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Abstract

Diatoms play a crucial role in alpine stream food webs and biogeochemical cycles. However, the glaciers
supplying water to some of these alpine streams (glacier-fed streams) are receding due to climate change,
which will inevitably result in altered physicochemical conditions within these hydrological networks.
Glacier-fed streams are harsh habitats, with low temperatures, high turbidity, and unstable substrata, and
these habitats will likely be replaced by more stable precipitation and groundwater-fed streams in the
future. This transition may shift diatom abundance and community composition, with some specialist
diatom taxa potentially becoming extirpated, while generalist taxa become more abundant. Yet, little is
known about how diatom communities will respond to such changes.

In this study, we use both traditional morphological and molecular methods to investigate diatom
communities from alpine floodplains. Specifically, we sampled the benthic sediments of both glacier-
fed streams and their corresponding non-glacial tributaries from three Alpine floodplains in Switzerland.
We demonstrate that the transition from glacier meltwater inputs to precipitation and groundwater-based
inputs will likely increase diatom community alpha diversity in alpine floodplains and lead to a
significant restructuring of their communities. This restructuring and diversity increase are driven by
the expansion of taxa associated with non-glacial streams, which, as shown in our research, outnumber
glacier-fed specialists. While these changes may benefit a broad range of diatom taxa, including those
on the red list of diatoms, they pose risks to species uniquely associated with glacier-fed environments.
Furthermore, our findings underscore the complementary strengths and weaknesses of the different
identification approaches, both in assigning taxonomic ranks and in analysing community-level patterns.

While emphasizing that glacier loss may lead to the complete disappearance of some streams and some
diatom taxa, our study shows that the loss of glacier meltwater input in the prevailing streams will
generally benefit glacial floodplain diatom communities by establishing conditions acceptable for a
greater number and broader range of taxa. Additionally, we emphasise the value of combining multiple
identification techniques (i.e., morphological and molecular methods) to capture the complexity of
diatom taxonomy and to overcome the challenges posed by extreme alpine environments.

While further research is essential to explore the interactions between diatoms and other members of
alpine stream microbial food webs to fully understand the ecological impacts of glacier retreat, our
findings contribute to the development of targeted conservation strategies for these fragile ecosystems,
while simultaneously encouraging innovative approaches to studying alpine stream microbiomes.

Keywords: diatom assemblages, kryal streams, alpine stream food webs, glacier retreat, proglacial
floodplains, microbial food web, diatom taxonomy, DNA barcoding, morphological identification



Abstrakt

Rozsivky hraji klicovou roli v potravnich sitich a biogeochemickych cyklech vysokohorskych toka.
Ledovce, které nckteré z téchto tokii (toky ledovcové) napdjeji, vSak v dasledku klimatickych zmén
ustupuji, coz nevyhnutelné povede ke zméndm fyzikdlné-chemickych podminek. Ledovcové toky jsou
narocna stanovisté s nizkymi teplotami, vysokou turbiditou a nestabilnim substratem. V budoucnu
budou pravdépodobné nahrazeny toky stabilngj$imi, napajenymi srazkami a podzemni vodou. Tento
pfechod miize vést ke zménam hustoty a slozeni rozsivkovych spolecenstev. Nekteré specializované

taxony rozsivek mohou vyhynout, zatimco generalistické taxony se naopak stanou hojnéjsimi. Piesto
dosud nevime, jak na tyto zmény rozsivkova spolecenstva zareaguji.

Tato studie kombinuje tradi¢ni morfologické a molekularni ur€ovaci metody k vyzkumu spolecenstev
rozsivek alpskych ledovcovych udoli. Konkrétné porovnava bentické sedimenty z ledovcovych tokt a
jejich pritokti bez piimého vlivu ledovcové vody ve tiech Svycarskych ledovcovych udolich. Diplomova
prace ukazuje, ze ptechod z tokd napajenych tanim ledovcl k toklim napajenym srazkami a podzemni
vodou pravdépodobné zvysi jejich alfa diverzitu a zaroven povede k vyznamné piestavbé jejich
druhového slozeni. Tato zména slozeni a nartst diverzity druhii jsou pohanény expanzi taxont
spojenych s pfitoky, které, jak ukazal na§ vyzkum, prevysuji poctem specialisty na toky ledovcové.
Zatimco tyto zmény mohou byt pfinosné pro Sirokou §kalu bentickych rozsivek, véetné téch uvedenych
na seznamu ohrozenych druhii, pro druhy tzce adaptované na podminky ledovcovych tokil predstavuji
riziko. Nase vysledky dale zdaraziuji dopliujici se silné a slabé stranky jednotlivych identifika¢nich
metod a to jak pfi ur¢ovani druhového sloZeni, tak pti zkoumani trendti na urovni spolecenstev.

Prestoze ztrata ledoveli maze vést k uplnému zaniku nékterych tokti a druhl rozsivek, nase studie
ukazuje, ze oslabeni glacialnich vlivli povede diky rozsifeni podminek ptiznivych pro $irsi Skalu druht
k naristu lokdlni diverzity (tj. alfa diverzity). Ztrata druhii specializovanych na drsné podminky
glacialnich tok ale zaroven povede k vét§si homogenizaci tokd a tim potencialné ke ztratam diverzity
na urovni regionalni (tj. beta a gama diverzity). Studie navic poukazuje na dtilezitost kombinace raznych
metod urcovani taxont (tj. morfologickych a molekularnich) pro pokryti slozitosti taxonomie rozsivek
a prekonani vyzev spojenych s extrémnim prostfedim vysokohorskych toki. Piestoze dalsi vyzkum je
nezbytny k prozkoumani interakci mezi rozsivkami a dal$imi ¢leny potravnich siti vysokohorskych tokii,
nase zji$téni mohou piispét k rozvoji cilenych strategii ochrany téchto ohrozenych ekosystémii a zaroven
podporuji inovativni ptistupy ke studiu jejich mikrobiomu.

Kli¢ova slova: rozsivkova spolecenstva, kryalni toky, potravni site toku, ustup ledovcii, ledovcova udoli,
potravni sité mikroorganismii, taxonomie rozsivek, DNA barcoding, morfologicka identifikace
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1 Introduction

Global warming is threatening the world's glacial ecosystems. Depending on the applied climate
scenario, 22—-51% of today’s global glacial area could be lost by the end of the 21st century (Bosson et
al., 2023). This trend is expected to be even more severe in the European Alps, where 90% of glaciers
are smaller than 1 km? and thus more vulnerable to melting. Consequently, only 5-20% of the current
glacial area in the Alps is projected to persist by 2100 (Zemp et al., 2006; Bosson et al., 2023; Rounce
et al., 2023). This rapid change will inevitably alter the characteristics of alpine watersheds and their
unique glacier-associated ecosystems. One such ecosystem type is glacier-fed streams, which transport
glacier meltwater—along with fine particles eroded from surrounding rocks by glacial activity—to
lower elevations, thereby creating a distinct habitat with critical importance for downstream
communities (Sudlow et al., 2023).

The uniqueness of glacier-fed streams lies in their primary water source - glacier meltwater. For
example, the freshly-melted ice keeps stream water temperatures just above 0 °C at the glacier snout,
which then gradually increases on its way downstream. Since the intensity of glacier melt depends on
solar heating, glacier-fed streams display both seasonal and diel fluctuations in discharge caused by
changing meltwater inputs, creating hydrological peaks in summer and afternoons, respectively. It is
during these peak discharges especially that intense water flow can cause the significant mobilisation of
streambed sediments, decreasing channel stability, increasing turbidity, and scouring benthic
communities (Brittain and Milner, 2001; Brown et al., 2003; Fiireder and Niedrist, 2020; Sudlow et al.,
2023). These conditions, along with low organic energy inputs from outside the stream (given that their
riparian zones are above the treeline), make this environment particularly challenging to inhabit and
often require specific life strategies and/or adaptations of its residents (Hieber et al., 2001; Brown et al.,
2003; Gesierich and Rott, 2012; Sudlow et al., 2023).

Low allochthonous energy inputs make autochthonous primary production particularly important to the
glacier-fed stream food webs. Alongside other photoautotrophs such as the cyanophytes
(Cyanobacteria), green algae (Chlorophyta and Charophyta), and golden algae (Chrysophyceae),
diatoms (Bacillariophyceae) are responsible for organic matter inputs and nutrient cycling in this
otherwise nutrient-poor environment (Hieber et al., 2001; Rott et al., 2006; Clitherow et al., 2013;
Brandani et al., 2022). Diatoms are unicellular brown microalgae possessing unique siliceous cell walls
called 'frustules' (Round et al., 1990). Along with other diatom traits, such as high photosynthetic
efficiency, lower temperature optimum for enzymes and anti-freeze proteins (Lyon and Mock, 2014),
this frustule helps diatoms survive in the harsh conditions of glacier-fed streams by providing protection
from mechanical stress and UV while also optimising capture of carbon dioxide and light (De Tommasi
etal., 2017; Yang et al., 2023). These adaptations may help explain why the number of diatom species
does not decline as rapidly with increasing glacier proximity as it does for many of the other
photosynthetic groups mentioned previously (Rott et al., 2006). Consequently, diatoms hold a
significant role in the functioning of glacier-fed stream ecosystems, making them worthy of further
investigation. Yet, our knowledge of the diatom species composition in glacier-fed streams within the
context of alpine stream networks is still limited.

Previous studies that focused on either the entire algal community (Hieber et al., 2001; Rott et al., 2006)
or diatoms specifically (Robinson and Kawecka, 2005; Kawecka and Robinson, 2008; Gesierich and
Rott, 2012; Fell et al., 2018) have reported a negative correlation between glacier proximity and both
diatom density and richness in glacier-fed streams. According to Sudlow et al. (2023), this correlation
is primarily driven by the intense physical disturbances characteristic of glacier-fed streams (i.e.



variation in discharge, streambed instability, suspended sediment loads), with light limitation, low
temperatures, and oligotrophy likely playing a secondary role. As glaciers retreat, these hydrological
disturbances will eventually become less intense and predictable, which is expected to result in
community structure shifts within these streams. Specifically, small R-strategist diatom species with
low biomass and strong attachment abilities (like species of the Achnanthidium minutissimum complex,
which seem to thrive in these conditions) could be outcompeted by larger K-strategist diatoms and/or
non-diatom taxa with various growth forms that are otherwise sensitive to high shear stress (Gesierich
and Rott, 2012; Sudlow et al., 2023; Bert et al., 2024).

Yet, all the above-mentioned studies on glacier-fed stream diatoms relied on traditional morphological
identifications (i.e., involving the direct visual examination of frustules under the light microscope) as
the sole source of information about the diversity and structure of the resident diatom communities.
However, diatoms are notorious for exhibiting extensive and widespread cryptic species diversity,
meaning that multiple biological species are often morphologically indistinguishable (Mann and Evans,
2008; Pinseel et al., 2020). In addition, the harsh living conditions of glacier-fed streams generate
considerable stress on the resident diatom communities. As a result, and combined with the high mass
of fine glacier-derived sediment particles continuously deposited on the streambed, diatom communities
are generally not very dense on the streambed nor in samples. This reality complicates their
morphological evaluation through microscopy (Cantonati et al., 2001; Gesierich and Rott, 2012; Thies
et al., 2013) and is perhaps a reason that glacier-fed stream diatoms have received relatively little study
compared to other stream types in the past.

DNA barcoding can overcome some of these challenges by utilising short (300—600 bp) standardised
DNA fragments known as “barcodes” to identify species (Hebert et al., 2003). This technique has been
successfully used for identification of animal, plant, fungal, algal, and bacterial species through
environmental sequencing, and its applications are rapidly expanding across diverse fields, including
taxonomy, ecology, conservation biology, and even medicine and biotechnology (FiSer Pe¢nikar and
Buzan, 2014; Rees et al., 2014; Ruppert et al., 2019; Kabiraj et al., 2022). Compared to morphological
analysis—which in glacier-fed streams can be a tedious affair due to the above-mentioned challenges—
DNA barcoding can be a less time-consuming and more cost-effective way of identifying resident
species. Moreover, DNA barcoding is more consistent than traditional microscopy-based identifications,
which can differ even among expert taxonomists (Kahlert et al., 2012). Furthermore, barcoding can
identify species from incomplete or damaged material, is unaffected by different organismal life stages,
and can often distinguish between cryptic species (Hebert and Gregory, 2005; Fiser Pe¢nikar and Buzan,
2014; Hubert and Hanner, 2015; Garlapati et al., 2019; Kollar et al., 2021). However, the success of
DNA barcoding in identifying taxa by name is largely dependent on the quality and comprehensiveness
of reference sequence databases, which are unfortunately still considerably underdeveloped for diatoms
(e.g., Rimet et al., 2019). In addition, diatom species and genetic diversity is so extensive (e.g., Mann
and Vanormelingen, 2013) that no single barcode marker, or even units of markers, can fully cover it,
leading to a dual-barcode system that diatomology effectively utilizes today (Mann et al., 2010;
Zimmermann et al., 2011; Vasselon et al., 2017). As a result, the most complete insight into the local
diatom diversity is achieved through the combination of traditional morphology-based analysis and
modern DNA barcoding methods (e.g., Mora et al., 2019).

The current dual-locus barcoding system of diatomology utilises regions in 18S rDNA and rbcL as
barcode markers. The 18S rDNA (less frequently but more accurately called SSU rDNA) is a nuclear
gene encoding the small subunit of eukaryotic ribosomes. It is popular due to its broad taxonomic
coverage, ease of amplification, and effectiveness in resolving both higher and shallower taxonomic
levels, stemming from the fact that it includes both conservative (stem) and variable (loop) regions
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(Wang et al., 2014; Kabiraj et al., 2022). It has been applied to diatom phylogenetics since the turn of
the millennium (Kooistra and Medlin, 1996; Medlin et al., 1996; Medlin and Kaczmarska, 2004; Sarno
et al., 2005). For barcoding, the V4 or V9 region of the gene is usually targeted and is used frequently
for environmental scanning of microeukaryotes (e.g., Amaral-Zettler et al., 2009; Stoeck et al., 2010;
De Vargas et al., 2015). For diatomology, it was introduced primarily by Zimmermann et al. (2011)
whose primers target a ca 400 bp long region including the V4. The greatest disadvantage of this marker
is that there is no publicly curated diatom-specific 18S barcode database, complicating its utility.

The rbcL marker, in contrast, is a plastidial gene encoding the large subunit of the ribulose-bisphosphate
carboxylase/oxidase (i.e., RuBisCO enzyme). It might be considered a more traditional barcode marker
for photoautotrophic eukaryotes, including diatoms, as it is one of two standard markers designated for
barcoding algae and plants (e.g., Hollingsworth et al., 2009). In addition, and unlike for 18S rDNA, the
diatomological community has produced a curated rbcL reference sequence database (Diat.barcode
database; Rimet et al., 2019), which is of course inexhaustive (including some 4,808 diatom rbcL
sequences belonging to >1,000 species and varieties in the latest 11.1 version) compared to the enormous
species diversity of diatoms (i.e., >18,000 described and >100,000 estimated species; Mann and
Vanormelingen, 2013; Guiry, 2024). Nonetheless, the resource still provides a great advantage
compared to the uncurated 18S rDNA databases.

Given the distinct strengths and challenges of these individual approaches, a combined methodology
offers a more robust framework for investigating diatom assemblages. The aim of this study is to
compare and contrast diatom assemblages taken from glacier-fed streams (GFSs) and their
corresponding non-glacier-fed tributaries (TRIBs) using a combination of molecular and morphological
approaches. Assessing the differences between GFSs and TRIBs provides a ‘“space-for-time
substitution” (Pickett, 1989), where TRIBs represent GFSs after the loss of their glacial meltwater
inputs. As described above, GFSs are characterised by extreme conditions resulting from diurnally- and
seasonally-dynamic glacial meltwater inputs. In contrast, TRIBs are primarily fed by precipitation and
groundwater, and are therefore warmer, less turbid, and overall more stable (Sudlow et al., 2023). By
sampling across three glacial floodplains in Swiss Alps, we here assess the influence of both stream type
and glacial floodplain of origin on structuring benthic diatom communities. By combining the three
methods, we can take advantage of their complementarity, minimize their individual limitations, and
obtain a more accurate and complete picture of diatom diversity, while also comparing their
effectiveness and current applications.

While we anticipate that both stream type and glacial floodplain of origin will significantly influence
diatom community structure, we hypothesize that stream type will have a greater impact in driving these
differences. Specifically, we expect TRIBs to exhibit higher diversity due to their less harsh and more
stable environmental conditions. Conversely, we hypothesize that species composition, based solely on
presence-absence data, will be more similar between different stream types within the same glacial
floodplain than between streams of the same type across different floodplains. Furthermore, we expect
that both stream types will host species significantly associated with their respective environments, with
a greater number of indicator species found in tributaries, reflecting their anticipated higher alpha
diversity.

This study aims to improve our understanding of the ecological changes that proglacial floodplain
streams may undergo in response to climate change and contribute to the development of effective
conservation strategies for preserving these unique, vulnerable, and rapidly diminishing habitats.



2 Materials and Methods

2.1 Study Sites and Sample Collection

The benthic sediment sample set used in this study was previously used for several other projects,
including the mapping of the bacterial communities and phages (Brandani et al., 2023; Peter et al.,
2024), as well as investigating cross-domain interactions, spatial patterns, and functional diversity in
stream biofilms (Brandani et al., 2022; Michoud et al., 2023; Busi et al., 2024), and full details about
the sampling can be found there. Briefly, samples were collected from three Swiss proglacial floodplains
of three different glaciers — Otemma (OTE, 45.95E, 7.45N), Val Roseg (VAR, 46.39E, 9.84N) and
Valsorey (SOY, 45.91E, 7.27N). A total of 262 sediment samples were collected: 112 from the GFSs
and 150 from the TRIBs (Fig. 1). Both stream types were sampled within each floodplain across an area
that extended ~1 km from each glacier snout. In these areas, stream sites were selected for collecting
sediment samples. To maximize comparability across sites, sediments were taken from the benthic zone
(up to ~5 cm deep in the streambed) and sieved (retaining only sediment grains from 0.25 to 3.15 mm)
using flame-sterilised instruments. These samples were then transferred into cryovials, flash-frozen on
dry ice, and kept frozen until analysis. Each site was sampled twice, once in June 2019 and once in

Figure 1: Map of sampling sites in the
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August/September 2019. Since the above stated studies using these same samples did not find significant
differences in community structure between these sampling periods, they were combined into one final
dataset composed of all 262 samples from both samplings.

2.2 eDNA Extraction, Amplification, and Sequencing

In this study, the same eDNA extracts were utilised as in Brandani et al. (2022). These were generated
through a phenol-chloroform DNA extraction method optimised for GFS samples (Busi et al., 2020),
which was scaled down (to 0.5 g per extraction) to accelerate the sample processing prior to Polymerase
Chain Reaction (PCR; Mullis et al., 1986) and [llumina sequencing. The final DNA concentration of all
samples was adjusted to < 3 ng/pl.

The targeted genetic markers were a ~300 bp barcode region of the nuclear 18S rDNA and a 263 bp
barcode region of the plastid 7bcL. The 18S rDNA data are the same as those used in Brandani et al.
(2022). Here, the environmental 18S was amplified through PCR using general eukaryotic primers
TAReuk454F (5'-CCAGCASCYGCGGTAATTCC-3") and TAReukREV3
(5-CTTTCGTTCTTGATYRA-3'; so called TAR primers), which target the gene’s V4 loop region
broadly utilised in DNA barcoding of microeukaryotes (Stoeck et al., 2010). The PCR products were
verified on 1.5% (w/v) agarose gel, adjusted to < 2-3 ng/ul, and sent for 300 bp paired-end sequencing
to Lausanne Genomic Technologies Facility (LGTF, Switzerland, https://wp.unil.ch/gtf/).

For rbcL amplification and sequencing, the remaining eDNA extracts were sent to SEQme company
(SEQme s.r.o., Czech Republic, https://seqme.cu/) along with negative extraction and positive
amplification controls. The diatom specific primers used during this process consisted of equimolar mix
of Diat rbcL 708F 1 (5-AGGTGAAGTAAAAGGTTCWTACTTAAA-3"), Diat rbcL 708F 2
(5'-AGGTGAAGTTAAAGGTTCWTAYTTAAA-3") and Diat_rbcL. 708F 3
(5'-AGGTGAAACTAAAGGTTCWTACTTAAA-3") as the forward primer, and mix of R3 1
(5'-CCTTCTAATTTACCWACWACTG-3") and R3 2 (5'-CCTTCTAATTTACCWACAACAG-3') as
the reverse primer (Vasselon et al., 2017). In the samples with enough initial DNA concentration the
DNA extracts were diluted to 2 ng/ul and subjected to 29-cycle PCR. Preparation of the amplicon
libraries for rbcL was done according to the NovaSeq manufacturer’s protocol and sequenced at 250 bp
pair-end settings on the Illumina 6000 System platform.

2.3 Bioinformatic Processing

Sequence data were processed using QIIME 2 version 2022.8.0 (Bolyen et al., 2019). Paired-end reads
were demultiplexed into individual samples, and primers were removed via the QIIME2 cutadapt plugin
(Martin, 2011). Denoising to generate Amplicon Sequence Variants (ASVs) was executed with DADA?2
(Callahan et al., 2016) within QIIME2. This bioinformatic pipeline includes quality-score-based
filtering, correction of marginal sequence errors, elimination of chimeric sequences, merging of the
paired-end reads, and dereplication of sequences. All ASVs with a total frequency of < 10 reads across
all samples were discarded.

For 18S, these steps resulted in a dataset composed of 23,287,302 eukaryotic reads distributed among
18,866 ASVs across 257 samples. To assign taxonomy, naive Bayes classifier (Bokulich et al., 2018)
was trained on a custom diatom reference library built from GenBank (https://www.ncbi.nlm.nih.gov)
using RESCRIPt (Robeson et al., 2021). The final number of sequences in the custom library was
18,305, with 9,120 diatom and 9,185 non-diatom sequences. The non-diatom 18S sequences were
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extracted from SILVA v.138.1 database (Quast et al., 2012) by randomly subsampling 20% of each
present phylum, excluding diatoms. The classifier was then released upon our 18S dataset, and all non-
diatom reads were discarded. As a result, the final 18S dataset consisted of 2,598,938 diatom reads
distributed among 2,843 ASVs across 252 samples.

In contrast to 18S, rbcL is a protein-coding gene, and therefore ASVs containing stop codons within its
longest open reading frame were discarded, on top of the steps described above. To assign taxonomy,
the classifier was trained on Diat.barcode v. 11.1, a curated database containing 4,808 diatom rbcL
sequences (Rimet et al., 2019). As a result, the rbcL dataset contained 5,625,482 diatom reads,
distributed among 912 ASVs across 173 samples.

In both cases, confidence of the assignment was computed by 100 times bootstrapping a set of 8-mers
found in a given ASV’s sequence, and calculating the proportion of subsamples classified identically to
the full sequence. A confidence threshold for retaining assignment to the given taxonomic level was set
to 40% to limit artificial lumping under too high taxa (e.g., Bacillariophyceae). Its selection was
empirical, resulting from the calibration with morphological data. In other words, the lowest taxon with
confidence value > 0.4 was kept as the final, discarding all the lower ones (whose confidence values
were < 0.4). For example, if an ASV was assigned class, order, family, and genus names with confidence
> 0.4, and species name with < 0.4, the genus-level name is kept as the last confidently assigned level,
making the ASV unassigned at species level.

2.4 Morphological Characterisation

Diatom communities were examined by microscope to (1) cover higher proportion of the total diatom
diversity present on sites (see Introduction), (2) help calibrate the barcoding results, thus compensating
for the insufficiency of current reference databases, (3) provide data on cell morphology that are
unavailable through genetic analyses alone, and (4) make our study directly comparable to previous
morphology-based studies on GFSs (e.g. Robinson and Kawecka, 2005; Fell et al., 2018; Bert et al.,
2024). Due to the high concentration of fine sediment grains and low biomass in most samples, which
severely complicated microscope analyses, a subset of samples with the highest expected concentrations
of diatom cells based on the 18S sequencing results was selected for morphological characterization.
This subset initially consisted of 79 samples: 21 from GFSs and 58 from TRIBs across the three
floodplains.

The selected samples underwent a series of cleaning and concentration processes as described by Van
der Werft, (1955). First, the benthic substrate was oxidised in 30% H>O, for 3 to 5 days. Then, they
were heated to ~100 °C for several hours to complete the oxidation. Following this, the surface layer of
fine sediment, which contained the highest concentration of diatoms, was carefully removed. This layer
was then subjected to a series of washes with distilled water. Specifically, the oxidised sediment was
placed in a plastic 15 ml centrifuge tube, and distilled water was added to the marked maximum volume.
The sample was then centrifuged at 3,500 rpm for 5 minutes. After the centrifugation, the supernatant
was discarded. This washing procedure was repeated three times to ensure that all H>O, is removed.
After the final centrifugation, a small amount of distilled water was left in the tube. The concentrated
solution was then dripped onto heated 22 x 60 mm coverslips and left to dry. The dried subsamples were
permanently mounted in Naphrax® synthetic resin and allowed to cool before storing.

Morphological identification and cell measurements were performed using an Olympus BX43 light
microscope (LM) equipped with an Olympus DP27 camera, with magnification up to 1000x under oil



immersion. Where possible, 300 diatom valves were identified to the species level based on Krammer
(1997), Krammer (2000) and Bey and Ector (2013). However, despite targeting a subset of the samples
with the greatest potential diatom densities, the combination of high concentrations of fine particles and
low cell density—particularly in the GFS samples—further limited the dataset for morphological
characterization to 20 TRIB samples: seven from OTE, six from VAR, and seven from SOY. Of these,
only 18 were successfully sequenced for 18S and rbcL, and these were used for comparison. The
resulting relative abundance dataset primarily served as a reference for validating/calibrating the
sequence data at the genus level.

Next, the most common species were examined using a JEOL IT800 Scanning Electron Microscope
(SEM) to aid in the identification of small species. Prior to imaging, a small amount of the oxidized
material was filtered and rinsed with deionized water using a vacuum pump and a 10 um IsoporeTM
polycarbonate membrane filter (Merck Millipore®). The filters were then mounted on aluminum stubs
with double-sided carbon tape and coated with a 30 nm layer of platinum at 100 mA over 30 seconds
using the BAL-TEC MED 020 modular high vacuum coating system.

2.5 Data Processing and Analysis

All the statistical analyses were performed in R (R Core Team, 2024) within the RStudio environment
(Posit team, 2024). The data were transferred from QIIME2 to R using giime2r package v. 0.99.6
(Bisanz, 2018) and analysed primarily in the phyloseq R package v. 1.84.0 (McMurdie and Holmes,
2013). Thus, unless a different package is explicitly specified, all functions mentioned below are from
this package. To explore relationships between diversity saturation and sampling depth across all
samples, the rarecurve() function within the vegan package (Oksanen et al., 2024) was used, plotting
the rarefaction curves (Fig. 2), while dplyr package was utilised to manipulate the data (Wickham et al.,
2023).

For comparability across, samples were rarefied to a sampling depth of 2,039 reads (based on the
automatically detected threshold of diversity saturation, Fig. 2) with rarefy_even_depth() function
(seed set randomly to 302 for reproducibility), discarding all samples below the threshold using
prune_samples() function. After rarefaction, the number of samples was reduced from 252 to 126 for
18S and from 173 to 151 for rbcL. All subsequent analyses were conducted on the rarefied datasets.

Comparative barplots were created to display the top 12 genera of each dataset by relative abundance.
For this, microViz (Barnett et al., 2021), microbiome (Lahti and Shetty, 2017), colorspace (Zeileis et
al., 2020), patchwork (Pedersen, 2020), and ggpubr (Kassambara, 2020) packages were used to apply a
coordinated colour scheme, adjust text size, and arrange plots.

Principal Coordinates Analyses (PCoA) were conducted using Bray-Curtis dissimilarity matrices (Bray
and Curtis, 1957) to explore patterns in ASV composition. The analyses were performed with
the ordinate() function and  visualized wusing the plot_ordination() function  from
the phyloseq package in R. To test for significant differences in ASV composition, Permutational
Multivariate Analyses of Variance (PERMANOVA) were conducted using the adonis2() function
from the vegan package. Bray-Curtis dissimilarities were calculated, and significance was assessed with
999 permutations for each matrix. Permutational Analysis of Multivariate Dispersions (PERMDISP)
was performed alongside each PERMANOVA to assess the homogeneity of multivariate dispersions,
using the betadisper() function from the vegan package. All of these analyses were performed
separately for two predictor variables: stream type and glacier floodplain, using both molecular datasets.



Differences in alpha diversity between the stream types were calculated using the
estimate_richness() function and visualised as boxplots with the plot_richness() function from
the phyloseq package. Since the assumptions of normality and homogeneity of variance were not met
for our data, statistical significance between groups was assessed using the Wilcoxon Rank-Sum test,
implemented with the wilcox.test() function from base R.
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Figure 2: Rarefaction curves for 18S (top) and rbcL (bottom) datasets. Each of the blue lines represents a single sample,
showing the cumulative number of Amplicon Sequence Variants (ASVs) detected with increasing sampling depth (number of
reads). The red dashed line detects the threshold where ASV counts begin to plateau, suggesting that this depth is sufficient to
capture most of the diversity within most samples.

The upset() function from the UpSetR package v. 1.4.0 (Gehlenborg, 2019) was used to display the
distribution of ASVs across the stream types and floodplains. The similarities between ASV

composition in the stream subsets were further tested using Jaccard similarity analysis with the
vegdist() function from the vegan package. To examine genus-level distributions across streams,



bubble plots were generated for both molecular and light microscopy data using the ggplot() function
from the ggplot2 package (Wickham, 2016). Finally, species significantly associated with specific
stream types or floodplains were identified through Indicator Species Analysis with
the multipatt() function from the indicspecies package (Caceres and Legendre, 2009).



3 Results

3.1 Taxonomic Structure of the Communities

The rarefied 18S dataset contained a total of 2,395 ASVs in 126 samples, assigned to 103 species across
42 genera. Proportions of ASVs unidentified to species (39.7%) and genus (33.3%) were substantial
even with the 0.4 confidence threshold (see Materials and Methods). The ASVs unidentified at species
level contained 25.4% of all 18S reads, while those unidentified at genus level contained 14.0% of reads.
In contrast, the rbcL. marker recognized 825 ASVs in 151 samples, but identified comparable numbers
of taxa, 139 species and 55 genera. Relatively lower proportions of ASVs could not be assigned to
species (14.1%) or genus (8.2%), accounting for 2.7 and 0.8% of all rbcL reads, respectively.

To validate and calibrate the eDNA-based (18S and rbcL) taxonomic results, a subset of 18 TRIB
samples covering all three floodplains was analysed under the LM to characterize communities based
on morphology. A total of 35 genera were found based on morphology (Fig. 3 and 4), while in
comparison, 37 genera were found in the corresponding sample set using 18S, and 42 genera were found
with rbcL. In general, both markers match morphology reasonably well, but none of them perfectly (Fig.
5). For example, 18S better captures Cocconeis (Fig. 5, red), while overestimating Navicula (orange)
when compared to rbcL and morphology. The rbcL misses Cocconeis (red) almost completely. On the
other hand, Caloneis (brown) has higher relative abundances in the molecular barplots compared to
morphological where it is nearly missed.

In general, TRIBs in the studied glacial floodplains were dominated by Reimeria, members of
Achnanthidiaceae family (mainly Achnanthidium and Psammothidium), Encyonema, Denticula,
Cymbella, Amphora, Navicula, Planothidium, Nitzschia, Cymbopleura, Caloneis, and Gomphonema,
each accounting (on average) for at least 2% of their communities (Tab. 1). In relative terms, SOY TRIB
communities were strikingly different from those from OTE and VAR, owing mainly to a considerably
higher relative abundances of Cocconeis (red), Denticula (green), Caloneis (brown), and Gomphonema
(grey). This alone suggests the existence of a regional pattern of diatom diversity across Alpine
floodplains, and was further investigated (see below).

The dominant genera (>2%) in GFSs (across 50 samples) showed similar patterns across both molecular
markers. In both datasets, the most common genera were members of the Achnanthidiaceae family
(Achnanthidium and Psammothidium), followed by Reimeria, Gomphonema, Encyonema, and
Nitzschia. However, and similar to the 18 TRIB samples above, considerable differences in relative
abundances were detected between the two genetic markers. For example, Navicula and Cymbella were
prominent in the 18S data, while Mayamaea and Pinnularia featured prominently in the rbcL data.
Notably, all four of these genera showed the highest representation in SOY, which similar to the TRIB
subset above, stood apart from the other two floodplains. However, since these samples were not
examined using LM, it is not possible to assess how these differences between methods align with the
actual taxa composition.
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Figure 3: Light microscopy (LM)
micrographs of representative diatom
species from each of the 37 genera
obtained using morphological
identification.

(1) Fragillaria tenera, (2) Diadesmis
perpusilla, (3) Adlafia miniscula,

(4) Achnanthidium minutissimum,

(5) Sellaphora ventraloides, (6) Frustulia
vulgaris, (7) Rhopalodia gibba,

(8) Geissleria acceptata, (9) Caloneis sp.,
(10) Cymbella excisiformis, (11) Eunotia
arcubus, (12) Pinnularia subcommutata,
(13) Encyonema

brevicapitatum,(14) Navicula veneta,
(15) Gomphonema cymbellicinum,

(16) Delicata delicatula,

(17) Encyonopsis cesatii, (18) Surirella
pinnata (19) Luticola arctica,

(20) Diatoma hyemalis, (21) Diploneis
krameria (22) Hantzschia calcifuga,
(23) Eucocconeis laevis,

(24) Planothidium frequentissimum,

(25) Stauroneis agrestis, (26) Amphora
pediculus, (27) Cavinula pusio,

(28) Staurosirella pinnata (29) Reimeria
sinuate, (30) Psammothidium bioreti,
(31) Denticula tenuis, (32) Cocconeis
euglypta, (33) Epithemia adnate,

(34) Cymbopleura sp., (35) Meridion
circulare, (36) Nitzschia angustata,

(37) Hannaea arcus. 10 um bar in the
bottom right corner was added for scale.



Figure 4: Scanning Electron Microcopy photographs of the most common species for each of the top six diatom genera
identified morphologically: Reimeria sinuata (1), Encyonema minutum (2), Achnanthidium minutissimum agg. (3), Denticula
tenuis (4), Cymbella excissiformis (5), and Psammothidium bioretii (6). Each image includes a scale bar representing 1 um.
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Figure 5 Genus-level comparison of taxonomic structure (i.e. relative abundance) of communities in the subset of 18 tributary
streams [TRIBs] across the three glacial floodplains (OTE - Otemma, VAR - Val Roseg, and SOY - Valsorey) as revealed by
(4) morphology, (B) rbcL, and (C) 18S rDNA. Only genera with at least 2% average relative abundance in at least one of the
three data kinds (i.e., morphology, rbcL, or 18S) are shown (color coded).
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Table 1: Per sample average relative abundances of the dominant genera in the subset of 18 tributary streams [TRIBs] across the
three datasets given as percentage + standard deviation. A diatom genus was considered dominant when its average relative
abundance reached 2% or more in at least in one of the datasets.

genus morphology rbcL 18S

Reimeria 29.8 + 25.0 29.0 + 23.7 11.1 + 135
Achnanthidiaceae 155 + 113 184 + 12.2 19.7 + 20.2
Encyonema 9.1 + 85 129 + 113 53 +57
Denticula 10.0 + 16.0 9.3 + 185 0.0 £ 0.0
Cymbella 76 + 111 34 £ 80 9.4 t 20.0
Cocconeis 59 + 16.8 0.0 £ 0.1 84 1 204
Amphora 47 + 96 44 *+ 9.1 22 1438
Navicula 40 + 58 44 + 6.8 20.2 t 16.6
Planothidium 27 + 6.6 24 + 7.7 2876
Nitzschia 1.3+ 14 20t 3.0 16 19
Cymbopleura 06+ 1.0 1.2 £ 2.2 28 £ 6.7
Caloneis 0.2 + 03 29 £ 5.2 1.3 +27
Gomphonema 11+ 14 2.2 £ 33 09 t 1.2
Others 75+t 8.1 7.6 £ 85 150 + 12.2

3.2 Influence of Environmental and Spatial Factors

3.2.1 Glacial Floodplain Influence

To investigate the influence of glacial floodplains of origin on diatom community composition, PCoA
ordination plots were generated, grouping samples by glacial floodplain for both 18S and rbcL datasets
(Fig. 6). These plots revealed a distinct separation among the floodplains, with diatom communities
from SOY clustering distinctly apart from those in OTE and VAR, particularly in the »bcL plot. In
contrast, diatom communities in OTE and VAR showed a more substantial overlap, especially in the
rbcL. ordination, indicating more similar community compositions between these two catchments.
Notably, the rbcL. data demonstrated a higher proportion of variability explained along Axis 1 by the
glacier variable compared to the 18S data, suggesting a greater role of separation between VAR and the
other two glaciers.

The glacial floodplain of origin had a significant effect on community composition in both the 18S and
rbcL datasets, as demonstrated by Permutational Multivariate Analysis of Variance (PERMANOVA).
The analysis indicated that the glacier variable accounted for approximately 14.6% of the total variance
in the 18S dataset (R?=0.15, F=10.47, p=0.001) and 20.6% in the rbcL dataset (R?=0.21, F=19.17,
p=0.001).

To investigate whether the influence of floodplain varies between stream types, separate PERMANOVA
analyses were conducted for the GFS and TRIB data subsets. Community compositions were
significantly different in both datasets. For the 18S data, the glacial floodplain of origin accounted for
approximately 16% of the total variance in GFSs (R?=0.16, F=2.61, p =0.001) and 18% in TRIBs (R?
=0.18, F =9.80, p = 0.001). Similarly, the »bcL data indicated a significant floodplain effect, with
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around 24% of the total variance explained in GFSs (R?=0.24, F'=7.36, p =0.001) and 25% in TRIBs
(R?=0.25, F=06.04, p =0.001).

The PERMANOVA test was accompanied by a PERMDISP analysis, which checks for homogeneity of
group dispersions. The test proved significant for both the 18S and rbcL sequenced data (p = 0.001),
suggesting that significant results may also be partially due to unequal dispersions among groups from
different glacial floodplains
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Figure 6: PCoA ordination plots based on Bray-Curtis dissimilarities, comparing diatom community composition across
Otemma [OTE], Val Roseg [VAR[, and Valsorey [SOY] glacial floodplain using two molecular markers - 18S (top) and rbcL
(bottom). Shape and colour of each point indicate the origin of the sample it represents. Ellipses indicate 95% confidence
intervals for each floodplain.

3.2.2 Stream Type Influence

Given the significant differences in community structure observed among the glacial floodplains, the
evaluation of differences between TRIBs and GFSs using PCoA was done for each floodplain
separately. This analysis was performed using Bray-Curtis dissimilarities, consistent with the approach
used for inter-floodplain comparisons (Fig. 7). The PCoA plots revealed differences between GFSs and
TRIBs across all three floodplains, with varying degrees of separation. The distinction between stream
types was most evident in SOY for the rbcL data (Fig. 7, panel E). Overall, the rbcL. dataset shows
clearer separation between stream types compared to 18S and explains a higher proportion of variance
on Axis 1 across all catchments. To evaluate the statistical significance of these observed patterns,
PERMANOVA analyses were performed separately for each glacier floodplain (Tab. 2).
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Figure 7: Principle coordinate analysis (PCoA) using Bray-Curtis dissimilarities derived from 18S (top row) and rbcL (bottom
row) sequenced data, with GFS (blue squares) and TRIB (orange circles) samples across three glacier catchments plotted:
Ottema (OTE; A, D), Valsorey (SOY; B, E) and Val Roseg (VAR; C, F). Ellipses show 95% confidence intervals around the
centroids of the GF'S and TRIB groups. Axis 1 and Axis 2 represent the largest and second largest proportions of variability
explained, respectively.

Table 2: Results of PERMANOVA analyses testing for community composition differences between GFS and TRIB samples
within each floodplain

Floodplain Marker F-value R? p-value Significance
OTE 18S 2.2936 0.0485 0.006 *k

soy 18S 2.9751 0.08506 0.001 oAk

VAR 18S 1.3557 0.03056 0.15 n.s.

OTE rbcL 1.9659 0.03857 0.042 *

soy rbcL 8.3144 0.17952 0.001 oAk

VAR rbcl 2.8053 0.04614 0.005 *k

The PERMANOVA results confirmed that stream type was a significant factor influencing diatom
community composition in five of the six datasets. The only exception was observed in the VAR
floodplain sequenced with the 18S marker, where the p-value (p = 0.15) exceeded the significance
threshold of 0.05. Among all datasets, the highest proportion of variance explained by stream type (R?)
was found in the SOY floodplain for both markers, consistent with the clearer separation of 95%
confidence interval ellipses in the corresponding PCoA plots. Interestingly, the OTE floodplain was the
only case where the 18S dataset explained more variability than the rbcL dataset.

To assess the validity of the PERMANOVA results, the PERMDISP test for homogeneity of group
dispersions was performed. Significant differences in dispersion were found in the 18S datasets for OTE
(p=0.003) and SOY (p = 0.009), indicating that variability in these comparisons may be partially driven
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by uneven dispersions. Consequently, the PERMANOVA results for these comparisons should be
interpreted cautiously. In contrast, the 7bcL datasets exhibited no significant differences in dispersion
(p > 0.05), providing greater confidence in their PERMANOVA outcomes.

PERMANOVA testing for the influence of stream type on the entire datasets was also conducted to
facilitate comparison with the glacier floodplain effect. Both datasets proved significant effect of this
variable. For the 18S dataset, stream type explained approximately 3% of the variability (R?=0.03, F' =
3.42, p=0.001), while for rbcL, it accounted for about 5% (R?=0.05, F=7.5, p=10.001). However, as
with the tests for the floodplain effect, the PERMDISP analysis revealed significant differences in
dispersion between groups, underscoring the need for cautious interpretation of these results.

3.3 Stream Type Diversity

To compare the overall diversity between stream types, alpha diversity indices were calculated and
displayed in boxplots across studied floodplains for both sequencing datasets (Fig. 8).
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Figure 8: Boxplots showing diatom ASV richness in GFSs (turquoise) and TRIBs (orange) across three glacier floodplains
(Otemma [OTE], Val Roseg [VAR], Valsorey [SOY]), with the 18S dataset in the top row, and the rbcL dataset on the bottom.
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The median observed richness in TRIBs ranged from 56.5 to 75, while GFSs had lower medians ranging
from 19 to 36. Similarly, in the rbcL dataset, the median observed richness in TRIBs (28 to 53) was
higher than in GFSs (16 to 22). The interquartile ranges and standard deviations reflect greater variability
in the TRIBs sequenced by 18S, whereas for 7bcL, the variability in TRIBs is lower or similar to that in
GFSs.

The boxplots highlighted clear differences in alpha diversity between GFSs and TRIBs across all glacier
catchments and utilizing both sequencing methods. TRIBs consistently exhibited higher overall richness
than GFSs. This pattern was particularly pronounced in the 18S dataset. The significance of these
differences was further tested using the Wilcoxon rank-sum test (Tab.3).

Table 3: Results of the Wilcoxon rank-sum test comparing alpha diversity (number of ASVs) between glacier-fed streams and
tributaries for each glacial floodplain across both sequencing datasets.

Floodplain Marker Test statistic (W) p-value Significance
OTE 18S 31 1.6x10* Hokk

SOY 18S 22.5 3.37x10° Hokk

VAR 18S 59 0.025 *

OTE rbcL 72.5 7.527x10* Hokk

o) rbcl 335 8.163x10°® *Ax

VAR rbcL 223 1.972x107 *

The results confirmed that alpha diversity was significantly different between stream types, both across
the entire dataset (W = 405.5, p = 1.859” for 18S; W = 1178, p = 1.004” for rbcL) and within each
glacial floodplain. The lower significance level observed for VAR in both sequencing datasets aligned
with the boxplots, where the medians for VAR were closer together compared to those of the other
floodplains in both datasets.

3.4 Community Similarities Across Sites

The number of ASVs present in each subset of the data and in their combinations was visualised using
the Upset plot (Fig. 6). The plots for both the 18S and rbcL data showed that most of the ASVs were
specific to one of the six subsets of different stream types and floodplains only (63-561 ASVs in 18S
and 35-162 ASVs in rbcL). The only exception was OTE GFS-specific ASVs in the 18S data, which
ranked lower in the order. Both methods also indicated a high proportion of ASVs shared between both
stream types within the same glacier catchment, and between OTE and VAR TRIBs. There was a
moderate representation of ASVs shared between all six stream subsets (10 in 18S; 8 in rbcL data) and
in all three TRIB subsets specifically (22 in 18S; 8 in rbcL).

The total number of ASVs within each of the six subsets differed significantly between the two methods.
The 18S dataset showed an overall higher ASV counts and a greater distinction between GFSs and
TRIBs. In contrast, the rbcL data displayed less pronounced differences between stream types, with an
unexpectedly high ASV count observed in the ‘GFS SOY’ subset.

To further investigate the turnover of taxa between pairs of stream subsets, Jaccard similarity analysis
(which, like the UpSet plot, is based on the presence or absence ASVs) was conducted (Fig. 10). For the
18S data, Jaccard similarity values were generally low across all six sample subsets, indicating limited
overlap of present ASVs, which aligned with the higher ASV counts and greater specificity observed in
the UpSet plot. In contrast, all subsets in the rbcL dataset exhibited higher Jaccard similarity values,
especially among same catchment streams.
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Figure 9: UpSet plots showing the distribution of ASVs across sample subsets of glacier-fed Otemma [GFS OTE], glacier-fed
Val Roseg [GFS VAR], glacier-fed Valsorey[GFS SOY], tributary Otemma [TRIB_OTE], tributary Val Roseg [TRIB_VAR]
and tributary Valsorey [TRIB_SOY]. Both datasets 18S (top) and rbcL (bottom) are displayed in separate plot. Vertical black
bars represent the number of ASVs shared across the different subsets (indicated by blue dots) and their combinations
(indicated by blue line connections). The horizontal bars showing glacier-fed streams in turquoise and tributary streams in
orange, indicate the total number of ASVs in each of the subsets.
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Figure 10: Jaccard Similarity Between Stream Categories for 18S and rbcL Data. Heatmaps display the Jaccard similarity
indices for diatom communities between pairs of stream categories based on ASV presence/absence data from 18S (left) and
rbel (right) sequencing. Higher values indicate greater overlap in ASV composition between subsets.

Both methods showed high similarity between both stream types of same floodplains—especially in
OTE and VAR— followed by the tributary streams of VAR and OTE, which corresponds with the UpSet
plot results. GFSs generally showcased low similarity, except for the VAR and OTE pair, where the
overlap was more pronounced.

3.5 Stream-type Specific Taxa

To explore taxonomic differences between floodplains and stream types, bubble plots of relative
abundances were created for the dominant genera in each of the six sample subsets (Fig. 11). The
sequencing data plots were accompanied by an LM data plot, displaying the genera composition in
TRIBs to provide a comparison with physically observed diatoms (Fig. 12).

The plots suggest that the high-abundance genera are often present across all stream types and
floodplains. These genera included Achnanthidium, Encyonema, Navicula, Psammothidium (with the
exception of SOY in the LM plot), and Reimeria (absent in the SOY rbcL plot). A considerably high
proportion of the displayed genera, such as Cymbopleura, Diploneis, and Encyonopsis, seemed to be
associated with the SOY glacier floodplain specifically, while some other genera like Frustulifera or
Hannaea conversely tended to be present in all streams except those associated with SOY. In the
sequencing data, few genera exhibited a strong preference for a specific stream type.

Notably, certain genera, such as Geissleria, Surirella, and Fragilaria, revealed inconsistencies in
distribution across the sample subsets, depending on the identification method. Additionally, some taxa,
while substantially represented in two of the plots, were absent in the third. This can be seen with
Denticula in the 18S plot, Cocconeis in the rbcL plot, Frustulifera in the LM plot, and several of others
(Fig.12).
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Genera abundance by 18S
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Figure 11: Bubble plots depicting genera with relative abundances >0.001 across different stream types in three catchments
(Otemma [OTE], Val Roseg [VAR], Valsory [SOY]) for 18S (left) and rbcL (right) sequencing data. Bubble size represents the
percentage abundance within glacier-fed (GFS; turquoise) and tributary (TRIB; orange) streams.
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Figure 12: Bubble plot depicting genera with relative abundances >0.001 across three catchments: Otemma [OTE] (green),
Val Roseg [VAR](purple), and Valsorey [SOY] (red) identified through light microscopy. Bubble size represents the
percentage abundance within each catchment.

The association with glacier floodplains was tested via Indicator Species Analysis (IndVal) to provide
quantitative evidence for the patterns observed in the bubble plots. This analysis confirmed that genera

appearing in only one of the glacier floodplains in the bubble plots, such as Cymbopleura in SOY,
Luticola in VAR or Placoneis in OTE, were indeed significantly associated with that specific glacier.
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The IndVal analysis identified far fewer floodplain-associated ASVs (212) in the rbcL dataset compared
to the 18S dataset (363), particularly in the OTE and SOY floodplains, where less than half the ASVs
identified by 18S were detected by rbcL.

IndVal was also applied to test for ASVs characteristic for either GFS or TRIB stream types. For the
18S data, 20 out of 2,395 detected ASVs were found to be significantly associated with GFSs, and 34
were found to be characteristic of TRIBs. Unlike in the IndVal results looking for floodplain-specific
taxa, higher numbers were observed for the rbcL dataset: of 825 ASVs, 32 were associated with GFSs
and 46 with TRIBs. ASVs with the strongest association to both stream types are listed in Tables 4
and 5.

It is important to note that several of the stream type-associated ASVs identified by IndVal were
unassigned at the species level, including some of those with the highest significance. For 18S, 15 out
of the 20 GFS-associated ASVs, and 11 out of the 34 TRIB-associated ASVs, remained unidentified.
The rbcL dataset showed similar numbers, although with a lower proportion: 14 out of 32 ASVs for
GFSs were unidentified, and 11 out of 46 ASVs for TRIBs.

Table 4: Indicator Species Analysis results for top 20 species most strongly associated with glacier-fed streams [GFS] and
tributaries [TRIBs] based on 18S data.

18S GFSs 18S TRIBs
ASV stat p.value ASV stat p.value
1 NA11 0.475066 0.005 Reimeria sinuata.7 0.720735 0.03
2 NA70 0.438584 0.005 Psammothidium papilio.26 0.718074 0.03
3 NA194 0.43856 0.01 Gomphonema micropus.10 0.712715 0.01
4 NAG600 0.40161 0.005 Gomphonema parvulum.2 0.675628 0.01
5 NA71 0.400082 0.015 Psammothidium papilio.25 0.661317 0.005
6 Navicula 0.366016 0.035 NA 78 0.648886 0.005
cryptotenella.55
7 NA481 0.359211 0.005 Encyonema silesiacum.21 0.588348 0.025
8 NAS580 0.359211 0.005 Planothidium lanceolatum.6 0.565208 0.015
9 NA196 0.357541 0.025 NA 375 0.542897 0.01
10 Encyonopsis sp.5 0.347951 0.015 Encyonema silesiacum.14 0.532032 0.035
11 0.311086 0.02 Planothidium 0.523148 0.015
Achnanthidium sp. 36 frequentissimum.2
12  Nitzschia cf. pusilla .14 0.311086 0.03 Reimeria sinuata.16 0.522346 0.025
13 Navicula 0.311086 0.015 Reimeria sinuata.62 0.516829 0.045
cryptotenella.62
14 NA72 0.306287 0.015 Gomphonema cf. 0.506753 0.035
angustatum.5
15 NA444 0.288443 0.045 Diatoma hyemalis.3 0.487698 0.035
16 NA310 0.254 0.045 NA 446 0.481227 0.02
17 NAA476 0.254 0.04 Caloneis fontinalis.2 0.481227 0.01
18 NAG563 0.254 0.04 Fistulifera saprophila.11 0.472727 0.02
19 NAS596 0.254 0.045 Mayamaea lacunolaciniata.9 0.470162 0.035
20 NAG629 0.254 0.045 NA 445 0.470162 0.025
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Table 5: Indicator Species Analysis results for top 20 species most strongly associated with glacier-fed streams [GFS] and

tributaries [TRIBs] based on rbcL data.

rbcL GFSs rbcL TRIBs
ASV stat p.value ASV stat p.value
1 Achnanthidium 0.667998 0.01 Encyonema minutum.5 0.787255  0.005
minutissimum.56
2 Mayamaea permitis.19 0.61657 0.005 Psammothidium daonense.7 0.739801 0.005
3 Encyonopsis sp.16 0.509421 0.005 Psammothidium sp.5 0.71166 0.015
4 Encyonopsis sp.3 0.463304 0.005 Encyonema silesiacum.8 0.699198 0.005
Planothidium
5 Gomphonema micropus.13 0.447214  0.005 frequentissimum.2 0.683092  0.005
Achnanthidium
6 minutissimum.11 0.445614  0.015 Adlafia minuscula.1 0.673984  0.005
7 Encyonopsis falaisensis.8 0.441819 0.03 Reimeria sinuata.15 0.672631 0.01
8 NA170 0.40874 0.02 Planothidium lanceolatum 0.663015 0.015
9 NA55 0.401609 0.015 Navicula sp..5 0.655282  0.01
10 Encyonopsis sp.24 0.4 0.005 NA 163 0.626406 0.01
11 Pinularia Pinnularia sp.5 0.395246  0.02 Gomphonema saprophilum.1 0.56815 0.005
Psammothidium
12 pseudoswazi.8 0.370189  0.005 Denticula tenuis.2 0.560355 0.04
13 NA157 0.366893  0.015 Nitzschia cf. soratensis.1 0.543233  0.005
14  Fragilaria sp. 2 0.363063  0.025 Fistulifera saprophila.2 0.525238  0.005
Psammothidium
15 pseudoswazi.6 0.346106 0.01 Rossithidium anastasiae.4 0.521889 0.02
16 Mayamaea permitis.10 0.342916 0.025 Encyonema minutum.1 0.518448 0.01
17 Adlafia minuscula.8 0.340183 0.04 Nitzschia alicae.1 0.512639  0.005
18 Nitzschia cf. pusilla.3 0.338869 0.01 Nitzschia sp..2 0.510757 0.005
19 Pinnularia sp.11 0.338178  0.025 Navicula radiosa 0.500029 0.02
20 Sellaphora saugerresii.4 0.337497 0.03 Amphora pediculus 0.494981 0.03
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4 Discussion

4.1 Taxonomical Evaluation

Besides addressing the main questions and hypotheses of this study, an initial overview was conducted
to provide insight into the taxonomic composition of diatom communities across the sampled streams,
evaluate the comparability of our findings with other studies in this field, and assess the consistency
between the methods used in taxonomic identification.

4.1.1 Diatom taxa Composition

The number of taxa identified by the molecular methods (42 genera and 103 species for 18S, and 55 and
139 for rbcL) across the sampled floodplains was comparable with findings from other studies of GFSs
in the Alps (Fell et al., 2018; Bert et al., 2024) and Canadian alpine streams (Gesierich and Rott, 2012).
Most of the genera identified as dominant in this study (by all three of our methods; Achnanthidium,
Encyonema, Psammothidium, Navicula and Nitzschia) were also reported to dominate alpine streams in
other studies (Bona et al., 2012; Gesierich and Rott, 2012; Fell et al., 2018; Bert et al., 2024). The most
notable difference was that while most other studies report Achnanthidium as the most dominant genus,
usually with 4. minutissimum as the most common species, we also found the genus Reimeria to be
well-represented Bert et al. (2024).

Achnanthidium minutissimum and Reimeria sinuata are ecologically equivalent species known from a
wide variety of streams (Frankova et al., 2009; Fell et al., 2018), and both have complex nomenclatural
histories. Reimeria sinuata was previously moved from the genus Cymbella (Kociolek and Stoermer,
1987) and has not generally been reported from high-altitude streams despite its widespread distribution
(Frankova et al., 2009; Morales et al., 2009; Kociolek, 2018). Achnanthidium minutissimum, on the other
hand, is known to be a widely dominant generalist species in alpine regions worldwide thanks to its
variety of ecomorphs that are able to grow on highly disturbed substrates in oligotrophic, cold water
(Kawecka and Robinson, 2008; Gesierich and Rott, 2012; Bert et al., 2024). However, its nomenclatural
history is even more complicated. Due to its small dimensions and high intraspecific morphological
variation (which complicate morphological analysis considerably), the taxonomic hierarchy and
classification of this species were frequently changed throughout history, ultimately resulting in the
recognition of A. minutissimum as a cryptic species complex in need of taxonomic revision (Potapova
and Hamilton, 2007; Bert et al., 2024).

Another frequently observed genus in our study was Denticula tenuis. While not generally common in
other alpine stream studies, D. tenuis was previously found to be dominant in lake outlets in a study of
Swiss Alpine streams (Hieber et al., 2001). Yet, it is worth noting that in our samples, most individuals
of this genus were associated with a single glacier floodplain (i.e., SOY). This suggests that while there
are certain trends in the community composition of alpine streams worldwide, local conditions,
stochastic factors, and applied classification systems continue to play an important role in reported
community compositions. Furthermore, changes in glacial input to catchments have already affected,
and will likely continue to reshape, diatom assemblages in GFSs (Fell et al., 2018), further increasing
the differences between past and future studies.
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4.1.2 Comparison of Different Identification Approaches

Three identification methods were applied (i.e. morphology, rbcL, and 18S) to characterize diatom
community structure, and simultaneously revealed insight into the current challenges in diatom
classification. Therefore, we also sought to examine the strengths and limitations associated with each
method, particularly in the context of biomass- and species-poor environments such as GFSs.
Differences between the three methods were evident from the outset when comparing identified genera
in the dataset of 18 TRIB samples where all three methods were applied: rbcL identified the highest
number of genera (42), followed by 18S (37), and LM (35). Although of course these values are not
identical, they are remarkably similar to each other all things considered.

Examining the composition of these samples, we found that each method assigns varying levels of
importance to different taxa. These discrepancies arise from the distinct limitations of each approach.
LM was constrained not only by the low abundances of diatoms and high debris concentrations, as
previously mentioned, but also the prevalence of very small taxa (e.g. Achnanthidium spp.), which are
difficult to identify morphologically. Furthermore, certain taxa, such as larger species of Navicula or
Hannaea, appeared more susceptible to damage during preparation, further complicating their
morphology-based identification.

On the other hand, both the 18S and rbcL barcoding methods are unaffected by high debris
concentrations, low cell abundance, and damaged frustules (FiSer Pec¢nikar and Buzan, 2014; Kabiraj et
al., 2022), thus allowing them to detect the presence of diatoms even where the morphological methods
would fail. However, both these markers have their own caveats and limitations, as evidenced by the
discrepancies between their results. For example, 18S results showed a higher degree of taxonomic
resolution (containing almost three times as many ASVs assigned to more or less similar numbers of
species and genera as in rbcL), meaning that it detected more of the intraspecific variation than rbcL.
However, at the levels of species and genera, rbcL revealed slightly more taxa, which is caused in part
by superior reference database (see Introduction), and in part by relatively low confidence threshold of
40%, which seems to enhance rbcL-based numbers faster than those obtained through 18S (e.g., when
compared to a taxonomic assignment utilizing a default 70% confidence threshold, rbcL raised from 48
to 55 genera, while 18S raised only from 40 to 42). In addition, rbcL allowed for the more complete
utilization of the dataset, leaving only 2.7% of the reads unassigned at the species level, while 18S left
a full quarter of the reads unassigned.

Aside from the already mentioned distinct reference databases, part of the differences in taxonomic
evaluation across sequencing methods can be attributed to the fundamental differences between the
barcodes. While the rbcL. gene codes for a protein, and is therefore more conserved, the 18S rDNA
encodes the rRNA composing the small ribosomal subunit, and thus contains hypervariable loop regions
that are not subject to purifying selection, leading to a greater variability of the marker and potentially
also intraspecific resolution (Zimmermann et al., 2011; Kollar et al., 2021; Kabiraj et al., 2022). Another
important factor is that the 18S data in this study were not obtained with diatom-specific 18S primers,
but rather via general microeukaryotic TAR primers (Shi et al., 2022) with lower specificity to diatoms,
which could explain its lower taxonomic resolution compared to the rbcL data, which were obtained
with primers designed specifically for diatoms (Vasselon et al., 2017). Collectively, these results clearly
suggest that the most accurate and complete insight into the taxonomic structure of diatom communities
is achieved by combining both molecular and morphological approaches.

25



4.2 Environmental and Spatial Factors

Having established a general understanding of the diatom communities present in our streams, we now
turn to addressing our first main question: do diatom species compositions significantly differ between
glacier floodplains and contrasting stream types? Based on our knowledge from previous studies, we
hypothesized that both the glacier floodplain and stream type of origin would significantly influence
community structure, with stream type having the greatest influence. While the analysis confirmed the
significance of both factors, it revealed that the glacier floodplain had a stronger influence than initially
expected.

4.2.1 The Effect of Glacial Floodplains

The glacier floodplain of origin significantly shaped the diatom community composition in our data.
Even if uneven dispersions may have had an influence on this result, more variability overall seems to
be explained by the location than by the stream type. While diatom and other algal communities are
known to be influenced by catchment characteristics such as geomorphology, altitude, and local weather
conditions (Gesierich and Rott, 2012; Fell et al., 2018), a previous study from Canadian mountains
reported similar diatom composition even between sites with fundamentally different geological
conditions and glacier sizes (Gesierich and Rott 2012). Instead, that study identified the distance from
the glacier as the primary factor influencing diatom communities, which was not the case for our data
as discussed later.

We speculate that the floodplain influence is due to two main factors: differences in water properties
(e.g. environmental filtering) and spatial structuring (e.g. dispersal limitation). The distinct clustering of
SOY in the PCoA supports this, as SOY has the most unique water properties among the floodplains,
including lower temperatures and higher levels of alkalinity, conductivity, and turbidity. Furthermore,
spatial factors have been previously found responsible for 20 — 30% of the variation in diatom
communities in freshwater lakes and streams on intermediate and regional scales (Soininen, 2007).
However, while SOY clustered separately, it was the VAR glacier floodplain that was more
geographically distant—approximately 200 km from the other two glaciers, which are themselves
separated by only 15 km. This would suggest that, in this case, environmental factors have a stronger
influence on alpine diatom community composition than spatial separation.

4.2.2 The Effect of Stream Types

Along with glacier floodplain, stream type significantly influenced diatom community structure,
although with less variability explained. Within individual glacier subsets, the distinctions between
stream types appeared clearer. Interestingly, for the VAR glacier floodplain, stream type did not emerge
as a significant factor in shaping the community composition in 18S data. This could be due to the
relatively underdeveloped TRIB area in VAR, which may reduce the contrast between stream types.
However, the rbcL data still reflected differences between stream types, even under these conditions,
further emphasizing the contrasting outcomes of the two barcoding methods.

The role of stream type in shaping benthic diatom communities may become even more pronounced in
the upcoming years as the intensity of glacier melt escalates, leading to increased glacier meltwater input
further intensifying the already harsh conditions of GFSs (Sudlow et al., 2023). After reaching the
maximum melt rate known as “peak water”, glacier meltwater input is expected to decline until it ceases
completely. In streams supported by sufficient precipitation and groundwater, differences may gradually
weaken, creating conditions comparable to non-glacier-fed streams and allowing for the development
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of similar diatom communities. Conversely, streams lacking alternative water sources might disappear
or become seasonally intermittent, intensifying the contrasts between sites (Fell et al., 2018; Huss and
Hock, 2018; Sudlow et al., 2023).

4.3 Glacial Impact on Diatom Diversity

Given past results for bacteria and the overall eukaryote community (Brandani et al., 2022), we
hypothesized lower alpha diversity for diatom communities in GFSs compared to TRIBs. Indeed, we
found this confirmed across all floodplains and datasets. The negative effect of glacial influence on
diatom alpha diversity has been previously reported in other studies of stream diatoms (e.g. Gesierich
and Rott, 2012; Thies et al., 2013; Fell et al., 2018; Bert et al., 2024). Conversely, Robinson and
Kawecka (2005) did not observe a significant difference in average species richness when comparing
two Swiss basins—one dominated by glacial melt input and the other by precipitation. However, it is
important to note that in their study differences in average species richness across entire basins rather
than stream segments with varying degrees of glacial influence were compared.

It is generally assumed that the low algal richness in streams with high glacial meltwater input is due to
the specific conditions of these habitats, such as low temperature, high discharge, turbidity, and low
organic concentrations (Robinson and Kawecka, 2005; Thies et al., 2013; Fell et al., 2018). These
challenging conditions demand specific cell adaptations for survival, filtering out loosely attached or
tall algae (Sudlow et al., 2023). Furthermore, frequent physical disturbances prevent diatom and other
algal communities from reaching a mature ‘climax’ stage, thereby maintaining density and diversity in
such streams (Bona et al., 2012). In the future, as glacial influence diminishes, and conditions become
less severe, alpha diversity in former GFSs is expected to increase, as the reduction in environmental
stressors and disturbances will enable the expansion of species that were previously unable to persist in
the harsh glacial environment (Fell et al., 2018).

4.4 Community Similarity

For the presence-absence based comparison we expected the ASV composition to be more similar
between different stream types within the same floodplain than between the same stream types of
different floodplains. This presumption was partly made based on previous research (Fell et al., 2018)
and partly on the characteristics of the floodplains’ stream web, where the TRIBs flow out into the GFSs,
which enhances the probability of encountering species washed out of their desired habitat.

The UpSet plots illustrating the distribution of ASVs across all six subsets demonstrated that the
majority of ASVs were restricted to a single stream type within a single glacier floodplain. This
specificity of some taxa to a single location does not seem to be uncommon as in other studies (Gesierich
and Rott, 2012; Fell et al., 2018), as a high proportion of identified diatom species was found to be
present in one sample only.

The higher numbers of ASVs shared between sample sets of the same floodplain compared to those of
the same stream type align with the previously observed stronger influence of floodplain location on
community composition. The overall higher count of ASVs in TRIBs corresponds to the higher alpha
diversity averages observed in these stream types. However, the disproportionately high ASV count in
the GFS SOY subset of the rbcL data was unexpected. Given that the median alpha diversity of GFS
samples was lower than that of TRIB samples in this catchment, we speculate that this high ASV count
may result from greater variability among the samples within this subset.
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Consistent with the UpSet plot, the Jaccard matrix revealed a high level of similarity for same-floodplain
pairs. However, unlike the UpSet plot, SOY stream types appeared less similar than the other glacier
pairs. Interestingly, the rbcL dataset displayed much higher similarity values for stream type pairs within
the same catchment than 18S. This observation contrasts with its previously demonstrated ability to
distinguish between these subsets in PCoA and PERMANOVA analyses. This discrepancy may be
partly explained by the use of Jaccard distances in this analysis, which focuses solely on presence-
absence data, compared to Bray-Curtis dissimilarities used in previous analyses that also account for
relative abundances. The reliance on presence-absence data in Jaccard-based evaluations might
highlight rbcL’s tendency to capture a core set of widely distributed taxa, resulting in higher similarity
values between stream type pairs. In contrast, Bray-Curtis dissimilarities likely emphasize dominant
taxa and abundance patterns, better reflecting the ecological drivers shaping community structure.

The findings from the UpSet plots, Jaccard similarity matrix, and previous analyses suggest that
similarity between TRIBs and GFSs within the same floodplain is likely to increase over time as glacial
retreat progresses and GFSs transition to more stable conditions resembling TRIBs. In contrast, the
similarity between different glacier floodplains is not expected to change significantly, as spatial factors
and environmental conditions of each catchment will continue to maintain distinct community structures
across catchments.

4.5 Stream-type Associated Taxa

Identifying species associated with specific stream types is crucial for predicting future shifts in diatom
community composition within changing floodplains. We hypothesised that while there will be more
species associated with TRIBs, specialists in the vanishing GFSs will also be present. Along with testing
our hypothesis by Indicator Species Analysis, we used bubble plots to gain an overview of general
preferences of diatom genera across stream types and floodplains.

From the bubble plots representing the genera-level composition of all six sample subsets (i.e.
floodplain vs. stream type), it was observed that the most abundant genera, such as Achnanthidium,
Reimeria, Navicula, Psammothidium, and Encyonema, were present across all subsets and methods.
These genera have also been recognized as generalist taxa found across multiple stream types in previous
studies (Cantonati et al., 2001; Hieber et al., 2001; Gesierich and Rott, 2012), with the exception of
Reimeria, which has been identified as preferentially associated with low-glacial input streams (Fell et
al., 2018; Bert et al., 2024). Less abundant genera, such as Sellaphora, Geissleria, and Caloneis,
exhibited preferences for specific floodplains and often varied depending on the identification method.
Consistent with earlier findings, the genera composing the SOY glacier floodplain differed notably from
the other two.

While no clear stream-type preferences for any genera were recognised from the bubble plots, this
limitation was addressed through the implementation of the Indicator Species Analysis. In this analysis,
individual ASVs characteristic for a particular glacial floodplain and/or stream type were identified.
Interestingly, while more ASVs were identified as being characteristic for individual floodplains using
the 18S dataset, the rbcL dataset revealed more ASVs characteristic of a given stream type. In both
datasets, a consistently greater number of ASVs were significantly associated with TRIBs, aligning with
the higher alpha diversity observed for this stream type, given the stricter filtering effect of the GFSs
due to their harsh environmental characteristics, as previously discussed. Notably, except for ASVs from
the Achnanthidium minutissimum complex, other species such as Diatoma mesodon, Hannaea arcus,
and Meridion circulare—taxa that are commonly recognized in other studies as representative of
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streams with the highest glacier input (Hieber et al., 2001; Robinson and Kawecka, 2005; Kawecka and
Robinson, 2008; Gesierich and Rott, 2012; Bert et al., 2024)—were not given the same status in our
data. Conversely, taxa previously associated with low glacial influence in these same studies, such as
Mayamaea permitis, Navicula cryptotenella, and Reimeria sinuata, were found to be characteristically
associated with GFSs in our study.

The use of ASVs instead of species in this analysis, along with incomplete database entries, resulted in
a significant number of unidentified taxa, underscoring the challenge of fully capturing biodiversity.
Furthermore, some species were associated with multiple stream types, reflecting the cryptic diversity
within these groups. Despite these challenges, identifying taxa specific to streams with high glacial input
remains critical due to the vulnerability of this habitat type to glacier retreat.

Among the species strongly associated with TRIBs, one (Encyonema silesiacum) was classified as
extremely rare, one (Psammothidium daonense) as under a threat of unknown extent, and another
(Nitzschia acidoclinata) was included on the watchlist in the Diatom Red List of Germany (Hofmann,
2018). In GFSs, three species—FEncyonopsis falaisensis, Pinnularia subcommutata, and Pinnularia
subcommutata var. nonfasciata—were also identified as under a threat of unknown extent. Considering
the number of unidentified taxa and species not included on the list, it is likely that the actual number of
endangered or threatened species is considerably higher, which is especially important for the GFSs.

This concern is underscored by Fell et al. (2018), who identified six diatom species exclusive to high-
glacial input sites that were absent from the Diatom Red List of Germany. Such findings highlight the
need for a reclassification of endangered diatom species, especially as these glacial specialists are among
the most threatened by glacier retreat driven by global warming. In contrast, the expansion of the more
stable habitats of precipitation- and groundwater-fed streams could provide a refuge for endangered and
rare diatom taxa specifically associated with these stream types. These taxa currently appear to
outnumber the endangered or rare species specialized for GFSs (Fel et al., 2018; Bert et al., 2024).
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5 Synthesis and Outlook

5.1 Key Findings and Implications

This study set out to explore the impacts of glacier retreat on diatom communities inhabiting the streams
of alpine floodplains, combining traditional morphological and molecular methods to provide a
comprehensive understanding of these fragile ecosystems. By examining diatom assemblages in both
glacier-fed streams (GFSs) and their non-glacial tributaries (TRIBs) across three Alpine floodplains in
Switzerland, we captured the dynamic interplay between community structure and environmental
change.

Our study suggests that: a) both stream type and floodplain location significantly influence diatom
communities, with location likely providing the first and stream type the second environmental filter for
the diatom flora; b) TRIBs exhibit significantly higher diatom diversity compared to GFSs, likely due
to their more ‘relaxed’ environmental conditions and reduced frequency and magnitude of disturbances;
and ¢) species composition is more similar between both stream types within the same glacial floodplain
than between different glacial floodplains of the same stream type, emphasizing the role of localized
factors. Lastly, d) Indicator Species Analysis identified distinct taxa associated with each stream type,
with TRIBs hosting a greater number of ASVs characteristic of this habitat type than GFSs. Finally, e)
while different identification methods (i.e. morphology, 18S, rbcL) showed consistent trends at the
community level, they revealed discrepancies in taxonomic identification and resolution, highlighting
the limitations of individual approaches and the value of combining techniques to achieve the most
accurate and comprehensive picture of diatom communities.

5.2 Current and Future state of Glacial Floodplains

Based on this research and other investigations on this topic, we suggest that streams with high glacial
influence are primarily dominated by pioneer species characterized by high resilience. These taxa exhibit
traits such as low-profile growth forms, motility, strong attachment to substrates, small sizes and quick
grow rates, which enhance their ability to recolonize streams rapidly following frequent disturbances
(Hieber et al., 2001; Sudlow et al., 2023; Bert et al., 2024). Many of these species, such as those from
the genera Achnanthidium, Psammothidium, Encyonema, Fragilaria, and Gomphonema, are generalists
that are also present in non-glacial streams. In contrast, a smaller number of specialist taxa, which are
strictly adapted to GFS conditions, were identified, including Mayamaea permitis, Nitzschia pusilla,
and Encyonopsis falaisensis in our study (Gesierich and Rott, 2012; Fell et al., 2018).

Non-glacial streams, on the other hand, tend to host a greater variety of loosely attached taxa with higher
motility, larger cell sizes, and lower resistance to strong flow conditions. Examples include species from
the genera Nitzschia and Navicula, which were often absent from GFSs (Hieber et al., 2001; Sudlow et
al., 2023; Bert et al., 2024). As the conditions of GFSs are expected to shift toward those of non-glacial
streams due to glacier retreat, these non-glacial taxa are anticipated to spread and potentially outcompete
GFS specialists. This expansion of non-glacial specialist species is likely to increase alpha diversity
within streams; however, the replacement of glacial specialists with non-glacial taxa will likely reduce
beta diversity between stream types (Fell et al., 2018). Other studies investigating abundance have also
reported an overall increase in diatom and algal density with decreasing meltwater input (Hieber et al.,
2001; Rott et al., 2006; Fell et al., 2018).
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Changes in the volume and composition of primary producers could have cascading effects on higher
trophic levels (Sudlow et al., 2023). The positive impact of glacier recession on alpha diversity has also
been documented in other components of the stream food web, including microbes, bacteria, other algae,
macroinvertebrates, nematodes, and rotifers (Rott et al., 2006; Wilhelm et al., 2013; Fell et al., 2018;
Brandani et al., 2022). This suggests that either different trophic levels exhibit similar responses to
decreasing glacier input or that food web connections in these ecosystems are particularly strong (Fell
etal., 2018).

5.3 Complicating Factors and Uncertainties

The future state of glacial floodplains will depend on other numerous factors, many of which are difficult
to predict. A notable proportion of streams may dry out or exhibit intermittent flows, potentially
reducing species diversity or selecting for organisms with desiccation resistance (Kawecka and
Robinson, 2008; Sudlow et al., 2023). Additionally, the expected reduction in the movement of so-called
glacial flour (i.e. fine particles grazed off the surrounding rocks by glacier movement) could lower
phosphorus and nitrogen inputs into the stream network, making some nutrients less accessible (Sudlow
etal.,2023). Although Fell et al. (2018) did not find a significant correlation between taxonomic richness
and NOs or DOC, broader shifts in nutrient cycling could still alter the ecological functions that diatoms
and other algae provide within the food web (Sudlow et al., 2023). For instance, epilithic algae in harsh
glacial streams have been found to exhibit higher nutritional quality compared to those in more moderate
streams (Niedrist et al., 2018). However, this difference may be partially offset by the higher algal
biomass typically observed in non-glacial streams. At the same time, changes in water quality driven by
glacial recession could create favourable conditions for algal blooms, such as those of Didymosphenia
geminata (Brahney et al., 2021; Bert et al., 2024).

Making predictions about the effects of reduced glacial input is further complicated by the interplay of
local weather conditions, seasonal patterns, geological factors, and pure spatial effects, all of which vary
significantly across different locations (Hieber et al., 2001; Fell et al., 2018; Sudlow et al., 2023). Our
study has demonstrated a strong influence of location, even at relatively small spatial scales. Moreover,
differences in glacier ablation rates, driven by these environmental conditions, mean that changes will
occur at varying paces across different regions, potentially altering the ecological outcomes (Fell et al.,
2018).

Altogether, these factors make identifying general patterns in global alpine floodplains challenging. The
complexity of interacting variables underscores the need for localized studies and adaptive conservation
strategies tailored to the unique conditions of each floodplain.

5.4 Comparison of Identification Methods

Building on the insights gained from our analysis, it is clear that each identification approach offers
distinct advantages and faces specific limitations. DNA barcoding methods, in general, provide a
relatively low-cost, time-efficient tool capable of identifying species from minimal amount of samples.
These methods excel in handling large datasets and are invaluable for uncovering hidden biodiversity,
particularly by distinguishing cryptic species (FiSer Pe¢nikar and Buzan, 2014; Hubert and Hanner,
2015; Kabiraj et al., 2022). However, their effectiveness is constrained by incomplete reference
databases—an issue particularly pronounced in diatoms, where many species have not been successfully
cultured—and by the current inability to achieve 100% taxonomic accuracy, especially given the
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complex species concept and phenotypic plasticity in algae (Hebert and Gregory, 2005; FiSer Pe¢nikar
and Buzan, 2014; DeSalle and Goldstein, 2019; Kabiraj et al., 2022).

Morphological identification, while limited by its dependence on specialized taxonomists, time-
consuming procedures, and inability to distinguish cryptic species, offers unique advantages. As
demonstrated in our study, it requires high-quality samples but allows for the recognition of additional
traits such as cell size, motility, viability, and the precise location of organisms at the time of sampling
(Fiser Pecnikar and Buzan, 2014; Rees et al., 2014; Kabiraj et al., 2022). These insights are critical for
understanding diatom ecology and their roles within stream environments.

Our results highlight the complementary nature of these approaches. While the 18S barcoding method
detected the highest number of ASVs and demonstrated strong resolution at this level, #bcL barcoding
identified more taxa at the genus and species levels and showed better differentiation between stream
types. Morphological identification, despite its limitations in stream type comparisons, proved crucial
for setting the confidence thresholds for molecular methods, ensuring that taxonomic assessments reflect
true community compositions as closely as possible. However, the comparison of methods in our study
was limited by analysing only a small subset of the total samples, which may influence the
generalizability of these findings and underscores the need for further comprehensive evaluations.

5.5 Future Prospects

Looking forward, our findings provide a solid foundation for understanding the ecological impacts of
glacier retreat on diatom communities in alpine floodplains, yet they also highlight critical areas for
future research. A key priority should be the supplementation of reference libraries to address the
limitations of DNA barcoding, particularly for diatoms, many of which remain uncultured and
undescribed. Special attention should be given to identifying and characterizing the currently
unidentified species unique to glacier-fed streams, as understanding their ecological roles is crucial for
assessing the impacts of glacial loss. Furthermore, this study emphasizes the importance of combining
morphological and molecular methods in similar assessments of diatom communities, as this integrative
approach provides the most accurate and comprehensive results. Finally, exploring the relationships
between diatoms and other components of the stream food web, such as microbes, macroinvertebrates,
and higher trophic levels, will be essential to fully grasp the cascading ecological effects of glacial
meltwater reduction. By addressing these priorities, future research can further unravel the complexities
of alpine stream ecosystems and contribute to their conservation in the face of rapid environmental
change.
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