primar-
ily reflect passive transit of ingested material or are shaped
by selective processes within the gut environment [52, 53].

@ Springer

In aquatic invertebrates, both scenarios have been reported,
ranging from largely transient microbiota closely tracking
surrounding environmental communities to systems charac-
terized by stable, host-associated core assemblages [17]. In
our pooled, pond-level samples, bacterial communities dif-
fered between gut contents and gut tract, and Bray—Curtis
dissimilarities between these compartments remained high
even within ponds. These patterns are not consistent with
a purely passive transit model, although they do not allow
inference at the level of individual hosts.

At the same time, gut tract—associated bacterial com-
munities did not converge across sites, and no stable core
microbiota was detected at the composite sample scale,
contrasting with patterns observed in organisms exhibiting
strong host control over microbial assembly, such as insects
with vertically transmitted symbionts or vertebrates [54].
Instead, gut tract communities retained pronounced pond-
specific signatures, indicating that environmental source
pools exert a dominant influence on microbiota composition.

This pattern is consistent with recent work on B. gaini
showing that intestinal microbiomes are shaped by vari-
able, rather than homogenizing, selection processes. Such
site-dependent selection allows host filtering to operate on
locally available environmental source pools, resulting in
distinct gut microbiota across ponds rather than conver-
gence toward a single host-specific assemblage [21]. In this
framework, host-related filtering and environmental sourc-
ing are not mutually exclusive but operate jointly, with local
environmental context determining the pool of bacteria
upon which gut-level selection can act. Differential associa-
tion of bacteria with the gut tract may reflect a combination
of passive retention on the peritrophic matrix, bacterial cell
surface properties, and host-mediated processes. Because
our data do not resolve fine-scale spatial variation within
the gut, the relative contribution of these mechanisms can-
not be determined. Although direct evidence for differential
bacterial adhesion to the peritrophic matrix in anostracans
is limited, studies of gut microbiome assembly in related
crustaceans suggest that the peritrophic matrix acts as a
semi-permeable physical filter that constrains microbial
colonization and favours the transient passage of ingested
material [16]. In arthropods, peritrophic matrix structures
are known to limit microbe—epithelium interactions, and by
analogy, only bacterial taxa with suitable surface proper-
ties or those associated with particle-bound biofilms may
be retained longer within the gut environment, while others
are rapidly cleared [55]. Consistent with this interpretation,
gut tract—associated communities in B. gaini were enriched
in bacterial families characterized by particle-associated or
biofilm-forming life strategies, including Comamonada-
ceae, Rhodobacteraceae, and Verrucomicrobiaceae. Mem-
bers of these groups are widely recognized as dominant
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constituents of aquatic biofilms and particle-associated
communities, where surface attachment confers stability
and persistence under flow or gut passage conditions (e.g.,
Comamonadaceae in freshwater biofilms [56]; Rhodobacte-
raceae and close relatives in surface-associated communi-
ties [57]; Verrucomicrobiaceae in particulate biofilms [58];
biofilm ecology fundamentals [59]). The apparent persis-
tence of these taxa likely reflects a combination of passive
retention on the peritrophic matrix, tolerance to gut physico-
chemical conditions, and association with ingested particles
or biofilms, rather than stable colonization.

Variation in gut tract bacterial diversity among ponds
further suggests a possible role of environmental context.
However, observed differences in alpha diversity should be
interpreted cautiously, as they depend on sequencing depth
normalization and the compositional nature of amplicon
data. Nonetheless, higher gut tract diversity likely reflects
a richer and more diverse environmental source pool, rather
than prolonged host—microbe coevolution. Alternatively,
elevated diversity in some ponds may be linked to greater
ecological stability, allowing repeated exposure of B. gaini
populations to similar microbial assemblages over time;
however, disentangling such historical effects from con-
temporary environmental filtering would require temporal
or experimental data. In this context, differences among
ponds may also reflect contrasting developmental histories.
Turret, Sphinx, and Ornithologists represent relatively long-
established freshwater systems, whereas Llano, Ecology,
and Viéville formed more recently following glacier retreat
[11, 23, 60, 61]. Such differences in system age may influ-
ence the complexity and stability of microbial and microeu-
karyotic source pools, thereby contributing to the observed
variation in gut content composition and gut tract bacterial
diversity [36, 62].

Together, these patterns support a model in which the gut
tract of B. gaini functions as a weak ecological filter rather
than a tightly regulated microbial niche. Similar environ-
mentally acquired and weakly selected gut microbiomes
have been reported for other freshwater invertebrates and
zooplankton, particularly those with opportunistic feeding
strategies and frequent contact with detrital and biofilm-
associated microbial communities. For example, the gut
microbiome of freshwater zooplankton has been shown to
be highly flexible and strongly influenced by external envi-
ronmental conditions with little evidence of a stable core
community, indicating a dominant role of environmental
sourcing over strict host control [63]. Additionally, studies
on zooplankton-associated bacteria suggest that microbial
assemblages are closely linked to environmental parameters
such as dissolved organic carbon and nutrient status, reflect-
ing a transient interaction with the host rather than stable
colonization [64], and zooplankton can act as temporary

reservoirs for environmentally abundant bacterial taxa [65]
— patterns that are consistent with weak ecological filtering
of gut microbiota in opportunistic aquatic consumers. Given
that the peritrophic matrix is continuously shed, association
with the gut tract fraction does not necessarily imply stable
host association. Accordingly, bacteria associated with the
gut tract fraction should not be interpreted as strictly host-
associated, but rather as representing microbes retained
within gut-associated structures, including the peritrophic
matrix. The observed patterns are consistent with differen-
tial retention or clearance processes, although the underly-
ing mechanisms cannot be resolved with the present data.

Hydrological Connectivity and Temperature as
Distinct Drivers of Gut Microbiome Composition and
Diversity

Observed relationships between environmental param-
eters and gut-associated bacterial communities of B. gaini
likely reflect differences in hydrological connectivity and
physicochemical stability among the studied postglacial
lakes. However, these findings should be interpreted as
exploratory, given the limited number of sites and lack of
replication.

Although such lakes are generally expected to exhibit
low conductivity, Llano and Ecology are situated at lower
elevations and are periodically influenced by marine
water intrusions, followed by dilution through rainfall and
snowmelt. In contrast, Viéville Lake is characterized by a
continuous input of glacial meltwater and limited marine
influence, resulting in lower and more stable conductivity
[66]. Previous work has shown that B. gaini itself is toler-
ant to salinity fluctuations within this range [10], suggest-
ing that the significant association observed here between
conductivity and gut bacterial community composition
does not reflect direct physiological stress on the host.
Instead, conductivity likely acts indirectly by reshaping the
surrounding microbial pool, either through the introduction
of marine or estuarine bacteria or through shifts in the rela-
tive abundances of freshwater taxa. Salinity gradients and
hydrological connectivity have been shown to act as strong
predictors of microbial community composition across
polar and coastal aquatic environments, often outweighing
temperature or pH effects [67, 68].

In contrast to conductivity, temperature was not signifi-
cantly associated with overall gut community composi-
tion but showed a significant non-linear relationship with
bacterial alpha diversity. Lakes that are isolated from both
marine intrusions and glacial runoff tended to exhibit higher
water temperatures, likely due to the absence of cold-water
inputs. Elevated temperatures may enhance bacterial meta-
bolic activity and increase the number of ecological niches
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available within the gut environment, thereby supporting
higher within-sample diversity without necessarily favour-
ing specific bacterial taxa. This decoupling between drivers
of community composition and diversity suggests that dis-
tinct ecological processes operate at different organizational
levels of the gut microbiome, with temperature regulating
local carrying capacity rather than taxonomic identity. Such
effects may be particularly pronounced in polar environ-
ments, where relatively small temperature differences can
have disproportionate biological consequences. Non-polar
region studies in aquatic ecosystems have shown that water
temperature can be a dominant driver of bacterial commu-
nity diversity, sometimes outweighing other environmen-
tal predictors (e.g., temperature gradients shaped bacterial
diversity patterns more strongly than other variables in lakes
across the Qinghai-Tibetan and Inner Mongolia Plateaus)
and warming scenarios have been demonstrated to signifi-
cantly modify bacterial community assembly and diversity
in freshwater mesocosms and seasonal time series experi-
ments [69, 70]. Moreover, in riverine systems increases in
temperature were associated with higher planktonic bacte-
rial diversity, highlighting a broader pattern linking tem-
perature changes with bacterial alpha diversity in aquatic
habitats [71].

Water pH showed no detectable relationship with either
gut bacterial community composition or diversity. This lack
of association likely reflects the multifactorial controls on
pH in these systems, including marine water inputs, pri-
mary production, and nitrogen cycling processes such as
ammonification, which may obscure any direct linkage
with microbial assemblages [72—74]. Additionally, gut con-
ditions may be partially buffered from external pH vari-
ability by host-mediated processes [75]. Together, these
results indicate that environmental drivers may influence
gut-associated bacterial communities of B. gaini through
multiple, partially independent pathways, with hydrologi-
cal connectivity shaping community composition via the
regional microbial pool and temperature modulating within-
gut diversity. These interpretations remain tentative, and the
observed relationships should be viewed as hypothesis-gen-
erating rather than confirmatory. Because gut content and
gut tract samples were derived from the same pooled indi-
viduals, they cannot be considered independent replicates.
Accordingly, differences between compartments should be
interpreted as paired, within-site contrasts rather than inde-
pendent patterns.

Limitations and Directions for Future Research
Several limitations of this study should be acknowledged

when interpreting the observed patterns in diet composition
and gut-associated microbial communities of B. gaini. First,
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due to the low biomass of individual specimens, individu-
als were pooled prior to DNA extraction and sequencing,
resulting in composite samples representing each site. Con-
sequently, within-site biological variability could not be
assessed, and statistical inference is limited to descriptive,
site-level patterns rather than individual-level variation. We
acknowledge that pooling may obscure individual-level
variation and potentially amplify the influence of atypical
individuals. Pooling may also affect the detection of rare
ASVs and influence richness estimates, particularly for
alpha diversity metrics. Nevertheless, composite sampling
represents a pragmatic and commonly applied approach in
Antarctic freshwater systems, and the consistent detection
of dominant taxa across sites supports the robustness of the
broad-scale patterns reported here [76]. Furthermore, the
findings of Schwob and colleagues [21] indicate that the
gut bacteriome of Antarctic B. gaini was surprisingly homo-
geneous within individuals from the same site in terms of
diversity and community structure, hinting that within-site
sample pooling may introduce minimal bias in a site to site
comparison model.

Second, the limited number of sampled ponds (n=28)
constrains the statistical power to detect and generalize rela-
tionships between environmental variables and microbial
diversity. Although generalized additive models revealed
strong and significant associations between temperature and
bacterial alpha diversity, and conductivity with community
composition, these relationships should be interpreted cau-
tiously and primarily as exploratory. Future studies incor-
porating a larger number of sites and repeated temporal
sampling would allow more robust testing of environmental
drivers and improve inference regarding causality.

Third, amplicon-based metabarcoding approaches intro-
duce several well-recognized biases. Primer choice, dif-
ferential amplification efficiency, and variation in rRNA
gene copy numbers can substantially influence the observed
taxonomic composition of microbial communities [77-79].
These limitations are particularly relevant in Antarctic
environments, where many microbial taxa remain poorly
represented in reference databases [35, 62]. In addition,
sequence-based microbiome data are inherently compo-
sitional and do not provide information on absolute abun-
dances, which constrains quantitative interpretation of
relative changes among taxa [80, 81]. Consequently, esti-
mates of alpha diversity and relative taxonomic composition
should be interpreted as method-dependent and conserva-
tive, particularly with respect to the magnitude of observed
differences.

Relatedly, distinguishing between ingested dietary
items and putative resident gut-associated microorgan-
isms remains challenging using amplicon data alone. Bac-
terial and eukaryotic taxa detected in gut samples may
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represent transient dietary components, environmentally
acquired microbes passing through the gut, or taxa capable
of short-term persistence or proliferation within the gut
environment. While the comparison of gut content and
gut tract—associated fractions provides partial insight into
this distinction, definitive discrimination between tran-
sient and resident microbes would require complemen-
tary approaches, such as comparisons with environmental
(water and sediment) microbial communities, starvation or
clearance experiments, or microscopy-based localization
of microbes within gut tissues. These integrative strate-
gies have been emphasized in host-microbiome research
to separate environmentally acquired, transient microbes
from those persistently associated with host gut environ-
ments and active in host functions [82, 83]. Because our
study relied exclusively on amplicon sequencing, we could
not determine the physical location of bacteria within the
gut environment. Consequently, taxa commonly associated
with biofilms may have originated from ingested particle-
associated biofilms, biofilms developing on gut-associated
surfaces, or free-living cells, and these alternatives cannot
be distinguished using the present dataset. Despite these
limitations, the integration of microscopy with 18 S and
16 S rRNA gene metabarcoding across multiple Antarctic
ponds provides a comprehensive and complementary view
of B. gaini feeding ecology and gut-associated microbial
variability. Future studies combining higher-resolution
temporal sampling, environmental microbial baselines,
and experimental manipulations will be essential to fur-
ther disentangle the relative roles of diet, environment, and
host filtering in shaping gut microbiota in polar freshwater
invertebrates. These findings should be interpreted within
the context of Antarctic freshwater systems, where com-
parable data remain scarce, and caution is warranted when
extrapolating to other taxa or ecosystems.

Conclusions

Our results suggest that the feeding ecology and gut-asso-
ciated bacterial communities of the Antarctic fairy shrimp
B. gaini are closely associated with local environmental
conditions at the pooled, pond-level scale. Across post-
glacial freshwater ponds, pronounced dietary flexibility
is mirrored by highly variable and site-specific gut bacte-
rial assemblages, characterized by low taxonomic overlap
among ponds and the absence of a consistent core micro-
biota. Although bacterial communities differed between gut
contents and gut tract, patterns are consistent with limited
host-related filtering rather than strong host control, and gut-
associated assemblages largely reflected environmentally
acquired source pools. Associations between hydrological
connectivity and conductivity gradients were observed in

relation to shifts in bacterial community composition, while
temperature showed a significant association with bacterial
alpha diversity, however these relationships should be inter-
preted as exploratory. Together, these findings are consistent
with B. gaini functioning as an ecologically flexible con-
sumer whose gut microbiome reflects opportunistic feeding
and environmental context.
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