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ABSTRACT

Polar coastal waters are highly complex and productive ecosystems that experience increasingly higher average water tempera-
tures, shallower and stronger stratification, and higher glacier-melting rates. Yet, the environmental complexity and high micro-
bial diversity within fjords pose challenges to understanding the impacts of these changes and the ecological processes driving
them. Here, we studied protists and prokaryote communities, their distribution, and functional ecology along the northern
Norwegian coast in summer 2019 using SSU rRNA gene metabarcoding. Physicochemical data provided insights into the main
drivers for differences in plankton communities. We found significant differences in alpha and beta diversity among the different
fjords and between the western (Vesteralen, Balsfjorden, and Lyngenfjord) and northern areas (Porsangerfjord, Laksefjord, and
Tanafjord). Temperature, salinity, and phosphate are the main drivers for community composition differences, positively correlat-
ing with the western fjords and negatively with the northern ones. Metabarcoding analyses revealed dinoflagellates, cryptophytes,
and ochrophytes as the most abundant groups on the north Norwegian coast and confirmed the bloom of the ichthyotoxic hapto-
phyte Chrysochromulina leadbeateri in Balsfjorden. Our comprehensive spatial study of communities and key contributors across
different fjords set a baseline for future environmental monitoring of these unique and productive ecosystems, which are subject
to rapid environmental changes.

1 | Introduction

Marine coastal areas are among the most productive ecosys-
tems in the world (Muller-Karger et al. 2005). Marine plank-
tonic protists, unicellular eukaryotes, include primary producers
(phytoplankton), heterotrophs, mixotrophs (which are both pho-
totrophic and heterotrophic), and parasites that are essential
in sustaining this productivity as well as other ecosystem func-
tioning and biogeochemical processes at large scale (Massana

etal. 2011; Sherr and Sherr 2002; Worden et al. 2015). Specifically,
within the marine unicellular plankton communities, protists
account for about one-third of the total marine pelagic biomass
(Bar-On et al. 2018), and play a critical role in marine carbon
cycling by both fixing carbon dioxide (CO,) through autotrophy
(oxygenic photosynthesis) and incorporating organic carbon
through phagotrophy, thereby influencing the productivity and
stability of higher trophic levels and overall ecosystem function-
ing (Ptacnik et al. 2008; De La Rocha and Passow 2007). While
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protists are significant contributors to marine carbon cycling,
they interact closely with bacteria and some archaea, collectively
shaping the base of the marine food web (Worden et al. 2015).

Climate change induces temperature increases about four times
faster in polar than temperate regions (Rantanen et al. 2022).
As a result, polar (coastal) waters have experienced higher av-
erage summer temperatures and stronger, shallower stratifi-
cation since the late 20th century, accompanied by increased
rates of glacier melt relative to pre-1990 conditions (Rantanen
et al. 2022). Additionally, increased water temperatures change
the extent and timing of the phytoplankton growth season
(Coello-Camba and Agusti 2017). These environmental changes
represent fundamental stressors for aquatic organisms in polar
fjords and the adjacent coastal systems. Higher temperatures
and freshwater input from increased precipitation and snow
and ice melt lead to stronger stratification, less mixing and nu-
trient exchange with deep waters, and, therefore, to alterations
of microbial community structure at the land-sea interface (Fu
et al. 2016; Rhein et al. 2013).

The fjord systems in Northern Norway are influenced by the
Norwegian Coastal Current (Wassmann et al. 1996), as well as by
both the North Atlantic Current/Norwegian Sea and the Barents
Sea water masses. Two regions with different environmental
conditions can be defined along the Northern Norwegian coast:
(i) the temperate to sub-polar North-Western fjords and the
Vesterdlen archipelago region in the Nordland and Troms coun-
ties, which are strongly affected by the Norwegian Sea water,
Norwegian Coastal Current, and the Lyngenfjord, the transition
area to the Barents Sea (Skjoldal and Saetre 2004); (ii) the polar
to sub-polar northern fjords along the Finnmark coast that have
a strong polar influence from the Barents Sea and a warmer
water influence from the Norwegian Coastal Current, which fol-
lows the coast eastwards toward Novaya Zemlya (Russia) during
summer (Sakshaug et al. 2009). Only some Norwegian fjords,
such as Porsangerfjord, experience sea ice during winter and
spring (Wassmann et al. 1996), whereas others, such as Balsfjord
and Malangen, are ice-free all year-round (Archer et al. 2000).
Further, Norwegian fjords usually have a pronounced landlocked
character due to a sill, a generally large depth and length, and
intermittent periods of bottom water stagnation, during which
reduced circulation can lead to oxygen depletion. The fjords in
Northern Norway receive less freshwater input than those in
Western and Southern Norway, except for spring and summer,
when riverine and snowmelt runoff significantly alter their hy-
drography (e.g., Svendsen 1995). The most northern fjords, such
as Porsangerfjord, Laksefjord, and Tanafjord, are broader at their
mouth and have a larger input of cold Barents Sea water than
those further south, allowing for greater water exchange with
oceanic water (Wassmann et al. 1996).

Hydrodynamic conditions strongly influence the composition and
distribution of plankton communities. On a larger scale, plankton
populations are transported northwards by the inflow of water from
the Norwegian Sea and the Norwegian coastal current, becoming
part of the Barents Sea community composition and produc-
tion system (Hegseth and Sundfjord 2008; Sakshaug et al. 2009).
Previous studies of Northern Norwegian fjords, based on micro-
scopically identified taxa, have found a similar phytoplankton
species composition among fjords north of 69°N in the Barents

Sea (Degerlund and Eilertsen 2010). A characteristic feature of the
fjords along the Barents Sea is that spring phytoplankton bloom
concentrations are low, and primary production is more spread
throughout the whole growth season. This is contrary to what is
common further south with pronounced spring bloom, summer
recession, and autumn bloom (Eilertsen and Frantzen 2007). The
homogeneity of the Atlantic water mass density and the regular
wind conditions along the Norwegian Sea coast result in a deep-
water column mixing during winter, followed by a slow stabiliza-
tion during spring and early summer. Consequently, this results
in changes in the growth of photosynthetic protist groups (phy-
toplankton), ranging from more constrained to more prolonged
periods (Behrenfeld et al. 2013; Paulsen et al. 2015). Therefore,
studying multiple fjords to enhance the spatial resolution of plank-
ton communities is important, as this will provide a more compre-
hensive understanding of the region's diverse and dynamic marine
ecosystems. Due to the gradual differences in environmental con-
ditions across Northern Norway, this region is a prime location
to study the rapid transition of ecosystems in response to climate
change, specifically, changes in the diversity of marine microbes
in temperate and sub-Arctic fjords. Yet, phytoplankton does not
solely respond to abiotic factors during spring. Together with other
organisms such as zooplankton and bacteria, they form interactive
communities within the realm of planktonic food webs (Carmack
and Wassmann 2006). Bacterial nutrient recycling, competitive in-
teractions, and the release of organic compounds by phytoplank-
ton are among the complex, temporally dynamic interactions
between phytoplankton and bacteria (Buchan et al. 2014). Several
studies have analyzed the bacterial community composition ac-
companying spring blooms, and members of bacterial groups such
as Flavobacteria, Gammaproteobacteria, and Alphaproteobacteria
are typically observed during spring, accompanied by lower
species diversity during bloom events (Buchan et al. 2014; Raes
et al. 2022). Prokaryotic springtime dynamics additionally show
spatial separation between fjords, reflecting variations in envi-
ronmental parameters such as time and nutrient concentration
(Piquet et al. 2016).

Here, we present an extensive spatial study of the coastal micro-
bial community composition, including protists and co-occurring
prokaryotes across different polar fjords in sub-Arctic areas, using
a metabarcoding approach during the cruise HE533 aboard the
R/V Heincke in 2019. We investigated the Vesterdlen archipel-
ago (Lofoten) and five sub-Arctic fjords: Balsfjord, Lyngenfjord,
Porsangerfjord, Laksefjord, and Tanafjord in Northern Norway.
During this cruise, massive fish kills took place in Balsfjorden
due to blooms of the haptophyte phytoflagellate C. leadbeateri
(Aalto et al. 2023; John et al. 2022; Otte et al. 2025). The main
aim of this study is: (i) to describe the protist community and as-
sess taxonomically the trophic mode distribution in fjords along
the Northern Norwegian Coast, (ii) to compare the protist com-
munity composition and diversity between fjords in temperate
and sub-Arctic areas, and (iii) to identify possible abiotic and
biotic factors that may explain some of the differences in com-
munity composition, relative abundances, and potential trophic
functions by protists within and among the investigated fjords
and their corresponding regions. Our study contributes to un-
derstanding and identifying potential environmental drivers and
factors that impact plankton structure, and helps better monitor
and understand these unique and productive ecosystems, which
are subject to rapid environmental changes.
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2 | Materials and Methods
2.1 | Oceanographic Measurements

Seawater samples and CTD data were collected onboard R/V
Heincke (HE533) between 20.05.2019 and 06.06.2019 at six
transects along the Northern Norwegian coast: Vesterdlen
(North-West of Lofoten in the Nordland County), Balsfjord and
Lyngenfjord in the Troms County, Porsangerfjord, Laksefjord,
and Tanafjord in Finnmark County (Figure 1).

2.2 | Sampling Plankton and Water

Water column profiling was carried out with a Seabird’ SBE911+’
CTD probe with additional turbidity (WetLabs FLNTU; detec-
tion limit: 0.015umL!), oxygen (SBE43; initial accuracy: +/—
2% of saturation), and fluorescence (WetLabs FLNTU; detection
limit: 0.0015m™") sensors attached to a water sampling rosette
with 10L Niskin bottles. Before sampling, a CTD cast was per-
formed at each station to measure conductivity, temperature,
and pressure along a vertical transect through the water column.
Salinity, density, and depth were calculated from these measure-
ments, and the depth of the sub-surface chlorophyll maxima
(SCM, variable per station) was determined. Real-time CTD data
were obtained via the CTD-client onboard and post-processed
with the software Seasoft V2. The mean value from three depths
(3, 15, and 40m) of each parameter was calculated and used
in further analyses (Table S1). The CTD data are available in
Pangaea (John and Wisotzki 2019), and detailed post-processing

of the complete CTD workflow is given within the HE533 Data
Processing Report (Rohardt 2019).

For nano- and picoplankton as well as for bacterial plankton, a
total of 24L of seawater was collected from three depths using
Niskin bottles (3m, SCM, which varied between 8-28m, and
40m) with 8L each and subsequently pooled. A pre-filtration was
performed using gravity filtration over a filter tower set-up with
200um on top and 20 um mesh sieves below. Twenty liters of the
filtrate were further size-fractioned by in-line filtrations through
3um and 0.2um polycarbonate (PC) membrane filters (147 mm
diameter, Millipore) with a Sartorius Tripod filtration unit and
a peristaltic pump for a maximum duration of 30min, yield-
ing two size fractions: nanoplankton (20-3um) and picoplank-
ton (3-0.2um). Filtration of these size fractions was adjusted to
as gentle as possible while still allowing the filtration of approx.
10 Liters in time, avoiding changes in temperature and limiting
plankton community activity changes. However, sensitivity was
always more important than volume, and for each station the vol-
ume was noted. A microplankton size fraction (200-20 um) was
obtained from 60 L collected at the same depth as described above
using a hose and a membrane pump (QBY-25 SS; AGB-Pumpen,
Germany), prefiltered with gravity filtration through 200um and
collected on a 20 um mesh sieve. Retentates from the filter tower
and membrane filters were backwashed with 0.2 um-filtered sea-
water, adjusted to a total volume of 45mL, and split into three al-
iquots of 15mL. Cell suspensions were centrifuged for 15min at
3600g at 4°C, and the pellets were resuspended with 700 uL DNA
lysis buffer. The 147 mm filters from the smaller cell fractions were
cut into equal quarters for distinct purposes (e.g., DNA extraction,
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FIGURE1 | Location of the six transects. Stations 2-6 are in Vesterdlen Archipelago, st. 7-10 in Balsfjorden, st. 11-16 in Lyngenfjorden, 17-20 in

Porsangerfjorden, 21-23 in Laksefjorden, and 25-28 in Tanafjorden, Northern Norway.
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RNA extraction, metabolomic analyses). For DNA extraction, one
filter quarter from each filter size was folded and placed carefully
into vials with glass beads, covered with 700 L SL1 buffer from
the NucleoSpin Soil kit (Macherey-Nagel, Diiren, Germany), vor-
texed, and frozen at —20°C until further processing.

2.3 | Nutrient Analyses

Samples for inorganic nutrient analyses (nitrate, nitrite, am-
monium, phosphate, and silicate) were collected directly from
the Niskin bottles at three depths (3, 15, 40m) per station and
immediately stored at —20°C. Nutrient concentrations were
determined with a continuous-flow autoanalyzer (Evolution
III, Alliance Instruments, France) using standard seawater an-
alytical methods for determination of concentrations of nitrate
and nitrite (Armstrong et al. 1967), ammonium (Koroleff 1969),
silicate (Grasshoff et al. 1999), and soluble reactive phosphate
(Eberlein and Kattner 1987) (Table S2; Figures S1, S2). For each
chemical parameter and station, a depth-averaged concentra-
tion was calculated using the trapezoidal method. This approach
computes the area under the concentration-depth curve for each
interval between the three sampling depths, sums these areas,
and divides by the total depth range to obtain a depth-weighted
average concentration (mmolm™3; Table S1). This method was
preferred to ensure comparability with the DNA samples, which
were collected over the same 0-40 m water column.

2.4 | Metabarcoding of Eukaryotic and Prokaryotic
SSU rRNA Genes

DNA was extracted using the NucleoSpin Soil kit (Macherey-
Nagel, Germany) following the manufacturer's protocol. For the
cell lysis step, a bead beater (MagNA Lyser, Roche) was used to
break up the cells. PCR amplification and library construction
were performed as described in Illumina’'s 16S rRNA gene me-
tabarcoding sequencing library preparation (https://support.
illumina.com/downloads/ 16s_metagenomic_sequencing_li-
brary_preparation.html, doc.no:15044223B), with slight modifi-
cations for 18S rRNA gene amplicon preparation. The prokaryotic
community composition was determined using primers targeting
the V4 hypervariable region (515F—806R) (Weydmann-Zwolicka
et al. 2024), and eukaryotic DNA was amplified by targeting
the V4 18S rRNA gene using the primers TA-Reuk454FWD1—
TAReukREV3 (Stoeck et al. 2010) with overhanging Illumina
adapters. Briefly, the 25-ul PCR reaction mix consisted of 2.5uL
of genomic DNA (5ngul™!), 5uL of 1uM Next. Rev. primer and
12.5uL of 2x KAPA HiFi HotStart ReadyMix (KAPABiosystems,
Boston, US). The PCR program included an initial denaturation at
95°C for 3min, followed by 25cycles of denaturation at 95°C for
30s, annealing at 55°C for 30s, extension at 72°C for 30s, and a
final extension at 72°C for 5min. PCR reactions were cleaned with
AMPure XP beads (Beckman Coulter Life Sciences, Indianapolis,
US), validated with the 2100 Bioanalyzer (Agilent), and pooled
in equimolar concentrations. The amplicon libraries were se-
quenced using the MiSeq Reagent Kit v3 (600-cycle) MS-102-3003
in a MiSeq Sequencer (Illumina) at the AWI. Raw metabarcod-
ing sequences are publicly available in the European Nucleotide
Archive (ENA) under the accession number ERP134612 (https://
www.ebi.ac.uk/ena/browser/view/ERP134612).

2.5 | Bioinformatic Processing

Primers and spurious sequences were trimmed with CUTADAPT
2.8 (Martin 2011). The DADAZ2 pipeline (Callahan et al. 2016) was
used to quality-filter, trim, remove chimeras, and denoise reads
into amplicon sequence variants (ASVs). The taxonomic assign-
ment was performed against the Protist Ribosomal Reference
Database (PR2 v.4.12, Guillou et al. 2013). In total, 5150 ASVs
were generated and taxonomically annotated at least to the
phylum level by DADA2 and PR2 and phylogenetic placement
(Supraha et al. 2022). To assign ASVs to trophic modes (autotro-
phic, heterotrophic, mixotrophic), each ASV was first matched to
the HELCOM dataset (Olenina et al. 2006) and to the functional
traits table compiled by Schneider et al. (2020), both of which
provide trophic mode information at the species level. ASVs that
lacked species-level matches in these datasets were subsequently
checked against the PR2 classification, which assigns trophic
modes at the class level (Guillou et al. 2013). Dinoflagellate
ASVs that could not be confidently assigned to phototrophic,
mixotrophic, or heterotrophic categories based on the available
literature were retained as dinoflagellates_ UT (unknown trophic
mode). After this second classification, some non-dinoflagellate
ASVs were still not assigned and were left as Unknown Trophy.

2.6 | Statistical Analyses

Statistical analyses and plots were performed in R software v.3.6.1
(R Core Team 2020) using multiple R packages. The station map
was generated with custom-adapted versions of the ‘get.bathym-
etry’ and ‘plot. bathymetry’ functions (https://github.com/marko
lipka/ggPlotBathy/blob/master/ggPlotBathymetry.R). Treemap
plots representing the entire Northern Norway protist community
composition were produced based on read abundance and ASV
richness using the ‘geom_treemap’ option in the ggplot2 package
(Wickham 2016). The dataset was rarefied to even sample sizes
using the ‘rarefy_even_depth' function in the phyloseq package
(McMurdie and Holmes 2013) to compare communities among
stations and fjords. Due to large read-number differences between
size fractions, rarefaction was carried out on separate size-fraction
datasets to their minimum sample size (6974 picoplankton,
48,970 nanoplankton, 6893 microplankton), after which all size
classes were merged into a single dataset for comprehensive anal-
ysis. The ‘plot-anova-diversity’ function in the microbiomSeq
(Ssekagiri 2020) package was used to calculate alpha-diversity
community metrics (Shannon, Evenness, Richness), perform
pairwise ANOVA between stations and fjords, and generate box-
plots of the results with annotations at a 0.05 significance level.
The unique and shared ASVs at each fjord were identified by cre-
ating and visualizing a fjord intersection matrix with the ‘upset’
function in the UpSetR package (Conway et al. 2017).

To obtain beta-diversity matrices, the community data was first
Hellinger-transformed as recommended for the ordination of
species abundance data (Legendre and Gallagher 2001) with
the ‘decostand’ function, and ‘vegdist’ was subsequently used to
compute Bray-Curtis dissimilarities (Bray and Curtis 1957) in the
vegan package (Oksanen et al. 2020). The relationship between
protist community composition and environmental variables
was explored using the distance-based Redundancy Analysis
(db-RDA) with the ‘dbrda’ function and the Permutational
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Multivariate Analysis of Variance (PERMANOVA) with the
‘adonis2’ function in the vegan package (Oksanen et al. 2020).
A db-RDA significance model was tested using permutational
analysis for the overall model and the significance of individual
factors, as in Table S1, following the code published by Juottonen
et al. (2020). Distance-based redundancy analyses were then per-
formed on the relative proportions to determine how the signifi-
cant factors correlate with the taxonomic divisions, the ten most
abundant ASVs, and the different trophic modes.

2.7 | Artificial Intelligence Tool

Grammarly (Grammarly Inc.) was used for grammar and lan-
guage editing of this manuscript. All scientific content is the re-
sult of the authors’ work alone.

3 | Results

3.1 | Spatial Variations of Physicochemical Factors

Water temperatures (average of 3, 15, and 40m depth) varied
among stations from 2.85°C to 6.55°C (mean 5.01°C; Figure 2)
and were warmer in the more western fjords (Table S1). Also,
transect plots showed the water column at the inner part of the
fjords to be colder than at the outer stations (Figure S1). Salinity
varied slightly among stations (32.1-34.3, mean 34 PSU), with the
lowest registered at st09, inner Balsfjord (Figure S1). The aver-
age integrated phosphate concentration was 0.33uM and varied
among stations, with the lowest values found at st05 (Vesteralen,
0.12uM) and the highest at st16 (Lyngenfjord, 0.54 uM). Nitrate
(NO,) positively correlated with phosphate (PO,), silicate (SiO,),
and nitrite (NO,). NO, correlated positively with PO, and am-
monium (NH,), whereas temperature, PO, NO, and NO, cor-
related negatively with oxygen concentration (ANOVA, p <0.05,
Figure S4). Chlorophyll a (chl-a) values at SCM (chlorophyll
maximum depth) varied between 0.4 and 4.5 ug L' across all sta-
tions except at st10 (Balsfjord), where the concentration reached
17.4ugL~!. Detailed nutrient and chl-a distributions are shown
in Figures S2 and S3 and in Table S2 for all depths.

3.2 | Northern Norway Protist Community
Composition

Sequencing and initial quality filtration with the DADAZ2 pipeline
resulted in a total of 13,907,302 18S rRNA gene reads (5150 ASVs,
Table S3) with an average fragment length of 383 bp, ranging be-
tween 245 and 459 bp. A second manual filtration was performed,
consisting of removing all Metazoa, higher fungi (Basidiomycota,
Ascomycota), and Viridiplantae (Embryophyceae), as well as se-
quences identified as nucleomorph genes of cryptophytes, bacte-
ria, and chimeras. This filtering step resulted in 9,547,978 reads
corresponding to 4231 ASVs (Table S3).

In the total ASV dataset, 126 ASVs were identified as abundant,
each contributing more than 0.1% to the total sequence reads.
Collectively, these abundant ASVs account for 83% of the total
reads. In contrast to the abundant ASVs, 4016 ASVs each con-
tributed less than 0.05% of the total reads, collectively accounting

for only 10.7% of the dataset. The remaining 6.3% of the reads
were composed of ASVs that each contributed between 0.05%
and 0.1% of the total reads. Most (97.6%) of the ASVs could be
taxonomically assigned to at least the Phylum level (Figure S5).
The remaining 2.4% were assigned as unclassified eukaryotes.
The infrakingdom Alveolata contributed most to ASV richness
(40.9% of ASVs), followed by Stramenopiles (24.5%) and Rhizaria
(10.3%). Hacrobia was the most abundant group in terms of read
numbers (31.1% of total reads), followed by Alveolates (28.8%)
and Stramenopiles (19.6%). Archaeplastida, Opisthokonta,
Amoebozoa, Apusozoa, and Excavata accounted for less than 10%
each of the total ASVs and read abundance. To compare reads
among samples, rarefaction was performed to the minimum
sample size for each size class (6974 for picoplankton, 48,970 for
nanoplankton, and 6893 for microplankton). Subsampling pro-
duced 1,633,762 reads assigned to 3441 ASVs (Table S3).

All three alpha diversity indices (richness S, Shannon diversity
H’, and Pielou’s evenness J') were higher in the Northern area
than the western (S en=1043, S cern =977 H 1inern =457
Hestern =4185 T orthern = 0-66, T giern =0-61), but only H' and
J' were found to be significantly different (ANOVA p<0.05;
Figure 3A). Comparison among fjords showed significant dif-
ferences in richness and evenness between western and north-
ern fjords (Figure 3A) and between fjords in different areas
(Figure 3B). However, Shannon diversity was not significantly
different among fjords in the western region.

3.3 | Community Composition and Environmental
Drivers in Six Regions

All 18S rRNA samples within the same fjords clustered together
except for Balsfjord, where samples were widely spread in the
NMDS plot (Figure 4), indicating different community compo-
sitions. The db-RDA model showed two environmental factors
significantly correlated with the difference in community com-
position (p <0.005) and accounted for 28% of the total variation:
temperature explained the 18.3% (F=6.12, p=0.001) and salinity
the 9.6% (F =3.19, p=0.004) of variation. The first axis (d(bRDA1)
explained 66% of the variation (F=5.89, p=0.001) and was
negatively correlated with temperature and salinity. dbRDA2
explained 33.9% of the variation (F=3.03, p=0.002) and was
positively correlated with temperature and negatively correlated
with salinity. Temperature and salinity significantly contributed
to differences in community composition in Northern Norwegian
fjords (p <0.05, Table S4).

A change in the proportion of the different taxonomic divisions
was evident along the various fjords. Dinoflagellate relative abun-
dance increased in the fjords from south to north, with high rel-
ative abundances at the most northern fjords, Porsangerfjord,
Laksefjord, and Tanafjord (avg. ~50% of the total community
composition; Figure 5A). Stramenopiles were abundant only in
Vesterdlen and less common in the northern region (max 20.3%
in st28 at outer Tanafjord). Cryptophytes dominated in Vesteralen
(max 40%, at st04) and were also abundant in Lyngenfjord, where
ASVs assigned to Plagioselmis prolonga and Teleaulax gracilis were
dominant (Figures 5A and 6C). Haptophyta ASVs showed the
highest proportions in Balsfjord (55.8% at st10 and 43.6% at st09)
and Porsangerfjord (Figure 5A), dominated by those assigned to
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FIGURE2 | Environmental conditions based on satellite data averaged over sampling expedition and ship-board measurements (CTD + Ferrybox).
(A) sea surface temperature and (B) chlorophyll-a concentrations. Encircled Dot colors in A and B indicate the temperature (A) and chlorophyll-a (B)
data from the CTD, and circles without contour indicate data from Ferrybox at each station. Sea surface temperature and chlorophyll-a were obtained
by the Copernicus satellite (https://marine.copernicus.eu/) and plotted in gGIS v3.24.

C. leadbeateri and Phaeocystis pouchetii, respectively (Figure 5C).
Common to all stations was the low contribution of ASVs belong-
ing to the heterotrophic groups Ciliophora, Telonemia, Picozoa,
Katablepharidophyta, Centroheliozoa, Choanoflagellida, Fungi,
Sagenista, and Opalazoa. Redundancy analysis indicated that
temperature and salinity were significant factors (PERMANOVA,
p<0.05), explaining changes in community composition at
the division level (Figure 5B) and correlating positively with
Cryptophyta, Pseudofungi, and Ochrophyta, and negatively with
Dinoflagellata and Haptophyta reads. Chlorophyte reads were

relatively abundant in the picoplankton fraction, with the high-
est values in Vesteralen, the inner Lyngenfjord, and Laksefjord.
At the same time, they were present in low proportion in the
nanoplankton fraction and were very scarce in the microplank-
ton fraction (Figure S6). Haptophyte reads were also present in
the picoplankton, mainly in Balsfjord and Porsangerfjord, and
in the nanoplankton at st09 and st10 of Balsfjord. Whereas dino-
flagellates (including Dinophyceae and Syndiniales) were only
relatively abundant in some samples in the picoplankton size frac-
tion, mostly in Tanafjord, their nanoplankton relative abundance
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position in Northern Norway fjords.

increased in the north, attaining around 50% of the total read
abundances in the northern fjords. Common in the microplank-
ton samples was a higher contribution from Ochrophyta (pho-
tosynthetic heterokonts), Dinophyta, and Ciliophora, with very
low or negligible representation from the remaining divisions.
Ochrophyta dominated at all Vesterdlen stations and at the outer
Balsfjord, Lyngenfjord, and Tanafjord. Dinoflagellates were the
most abundant in all inner stations except for Lyngenfjord, where
ciliates dominated. We found fjord-specific diversity and differ-
ences between the cold Barents Sea fjords and the Norwegian
Sea fjords and adjacent coastal area. The intersection matrix in-
dicated that 668 ASVs were present in all studied fjords and di-
visions (Figure S7). The North-Eastern fjords shared 47 ASVs,
and the South-Western ones shared 45. The highest number of
unique ASVs per fjord was found off Vesterdlen (549), followed by

Tanafjord, Balsfjord, Lyngenfjord, Porsangerfjord, and Laksefjord
(160, 143, 131, 120, 57 ASVs, respectively).

The ten most abundant ASVs were present at all stations stud-
ied (Figure 5C). In Figure 5C, the read numbers are presented to
provide a direct representation of the absolute abundance of each
ASV. The most abundant ASV encompassing all size groups was
assigned to the cryptophyte P. prolonga (ASVO01). Plagioselmis
prolonga showed similar within-fjord abundances in Vesterélen,
Lyngenfjord, and Laksefjord. In contrast, Balsfjord differed, with
higher abundance in the outer fjord and lower in the inner fjord,
dominated by the blooming C. leadbeateri. The second most abun-
dant ASV, assigned to T. gracilis (ASV02), also had the highest
abundances in Vesterdlen and Lyngenfjord, whereas C. leadbeat-
eri (ASV08) dominated in Balsfjord and P. pouchetii (ASV07) in
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significant (p > 0.05) for each given analysis. *Figure 5C is presented in read numbers to provide a direct representation of absolute abundance.

Porsangerfjord. Redundancy analysis indicated that the propor-
tions of ASVs were differently affected by the physical-chemical
parameters (Figure 5D). Plagioselmis prolonga and T. gracilis were
positively correlated with all three parameters, whereas C. leadbeat-
eri was negatively correlated with all three parameters. Plagioselmis
prolonga and T. gracilis were positively correlated with each other
and negatively correlated with P. pouchetti and Gyrodinium fusi-
forme (Figure S4). Also, P. prolonga was positively correlated with
Pyramimonas australis, P. pouchetti, and G. fusiforme.

3.4 | Trophic Modes Along the North
Norway Coast

Looking at the distribution of trophic modes of protists (puta-
tive autotrophs, mixotrophs, heterotrophs) along the Northern
Norway Coast, we found that heterotrophs dominated all fjords
(avg. 35%-50% per fjord) except in Balsfjord (28%, Figure 5E),
where mixotrophs dominated. An apparent increase in the pro-
portions of dinoflagellates_UT (dinoflagellates not assigned to
autotrophs, mixotrophs, or heterotrophs) in the northernmost
fjords was observed, as well as a decrease in the autotrophic pro-
tists. Mixotrophs were present, but in low proportions in all fjords
except Balsfjord, where the massive bloom of the mixotroph C.

leadbeateri took place. Mixotrophs seemed to be most abundant
in less saline waters (salinity 32-33, Table S1; Figure S1), whereas
dinoflagellates_UT were most abundant in colder waters, as in-
dicated by the redundancy analysis (Figure 5F). Relative abun-
dance of autotrophs was negatively correlated with mixotrophs
and dinoflagellates_UT, whereas positive correlations were
found between heterotrophs and groups with unknown trophic
status (Figure S4). A positive correlation was also found between
mixotrophs and dinoflagellates_UT, suggesting that most of
these dinoflagellates could be mixotrophs.

3.5 | Prokaryote Diversity by Metabarcoding
and Co-Occurrences With Protists

Co-occurring prokaryotic diversity was investigated by me-
tabarcoding targeting the 16S rRNA gene. Proteobacteria and
Bacteroidetes were the most abundant prokaryotic phyla at all
studied stations (avg. 68% and 27% of total abundances, respec-
tively; Figure 6A). The remaining bacterial phyla and archaea
accounted for only 1.5%-12.8% of the total reads. Within the
Proteobacteria phylum, Alteromonadales, Rhodobacteriales, and
Oceanospirales contributed most to the surface communities.
Strikingly, Alteromonadales differed in relative abundances of
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FIGURE 6

<1% of Proteobacteria in the westernmost stations in Vesteralen
(st2, st3) to >50% of Proteobacteria in Lyngenfjord (st16).
Laksefjorden and Tanafjorden showed the lowest relative abun-
dances of Alteromonadales and the highest relative abundances
of Rhodobacteriales among the Proteobacteria. Distribution pat-
terns between fjords became more evident when we examined
the most abundant prokaryotic ASVs (Figure S8). Here, several
ASVs showed fjord-specific relative abundance patterns. For ex-
ample, two ASVs belonging to Rhodobacterales (ASV04b) and

Bacterial read proportional abundances among the studied fjords at (A) Phylum level, (B) Proteobacteria, and (C) Bacteroidetes.

Oceanospirillales (ASV10b) showed elevated relative abundances
in the three northern fjords, compared to low (< 2%) relative abun-
dances in the three western fjords. In contrast, ASV01b, annotated
as Alteromonadales, was least abundant in Laksefjord, Tanafjord,
and stations 02 and 03, whereas it showed mean relative abun-
dances of >15% in other fjords.

Detailed correlation analyses were performed between the
ten most abundant protist ASVs and the 20 most abundant
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Proteobacteria and Bacterioidetes ASVs (Figure 7). Several of
the most abundant protist ASVs showed significant correla-
tion with the most abundant prokaryotic ASVs. For example,
P. prolonga (ASV01b) showed a strong positive correlation
with Marinoscillum (ASV31b) and with Flavobacteriaceae
(ASV10b). T. gracilis (ASV02b) also positively correlated with
Marinoscillum (ASV31b), and P. pouchetii (ASV07b) with
OM182 clade (ASV33b), Cryomorphaceae (ASV12b), and
Polaribacter (ASV48b). On the contrary, T. gracilis (ASV02b)
showed a pronounced negative correlation with, for example,
Aurantivirga (ASV19b), Polibacter (ASV29b), and Gyrodinium

A

ASV08b SAR92 clade

ASV01b Pseudoalteromonas
ASVO07b Nitrincolaceae
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fusiforme (ASV26b), as well as both Vibrio (ASV32b) and
Pseudofulvibacter (ASV29b).

4 | Discussion

Protist diversity and abundance are fundamental to understand-
ing the structure and function of marine food webs. Here, we
present an exhaustive spatial analysis of protists and associated
prokaryotic communities along six sub-Arctic transects on the
Scandinavian coast using metabarcoding. Our findings reveal
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pronounced variation in protist community diversity along the
Norwegian Coast.

4.1 | Protist Community and Major Taxa in
the Northern Norwegian Coast

In general, the protist community composition in the North-
ern Norwegian Coast resembled post-bloom communities
(Degerlund and Eilertsen 2010; Eilertsen et al. 1981), with
Alveolates, “Hacrobians” (including Haptista and Cryptista),
and Stramenopiles dominating during the sampling season. The
analysis indicated that 20.5% of the ASVs were present across all
size fractions. Potential overlapping of ASVs and even species
across size fractions is common. It can arise from several nat-
ural and technical factors: (i) chain formation of protist cells of
varying sizes, (ii) aggregates containing cells of different taxa and
sizes, (iii) prey signals from food vacuoles of larger cells and fecal
pellets, and (iv) but also from cell lysis, broken cells due to filtra-
tion forces and filter clogging, all of which can result in the cross-
over of cells and the introduction of biases in the distribution
of ASVs across different size fractions (i.e., Marafién 2015 and
others). Additionally, differences in sequencing depth among
samples may influence which ASVs are detected: low-abundance
taxa may be lost when sequencing coverage is shallow, and
copy-number variation in rRNA genes can inflate the apparent
abundance of some groups, such as for Alveolates. These factors
should be kept in mind when interpreting patterns of dominance
or differences among size fractions.

The distribution of ASV abundance in protist communities often
shows few ASVs with high abundance and many with low abun-
dance (Logares et al. 2014), a pattern consistent with that ob-
served in our study. Our results show dominance of Alveolata
in ASV richness and read counts, followed by Stramenopiles
and Rhizaria, which is consistent with previous findings
in Norwegian coastal ecosystems. For example, studies by
Seeleuthner et al. (2018) found that Alveolata and Stramenopiles
were the most abundant phyla in Norwegian coastal waters and
the Norwegian fjords. Below, we outline the main phyla in our
study, the species and ASVs, and their ecological roles in marine
ecosystems.

Dinoflagellates (Alveolata/Dinoflagellata) were the most abun-
dant and diverse phylum in the dataset, aligning with observa-
tions from another rDNA metabarcoding study of the Norwegian
coast (i.e., Gran-Stadniczefiko et al. 2019). Globally, dinoflagel-
lates encompass probably far more than 2400 species, making
them a major component of freshwater and marine microbial
food webs (Gémez 2012). Their prominence is particularly no-
table in estuaries and coastal marine waters, where they often
reach peak abundances (Not et al. 2012). However, ribosomal
RNA (rRNA) copy numbers in protists are highly variable
among protists and within groups such as dinoflagellates and
ciliates, exhibiting extremely high copy numbers, potentially
over-inflating their estimated abundance (Ruvindy et al. 2023;
Thornhill et al. 2007; Hou et al. 2019; Louca et al. 2018; Gran-
Stadniczeniko et al. 2019). In general, copy number variability
can also affect molecular ecological studies employing metabar-
coding and quantitative PCR, requiring caution in interpreting

data based on rRNA genes (Ruvindy et al. 2023). While rRNA
gene copy number variation can complicate the interpretation
of abundances between taxa, observations of changes in the rel-
ative abundance of ASVs assigned to individual taxa, such as
dinoflagellates, between samples remain informative. Our data-
set shows that dinoflagellate relative abundances increase from
south to north, dominating the protist community in subarctic
fjords. The orders Gymnodiniales and Peridiniales were the most
abundant dinoflagellate orders, with species of the heterotrophic
genera Gymnodinium and Gyrodinium emerging as the most
prevalent genera in the studied areas. Recent findings by Aalto
et al. (2022) highlighted the prevalence of Gymnodinium-like di-
noflagellates under low-irradiance and low-nutrient conditions,
such as those under heavy sea ice in the Barents Sea. This obser-
vation resonates with our dataset, in which Gymnodinium dom-
inated, especially under nutrient-variable and low-irradiance
conditions of the northern fjords. Moreover, Aalto et al. (2022)
reported a strong negative relationship between these taxa and
salinity, a pattern also evident in our dataset. Yet, there is still
a lack of molecular references in databases, which does not re-
solve them well at the species level, leaving the most abundant
ASVs only assigned to “Gymnodiniales sp.,” possibly due to the
challenges in the cultivation (i.e., Andersen 2005; Camacho
et al. 2011; Gallardo-Rodriguez et al. 2016) and identification of
these heterotrophic or mixotrophic dinoflagellates, which hinder
detailed ecological studies on this important taxon and might be
compensated for in the future by single-cell isolations and asso-
ciated genetic analyses.

The most abundant ASV was assigned to the cryptophyte
P. prolonga (Cryptophyta, ASV01), which is the haploid stage of
the life cycle of Teleaulax amphioxeia (Altenburger et al. 2020).
One of the most important ecological aspects of P. prolonga is its
ability to adapt to changing environmental conditions (Supraha
et al. 2014). Plagioselmis prolonga was found to have the highest
relative abundances in Vesteralen, Lyngenfjord, and Laksefjord,
with relatively similar proportions within fjords, demonstrating
its capacity to adapt to a wide range of temperatures, salinities,
and light intensities. Although Cryptophyta is less studied in
marine ecosystems, their dominance in read numbers in our
study is consistent with findings by Hamilton et al. (2021), who
identified Cryptophyta as a major component of marine protist
communities in the Arctic. Their dominance in our data suggests
that Cryptophyta, particularly species such as P. prolonga, play a
crucial ecological role in the sub-Arctic marine ecosystems, po-
tentially serving as key primary producers.

The haptophytes P. pouchetii and C. leadbeateri were also
among the most abundant, with C. leadbeateri showing ex-
ceptionally high densities in st09 and st10 in Balsfjorden, cor-
roborated by the high chl-a concentration in st10 (17.4ugL™1),
compared to the other stations where chl-a never exceeded
5ugL=L. Chrysochromulina leadbeateri is recognized as a com-
mon member of the marine nanoplankton in Northern Norway,
contributing to phytoplankton blooms and being associated with
harmful algal blooms (Aalto et al. 2023; John et al. 2022; Otte
et al. 2025). A more comprehensive study of the devastating ef-
fects of the C. leadbeateri bloom reported in the HE533 study is
detailed in John et al. (2022), which stands as the most harmful
algal event recorded in the region (Samdal and Edvardsen 2020).
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Our data show that the exceptionally high densities of C. lead-
beateri observed in Balsfjorden, particularly at stations st09 and
st10, represent a distinct bloom scenario (John et al. 2022; Otte
et al. 2025). This bloom event likely led to Balsfjord forming a
distinct cluster, separating it from other locations. While mem-
bers of Chrysochromulina are recognized as common members
of the marine nanoplankton in all seas, and C. leadbeateri ap-
pears to have a wide geographical distribution (Fon et al. 2024),
fish-killing blooms of this species have only been recorded
from Norway, underscoring the ecological significance and po-
tential harmful impacts of these specific algal bloom events in
Norwegian coastal waters.

Further, P. australis (ASV 6), a member of the Chlorophyta, was
one of the most abundant ASVs in our dataset, present across
all studied fjords. Despite its prevalence, the total abundance
of Archaeplastida—comprising Chlorophyta, Rhodophyta, and
Streptophyta—was notably low, echoing the findings from the
Ocean Sampling Day (OSD) study (Tragin and Vaulot 2018).
While the OSD study indicates that Chlorophyta represents only
29% of global photosynthetic reads and is mainly prevalent in
oligotrophic stations and along the European Atlantic coast,
their widespread distribution and dominance in particular lo-
calities highlight their potential regional significance. The high
abundance of P. australis in our observations, despite the gen-
erally low total abundance of Archaeplastida, underscores the
species’ possible key role in regional carbon cycling dynamics.
This suggests that, in specific ecosystems, P. australis and simi-
lar Chlorophyta members could be key primary producers, con-
tributing significantly to local ecological processes and carbon
fluxes.

4.2 | Trophic Modes of the Protist Communities
Between Fjords in Temperate/Sub-Arctic

Ratios of the different trophic modes (autotrophs, mixotrophs,
heterotrophs, and dinoflagellates_UT) were similar within each
fjord. Notably, heterotrophs dominated in all fjords except for
Balsfjord, where the Chrysochromulina leadbeateri bloom oc-
curred, leading to a dominance of mixotrophs. This coincides
with results from the Skagerrak (Gran-Stadniczefko et al. 2019)
and the TARA Oceans expedition, based on metabarcoding (De
Vargas et al. 2015), which indicate that heterotrophic protists
are typically more abundant in marine systems than autotrophic
(Horstmann et al. 2024). The relative abundance of autotrophs
was highest in the western fjords compared to the northern
ones. In contrast, the opposite pattern was found for dinoflagel-
lates_UT (dinoflagellates Unassigned Trophy), where the tem-
perature was colder. Our redundancy analysis showed a negative
correlation between autotrophs and a positive correlation be-
tween dinoflagellates-UT and mixotrophs, suggesting that many
of the unassigned dinoflagellates are mixotrophs. In addition,
this negative correlation between groups does not necessarily
reflect competition alone; it may also arise from predator-prey
dynamics or from adaptations to different physical conditions. In
our dataset, a marked difference in the proportion of dinoflagel-
lates was found between Vesteralen and the five studied fjords.
The lowest proportions occurred at Vesteralen and outer fjord
stations, whereas the highest proportions were observed in the
inner fjords. This could be because dinoflagellates do not thrive

best in turbulent waters but prefer stratified, weakly turbulent
conditions (Barton et al. 2015), as strong turbulence can impact
their ability to swim toward light or away from prey (Durham
et al. 2009). Thus, part of the negative correlation with other
groups may reflect differing responses to local hydrodynamics
rather than direct biological interactions.

Our findings emphasize the significant yet unresolved role of
dinoflagellates, whose exact trophic status remains unclear.
Further detailed studies are needed to fully understand their
impact on ecosystem balance. Additionally, greater autotrophic
dominance in the western fjords than in the northern ones sug-
gests distinct ecosystem responses to environmental changes
(e.g., nutrient concentrations), which is essential for forecasting
the impacts of climate change. Harmful algal blooms (HABs),
such as the C. leadbeateri observed in Balsfjorden, disrupt nu-
trient cycling, trophic dynamics, and primary production by
altering nutrient availability, causing toxin accumulation in
marine food webs, and creating oxygen-depleted dead zones
(Karlson et al. 2021). Monitoring these variations is essential for
understanding how shifts in trophic dynamics influence carbon
cycling and overall ecosystem health in these sensitive marine
environments. However, it is worth noting that misinterpreta-
tions concerning trophic mode assignation, arising from limita-
tions in available databases and the complexity of protist ecology
(but see Schneider et al. 2020, and Mitra et al. 2023), could occur
due to incomplete information, taxonomic ambiguity, ecological
variability, methodological constraints, and the need for cautious
interpretation.

4.3 | Abiotic and Biotic Factors Explaining
the Differences in Protist Community Composition
Within and Among the Investigated Fjords

Subpolar regions, characterized by harsher conditions, typically
have lower protist diversity and abundance than temperate areas
(Ibarbalz et al. 2019). This pattern is evident in our findings,
where the overall diversity in the western fjords was higher. Sub-
Arctic regions are generally characterized by lower tempera-
tures, reduced light levels, and higher nutrient levels compared
to temperate regions (Moore et al. 2013; Reagan et al. 2024).
Consequently, subpolar protist communities are often domi-
nated by species well-adapted to these conditions. Our study's
redundancy analysis (RDA) and Permutational Multivariate
Analysis of Variance (PERMANOVA) have revealed distinct
protist community structures between stations in the western
and Barents Sea-oriented fjords. Sampling depth and rarefaction
can influence NMDS ordinations and, therefore, warrant careful
consideration in microbial ecology studies. NMDS is relatively
robust because it is based on rank-order dissimilarities rather
than absolute abundances and does not assume a specific data
distribution. As a result, it is less sensitive to differences in se-
quencing depth than many alternative methods. However, rar-
efaction may still affect NMDS results by reducing the effective
sampling depth and increasing stochastic loss of low-abundance
taxa. In addition, filtration-related biases, such as the underrep-
resentation of larger protists due to filter clogging or cell lysis
during sampling, may further influence community composi-
tion independently of the ordination method (Weiss et al. 2017;
McMurdie and Holmes 2014). However, rarefaction remains
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beneficial in this context as it normalizes sequencing depth
across samples, reducing the risk of inflated distance/similarity
measures driven by unequal sampling effort rather than true bio-
logical variation. This normalization supports more reliable eco-
logical interpretation by minimizing the influence of technical
bias on ordination patterns.

Temperature and salinity emerged as significant factors influ-
encing northern Norway's protist communities, accounting for
28% of the total observed variation. Oceanographic boundar-
ies, shaped by temperature and salinity gradients and by varied
water masses, are instrumental in distinct habitats in the marine
environment, influencing microbial diversity within the marine
ecosystems of the northern Atlantic and the Barents Sea. For
instance, the colder water masses of the Barents Sea may limit
microbial diversity and, here, in combination with the nutrient
regime, the formation of high biomass, as seen in similar cold
marine environments (Aalto et al. 2022). In contrast, the warmer
waters of Hudson Bay are likely to support a more diverse mi-
crobial community (Jacquemot et al. 2021). Furthermore, ma-
rine plankton exhibit remarkable adaptability to environmental
changes, which could lead to ecosystem shifts in response to
evolving conditions (Ji et al. 2010; Chivers et al. 2017). This
adaptive capacity is central to the resilience and diversity of mi-
croorganisms across the spatial and temporal spectrum of the
northern Atlantic and Barents Sea regions. Thus, our findings
align well with the notion that temperature is a primary driver
in marine ecosystems.

Nutrient limitations and changes in the ratios of key nutrients
such as nitrogen, phosphorus, and silica affect community com-
position and species abundance, including trophic interactions
(Jacquemot et al. 2021; Bazin et al. 2014). This could increase
the abundance of protists that feed on phytoplankton, such as
ciliates and dinoflagellates. On the other hand, low nutrient lev-
els can limit phytoplankton growth and reduce the abundance
of protists that depend on them for food. Additionally, different
types of protists may have distinct nutrient requirements, leading
to the dominance of certain types of protists in areas with specific
nutrientlevels. PO,~, SiO,, NO, NO; and NH, exhibited a spatial
variability along the studied stations, with potential implications
for primary production and eutrophication. In our RDA analysis,
the five studied nutrients collectively explained about 17% of the
variation in the protist community composition. However, their
individual contributions are not statistically significant, except
for NO,, which shows marginal significance (p-value=0.085).
This suggests that although nutrients play a role, other factors
are likely more influential in shaping the community structure.
This observation aligns with the broader understanding of nutri-
ent dynamics in marine ecosystems, where variations in nutrient
levels can impact protist communities’ abundance and composi-
tion (Jacquemot et al. 2021). Most of the nutrients in our dataset
show positive correlations with one another, suggesting that dis-
entangling the effects of individual nutrients is challenging and
likely also reflects co-limitation (e.g., Bannon et al. 2022). Yet,
in the db-RDA analysis, the order in which the environmental
parameters are entered can influence the results. Specifically, the
significant influence of temperature and salinity in the analysis
highlights their dominant role in shaping the protist community
structure, potentially overshadowing the collective influence of
the overall nutrient load.

Although this study focused on protists, we also observed a con-
sistent pattern in the associated bacterial community between
fjords, with some distinct bacterial ASVs found in specific fjords
only. However, at lower taxonomic ranks, all stations included
high relative abundances of Alteromonadales, Rhodobacterales,
and Bacteroidetes. Bacteria in these groups are typically observed
during spring in temperate and arctic areas and during phyto-
plankton blooms (Aalto et al. 2023; Buchan et al. 2014; Wietz
et al. 2021). They play key roles in the microbial loop and or-
ganic matter recycling and are themselves shaped by biotic inter-
actions, substrate succession, and other environmental drivers
(Buchan et al. 2014; Bunse and Pinhassi 2017; Needham and
Fuhrman 2016; Teeling et al. 2016).

Taken together, the relative abundances of different protist
groups in each studied fjord result from a complex interplay
between various biotic and abiotic environmental factors.
Understanding these factors can help explain differences in pro-
tist community composition. We identified that temperature,
salinity, and phosphorus were major drivers of protist commu-
nity structure in spring/summer. Patterns of co-occurrence with
other species were also observed, but these cannot be interpreted
as causal interactions within the scope of this study.

5 | Conclusions

In conclusion, the study of protist community composition in
subpolar and temperate regions during early summer revealed
distinct differences in diversity and composition driven by region-
specific environmental conditions and current systems. These
findings highlight the complexity of biological and environ-
mental interactions at local scales. The polar fjords in Finnmark
County were characterized by lower temperatures, light levels,
and lower nutrient availability, conditions that may be associ-
ated with the observed dominance of heterotrophic flagellates
and ciliates. In contrast, the western coastal area and fjords had
higher temperatures and nutrient availability, resulting in a
higher relative abundance of phototrophic phytoplankton, in-
cluding diatoms, haptophytes, dinoflagellates, and cryptophytes.
The study of the Northern Norwegian fjords and coastal ecosys-
tems also highlighted the dominance of dinoflagellates and the
unique bloom of the mixotrophic haptophyte nanoflagellate C.
leadbeateri in Balsfjorden. Our results highlight the importance
of accounting for local environmental conditions that shape pro-
tist community composition to fully understand the ecological
dynamics of these systems.

Acknowledgments

We are grateful to the R.V. Heincke crew, the cruise scientists, and, in
particular, to Captain Haye Diecks and boatswain Kai Riedel for logis-
tical and oceanographic support throughout the cruise. U.J., N.C., J.T.,
S.N., P.E. received funding within the Helmholtz research program
“Changing Earth, Sustaining our Future” (Sub-topic 6.2 Adaptation of
marine life) of the Alfred-Wegener-Institut, Helmholtz Zentrum fiir
Polar- und Meeresforschung, Germany. K.K., A.C., and U.J. were also
supported as members of the COCIiME consortium, which is part of
ERA4CS, an ERA-NET initiated by JPI Climate and funded by EPA (IE),
ANR (FR), DLR/BMBF (DE), UEFISCDI (RO), RCN (NO), and FORMAS
(SE), with co-funding by the European Union (Grant no. 690462). SK
was funded by the Deutsche Forschungsgemeinschaft (DFG)-Project

Journal of Eukaryotic Microbiology, 2026

13 of 17

959917 SUOWIWIOD SAITeRID 3|cedljdde 8y} Aq pauenoB aJe SSo1le YO 9SN JO S9N Joy Aleld 1 8U1IUO AS|IM UO (SUOTIPUOI-PUE-SLUBIWOD A8 | 1M Aelq 18Ul UO//:SAN) SUOIIPUOD pue SWiS 1 8u1 89S *[9202/0T/2T] Uo Akiqiauliuo AS|IM ‘€€TOL TRI/TTTT OT/I0p/Wod" Ao IM Akelq Ul juo//:Sdny WoJj pepeojumod ‘9 ‘9202 ‘80L0SST



number 313688472, priority programme 1991 Taxon-Omics. Funding
was provided to the research project Protist metabolome Screening
(PROMISE) by the EU, RCN no. 282936 to S.G.-S., B.E., U.J., F.M., proj-
ect TaxMArc (RCN, no 268286/E40) to LS, BE. Open Access funding en-
abled and organized by Projekt DEAL.

Data Availability Statement

The data that support the findings of this study are openly available in
European Nucleotide Archive (ENA) at https://www.ebi.ac.uk/ena/
browser/view/ERP134612, reference number ERP134612.

References

Aalto, N. J., H. Schweitzer, E. Grann-Meyer, et al. 2023. “Microbial
Community Dynamics During a Harmful Chrysochromulina leadbeateri
Bloom in Northern Norway.” Applied and Environmental Microbiology
89, no. 1: €01895-22. https://doi.org/10.1128/aem.01895-22.

Aalto, N. J., H. D. Schweitzer, S. Krsmanovic, K. Campbell, and H. C.
Bernstein. 2022. “Diversity and Selection of Surface Marine Microbiomes
in the Atlantic-Influenced Arctic.” Frontiers in Microbiology 13: 892634.
https://doi.org/10.3389/fmicb.2022.892634.

Altenburger, A., H. E. Blossom, L. Garcia-Cuetos, et al. 2020.
“Dimorphism in Cryptophytes-The Case of Teleaulax amphioxeia/Plagi-
oselmis prolonga and Its Ecological Implications.” Science Advances 6, no.
37: eabb1611. https://doi.org/10.1126/sciadv.abb1611.

Andersen, R. A., ed. 2005. Algal Culturing Techniques. Elsevier.

Archer,S.D.,P. G. Verity, andJ. Stefels. 2000. “Impact of Microzooplankton
on the Progression and Fate of the Spring Bloom in Fjords of Northern
Norway.” Aquatic Microbial Ecology 22: 27-42. https://doi.org/10.3354/
ame022027.

Armstrong, F. A. J., C. R. Stearns, and J. D. H. Strickland. 1967. “The
Measurement of Upwelling and Subsequent Biological Process by Means
of the Technicon Autoanalyzer and Associated Equipment.” Deep Sea
Research and Oceanographic Abstracts 14, no. 3: 381-389. https://doi.org/
10.1016/0011-7471(67)90082-4.

Bannon, C., I. Rapp, and E. M. Bertrand. 2022. “Community Interaction
co-Limitation: Nutrient Limitation in a Marine Microbial Community
Context.” Frontiers in Microbiology 13: 846890. https://doi.org/10.3389/
fmicb.2022.846890.

Bar-On, Y. M., R. Phillips, and R. Milo. 2018. “The Biomass Distribution
on Earth.” Proceedings of the National Academy of Sciences 115, no. 25:
6506-6511. https://doi.org/10.1073/pnas.1711842115.

Barton, A. D., M. S. Lozier, and R. G. Williams. 2015. “Physical Controls
of Variability in North Atlantic Phytoplankton Communities: North
Atlantic Phytoplankton Community Variability.” Limnology and
Oceanography 60, no. 1: 181-197. https://doi.org/10.1002/1n0.10011.

Bazin, P., T. Jouenne, T. Friedl, A.-F. Deton-Cabanillas, B. Le Roy, and
B. Véron. 2014. “Phytoplankton Diversity and Community Composition
Along the Estuarine Gradient of a Temperate Macrotidal Ecosystem:
Combined Morphological and Molecular Approaches.” PLoS One 9, no.
4:€94110. https://doi.org/10.1371/journal.pone.0094110.

Behrenfeld, M. J.,, S. C. Doney, I. Lima, E. S. Boss, and D. A. Siegel. 2013.
“Annual Cycles of Ecological Disturbance and Recovery Underlying the
Subarctic Atlantic Spring Plankton Bloom.” Global Biogeochemical Cycles
27, no. 2: 526-540. https://doi.org/10.1002/gbc.20050.

Bray, J. R, and J. T. Curtis. 1957. “An Ordination of the Upland Forest
Communities of Southern Wisconsin.” Ecological Monographs 27: 325-
349. https://doi.org/10.2307/1942268.

Buchan, A., G. R. LeCleir, C. A. Gulvik, and J. M. Gonzalez. 2014.
“Master Recyclers: Features and Functions of Bacteria Associated With
Phytoplankton Blooms.” Nature Reviews Microbiology 12, no. 10: 686—
698. https://doi.org/10.1038/nrmicro3326.

Bunse, C., and J. Pinhassi. 2017. “Marine Bacterioplankton Seasonal
Succession Dynamics.” Trends in Microbiology 25, no. 6: 494-505. https://
doi.org/10.1016/j.tim.2016.12.013.

Callahan, B.J., P.J. McMurdie, M. J. Rosen, A. W. Han, A. J. A. Johnson,
and S. P. Holmes. 2016. “DADAZ2: High-Resolution Sample Inference
From Illumina Amplicon Data.” Nature Methods 13, no. 7: 581-583.
https://doi.org/10.1038/nmeth.3869.

Camacho, F. G., J. G. Rodriguez, A. S. Mirén, E. H. Belarbi, Y. Chisti,
and E. M. Grima. 2011. “Photobioreactor Scale-Up for a Shear-Sensitive
Dinoflagellate Microalga.” Process Biochemistry 46, no. 4: 936-944.
https://doi.org/10.1016/j.procbio.2011.01.005.

Carmack, E., and P. Wassmann. 2006. “Food Webs and Physical-
Biological Coupling on Pan-Arctic Shelves: Unifying Concepts and
Comprehensive Perspectives.” Progress in Oceanography 71, no. 2-4:
446-477. https://doi.org/10.1016/j.pocean.2006.10.004.

Chivers, W. J., A. W. Walne, and G. C. Hays. 2017. “Mismatch Between
Marine Plankton Range Movements and the Velocity of Climate
Change.” Nature Communications 8, no. 1: 14434. https://doi.org/10.
1038/ncomms14434.

Coello-Camba, A., and S. Agusti. 2017. “Thermal Thresholds of
Phytoplankton Growth in Polar Waters and Their Consequences for a
Warming Polar Ocean.” Frontiers in Marine Science 4: 168. https://doi.
org/10.3389/fmars.2017.00168.

Conway, J. R., A. Lex, and N. Gehlenborg. 2017. “UpSetR: An R
Package for the Visualization of Intersecting Sets and Their Properties.”
Bioinformatics 33, no. 18: 2938-2940. https://doi.org/10.1093/bioinforma
tics/btx364.

De La Rocha, C. L., and U. Passow. 2007. “Factors Influencing the
Sinking of POC and the Efficiency of the Biological Carbon Pump.” Deep
Sea Research Part II: Topical Studies in Oceanography 54, no. 5-7: 639-
658. https://doi.org/10.1016/j.dsr2.2007.01.004.

De Vargas, C., S. Audic, N. Henry, et al. 2015. “Eukaryotic Plankton
Diversity in the Sunlit Ocean.” Science 348, no. 6237: 1261605. https://
doi.org/10.1126/science.1261605.

Degerlund, M., and H. C. Eilertsen. 2010. “Main Species Characteristics
of Phytoplankton Spring Blooms in NE Atlantic and Arctic Waters (68-
80° N).” Estuaries and Coasts 33, no. 2: 242-269. https://doi.org/10.1007/
$12237-009-9167-7.

Durham, W. M., J. O. Kessler, and R. Stocker. 2009. “Disruption of
Vertical Motility by Shear Triggers Formation of Thin Phytoplankton
Layers.” Science 323, no. 5917: 1067-1070. https://doi.org/10.1126/scien
ce.1167334.

Eberlein, K., and G. Kattner. 1987. “Automatic Method for the
Determination of Ortho-Phosphate and Total Dissolved Phosphorus in
the Marine Environment.” Fresenius' Journal of Analytical Chemistry
326, no. 4: 354-357. https://doi.org/10.1007/BF00469784.

Eilertsen, H. C., S. Falk-Petersen, C. C. E. Hopkins, and K. Tande. 1981.
“Ecological Investigations on the Plankton Community of Balsfjorden,
Northern Norway.” Sarsia 66, no. 1: 25-34. https://doi.org/10.1080/
00364827.1981.10414517.

Eilertsen, H. C., and S. Frantzen. 2007. “Phytoplankton From Two Sub-
Arctic Fjords in Northern Norway 2002-2004: I. Seasonal Variations in
Chlorophyll-a and Bloom Dynamics.” Marine Biology Research 3, no. 5:
319-332. https://doi.org/10.1080/17451000701632877.

Fon, M., L. Supraha, T. Andersen, S. Uhlig, and B. Edvardsen. 2024.
“Optimal Growth Conditions of the Haptophyte Chrysochromulina lead-
beateri Causing Massive Fish Mortality in Northern Norway.” Harmful
Algae 139: 102709. https://doi.org/10.1016/j.hal.2024.102709.

Fu, W, J. T. Randerson, and J. K. Moore. 2016. “Climate Change Impacts
on Net Primary Production (NPP) and Export Production (EP) Regulated
by Increasing Stratification and Phytoplankton Community Structure in

14 of 17

Journal of Eukaryotic Microbiology, 2026

959917 SUOWIWIOD SAITeRID 3|cedljdde 8y} Aq pauenoB aJe SSo1le YO 9SN JO S9N Joy Aleld 1 8U1IUO AS|IM UO (SUOTIPUOI-PUE-SLUBIWOD A8 | 1M Aelq 18Ul UO//:SAN) SUOIIPUOD pue SWiS 1 8u1 89S *[9202/0T/2T] Uo Akiqiauliuo AS|IM ‘€€TOL TRI/TTTT OT/I0p/Wod" Ao IM Akelq Ul juo//:Sdny WoJj pepeojumod ‘9 ‘9202 ‘80L0SST


https://www.ebi.ac.uk/ena/browser/view/ERP134612
https://www.ebi.ac.uk/ena/browser/view/ERP134612
https://doi.org/10.1128/aem.01895-22
https://doi.org/10.3389/fmicb.2022.892634
https://doi.org/10.1126/sciadv.abb1611
https://doi.org/10.3354/ame022027
https://doi.org/10.3354/ame022027
https://doi.org/10.1016/0011-7471(67)90082-4
https://doi.org/10.1016/0011-7471(67)90082-4
https://doi.org/10.3389/fmicb.2022.846890
https://doi.org/10.3389/fmicb.2022.846890
https://doi.org/10.1073/pnas.1711842115
https://doi.org/10.1002/lno.10011
https://doi.org/10.1371/journal.pone.0094110
https://doi.org/10.1002/gbc.20050
https://doi.org/10.2307/1942268
https://doi.org/10.1038/nrmicro3326
https://doi.org/10.1016/j.tim.2016.12.013
https://doi.org/10.1016/j.tim.2016.12.013
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1016/j.procbio.2011.01.005
https://doi.org/10.1016/j.pocean.2006.10.004
https://doi.org/10.1038/ncomms14434
https://doi.org/10.1038/ncomms14434
https://doi.org/10.3389/fmars.2017.00168
https://doi.org/10.3389/fmars.2017.00168
https://doi.org/10.1093/bioinformatics/btx364
https://doi.org/10.1093/bioinformatics/btx364
https://doi.org/10.1016/j.dsr2.2007.01.004
https://doi.org/10.1126/science.1261605
https://doi.org/10.1126/science.1261605
https://doi.org/10.1007/s12237-009-9167-7
https://doi.org/10.1007/s12237-009-9167-7
https://doi.org/10.1126/science.1167334
https://doi.org/10.1126/science.1167334
https://doi.org/10.1007/BF00469784
https://doi.org/10.1080/00364827.1981.10414517
https://doi.org/10.1080/00364827.1981.10414517
https://doi.org/10.1080/17451000701632877
https://doi.org/10.1016/j.hal.2024.102709

the CMIP5 Models.” Biogeosciences 13, no. 18: 5151-5170. https://doi.
org/10.5194/bg-13-5151-2016.

Gallardo-Rodriguez, J. J., L. Lopez-Rosales, A. Sanchez-Mirén, F. Garcia-
Camacho, E. Molina-Grima, and J. J. Chalmers. 2016. “New Insights Into
Shear-Sensitivity in Dinoflagellate Microalgae.” Bioresource Technology
200: 699-705. https://doi.org/10.1016/j.biortech.2015.10.105.

Goémez, F. 2012. “A Quantitative Review of the Lifestyle, Habitat
and Trophic Diversity of Dinoflagellates (Dinoflagellata, Alveolata).”
Systematics and Biodiversity 10, no. 3: 267-275. https://doi.org/10.1080/
14772000.2012.721021.

Gran-Stadniczeiiko, S., E. D. Egge, V. Hostyeva, R. Logares, W. Eikrem,
and B. Edvardsen. 2019. “Protist Diversity and Seasonal Dynamics in
Skagerrak Plankton Communities as Revealed by Metabarcoding and
Microscopy.” Journal of Eukaryotic Microbiology 66, no. 3: 494-513.
https://doi.org/10.1111/jeu.12700.

Grasshoff, K., K. Kremling, and M. Ehrhardt, eds. 1999. Methods of
Seawater Analysis. 1st ed. Wiley. https://doi.org/10.1002/9783527613984.

Guillou, L., D. Bachar, S. Audic, et al. 2013. “The Protist Ribosomal
Reference Database (PR2): A Catalog of Unicellular Eukaryote Small
Sub-Unit rRNA Sequences With Curated Taxonomy.” Nucleic Acids
Research 41, no. Database issue: D597-D604. https://doi.org/10.1093/
nar/gks1160.

Hamilton, M., M. Mascioni, E. Hehenberger, et al. 2021.
“Spatiotemporal Variations in Antarctic Protistan Communities
Highlight Phytoplankton Diversity and Seasonal Dominance by a
Novel Cryptophyte Lineage.” MBio 12, no. 6: €02973-21. https://doi.
org/10.1128/mBio.02973-21.

Hegseth, E. N.,and A. Sundfjord. 2008. “Intrusion and Blooming of Atlantic
Phytoplankton Species in the High Arctic.” Journal of Marine Systems 74,
no. 1-2: 108-119. https://doi.org/10.1016/j. jmarsys.2007.11.011.

Horstmann, C., T. Hattermann, P. C. Thomé, et al. 2024. “Biogeographic
Gradients of Picoplankton Diversity Indicate Increasing Dominance of
Prokaryotes in Warmer Arctic Fjords.” Communications Biology 7: 256.
https://doi.org/10.1038/542003-024-05946-8.

Hou, Y., N.Ji, H. Zhang, X. Shi, H. Han, and S. Lin. 2019. “Genome Size-
Dependent Pcna Gene Copy Number in Dinoflagellates and Molecular
Evidence of Retroposition as a Major Evolutionary Mechanism.” Journal
of Phycology 55: 37-46. https://doi.org/10.1111/jpy.12815.

Ibarbalz, F. M., N. Henry, M. C. Brandao, et al. 2019. “Global Trends
in Marine Plankton Diversity Across Kingdoms of Life.” Cell 179, no. 5:
1084-1097. https://doi.org/10.1016/].cell.2019.10.008.

Jacquemot, L., D. Kalenitchenko, L. C. Matthes, et al. 2021. “Protist
Communities Along Freshwater-Marine Transition Zones in Hudson
Bay (Canada).” Elementa: Science of the Anthropocene 9, no. 1: 00111.
https://doi.org/10.1525/elementa.2021.00111.

Ji, R., M. Edwards, D. L. Mackas, J. A. Runge, and A. C. Thomas. 2010.
“Marine Plankton Phenology and Life History in a Changing Climate:
Current Research and Future Directions.” Journal of Plankton Research
32, no. 10: 1355-1368. https://doi.org/10.1093/plankt/fbq062.

John, U., L. Supraha, S. Gran-Stadniczefiko, et al. 2022. “Spatial and
Biological Oceanographic Insights Into the Massive Fish-Killing Bloom
of the Haptophyte Chrysochromulina leadbeateri in Northern Norway.”
Harmful Algae 118: 102287. https://doi.org/10.1016/j.hal.2022.102287.

John, U., and A. Wisotzki. 2019. Physical Oceanography During
HEINCKE Cruise HE533.” PANGAEA-Data Publisher for Earth and
Environmental Science. https://doi.org/10.1594/PANGAEA.903511.

Juottonen, H., L. Fontaine, C. Wurzbacher, S. Drakare, S. Peura, and A.
Eiler. 2020. “Archaea in Boreal Swedish Lakes Are Diverse, Dominated
by Woesearchaeota and Follow Deterministic Community Assembly.”
Environmental Microbiology 22, no. 8: 3158-3171. https://doi.org/10.
1111/1462-2920.15058.

Karlson, B., P. Andersen, L. Arneborg, et al. 2021. “Harmful Algal
Blooms and Their Effects in Coastal Seas of Northern Europe.” Harmful
Algae 102: 101989. https://doi.org/10.1016/j.hal.2021.101989.

Koroleff, F. 1969. Determination of total nitrogen in natural waters by
means of persulfate oxidation. ASC 1969-C-Hydrography committee.
https://doi.org/10.17895/ices.pub.21517881.

Legendre, P., and E. D. Gallagher. 2001. “Ecologically Meaningful
Transformations for Ordination of Species Data.” Oecologia 129, no. 2:
271-280. https://doi.org/10.1007/s004420100716.

Logares, R., S. Audic, D. Bass, et al. 2014. “Patterns of Rare and Abundant
Marine Microbial Eukaryotes.” Current Biology 24, no. 8: 813-821.
https://doi.org/10.1016/j.cub.2014.02.050.

Louca, S., M. Doebeli, and L. W. Parfrey. 2018. “Correcting for 16S rRNA
Gene Copy Numbers in Microbiome Surveys Remains an Unsolved
Problem.” Microbiome 6: 41. https://doi.org/10.1186/s40168-018-0420-9.

Marafién, E. 2015. “Cell Size as a Key Determinant of Phytoplankton
Metabolism and Community Structure.” Annual Review of Marine Science
7, no. 1: 241-264. https://doi.org/10.1146/annurev-marine-010814-015955.

Martin, M. 2011. “Cutadapt Removes Adapter Sequences From High-
Throughput Sequencing Reads.” EMBnet.Journal 17, no. 1: 10. https://
doi.org/10.14806/¢j.17.1.200.

Massana, R., M. Pernice, J. A. Bunge, and J. del Campo. 2011. “Sequence
Diversity and Novelty of Natural Assemblages of Picoeukaryotes From
the Indian Ocean.” ISME Journal 5, no. 2: 184-195. https://doi.org/10.
1038/ismej.2010.104.

McMurdie, P. J., and S. Holmes. 2013. “Phyloseq: An R Package for
Reproducible Interactive Analysis and Graphics of Microbiome Census
Data.” PLoS One 8, no. 4: €61217. https://doi.org/10.1371/journal.pone.
0061217.

McMurdie, P. J., and S. Holmes. 2014. “Waste Not, Want Not: Why
Rarefying Microbiome Data Is Inadmissible.” PLoS Computational
Biology 10, no. 4: €1003531. https://doi.org/10.1371/journal.pcbi.1003531.

Mitra, A., D. A. Caron, E. Faure, et al. 2023. “The Mixoplankton Database
(MDB): Diversity of Photo-Phago-Trophic Plankton in Form, Function,
and Distribution Across the Global Ocean.” Journal of Eukaryotic
Microbiology 70, no. 4: 1-25. https://doi.org/10.1111/jeu.12972.

Moore, C. M., M. M. Mills, K. R. Arrigo, et al. 2013. “Processes and
Patterns of Oceanic Nutrient Limitation.” Nature Geoscience 6, no. 9:
701-710. https://doi.org/10.1038/ngeo1765.

Muller-Karger, F. E., R. Varela, R. Thunell, R. Luerssen, C. Hu, and J.
J. Walsh. 2005. “The Importance of Continental Margins in the Global
Carbon Cycle.” Geophysical Research Letters 32, no. 1: 2004GL021346.
https://doi.org/10.1029/2004GL021346.

Needham, D. M., and J. A. Fuhrman. 2016. “Pronounced Daily Succession
of Phytoplankton, Archaea, and Bacteria Following a Spring Bloom.”
Nature Microbiology 1, no. 4: 16005. https://doi.org/10.1038/nmicrobiol.
2016.5.

Not, F., R. Siano, W. H. Kooistra, N. Simon, D. Vaulot, and I. Probert.
2012. “Chapter One-Diversity and Ecology of Eukaryotic Marine
Phytoplankton.” Advances in Botanical Research 64: 1-53. https://doi.
0rg/10.1016/B978-0-12-391499-6.00001-3.

Oksanen, J., F. G. Blanchet, R. Kindt, et al. 2020. Vegan: Community
Ecology Package. R Package Version 2.5-7. R Foundation for Statistical
Computing.

Olenina, I, S. Hajdu, L. Edler, et al. 2006. Biovolumes and Size-Classes
of Phytoplankton in the Baltic Sea. HELCOM Balt. Sea Environ. Proc.

Otte, A., S. Wohlrab, F. Moritz, et al. 2025. “High-Resolution Multiomics
Links Nutrients and Mixotrophy to Toxicity in a Harmful Bloom of the
Haptophyte Chrysochromulina leadbeateri.” Science Advances 11, no. 26:
1-14. https://doi.org/10.1126/sciadv.adv3390.

Journal of Eukaryotic Microbiology, 2026

150f 17

959917 SUOWIWIOD SAITeRID 3|cedljdde 8y} Aq pauenoB aJe SSo1le YO 9SN JO S9N Joy Aleld 1 8U1IUO AS|IM UO (SUOTIPUOI-PUE-SLUBIWOD A8 | 1M Aelq 18Ul UO//:SAN) SUOIIPUOD pue SWiS 1 8u1 89S *[9202/0T/2T] Uo Akiqiauliuo AS|IM ‘€€TOL TRI/TTTT OT/I0p/Wod" Ao IM Akelq Ul juo//:Sdny WoJj pepeojumod ‘9 ‘9202 ‘80L0SST


https://doi.org/10.5194/bg-13-5151-2016
https://doi.org/10.5194/bg-13-5151-2016
https://doi.org/10.1016/j.biortech.2015.10.105
https://doi.org/10.1080/14772000.2012.721021
https://doi.org/10.1080/14772000.2012.721021
https://doi.org/10.1111/jeu.12700
https://doi.org/10.1002/9783527613984
https://doi.org/10.1093/nar/gks1160
https://doi.org/10.1093/nar/gks1160
https://doi.org/10.1128/mBio.02973-21
https://doi.org/10.1128/mBio.02973-21
https://doi.org/10.1016/j.jmarsys.2007.11.011
https://doi.org/10.1038/s42003-024-05946-8
https://doi.org/10.1111/jpy.12815
https://doi.org/10.1016/j.cell.2019.10.008
https://doi.org/10.1525/elementa.2021.00111
https://doi.org/10.1093/plankt/fbq062
https://doi.org/10.1016/j.hal.2022.102287
https://doi.org/10.1594/PANGAEA.903511
https://doi.org/10.1111/1462-2920.15058
https://doi.org/10.1111/1462-2920.15058
https://doi.org/10.1016/j.hal.2021.101989
https://doi.org/10.17895/ices.pub.21517881
https://doi.org/10.1007/s004420100716
https://doi.org/10.1016/j.cub.2014.02.050
https://doi.org/10.1186/s40168-018-0420-9
https://doi.org/10.1146/annurev-marine-010814-015955
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.1038/ismej.2010.104
https://doi.org/10.1038/ismej.2010.104
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1371/journal.pcbi.1003531
https://doi.org/10.1111/jeu.12972
https://doi.org/10.1038/ngeo1765
https://doi.org/10.1029/2004GL021346
https://doi.org/10.1038/nmicrobiol.2016.5
https://doi.org/10.1038/nmicrobiol.2016.5
https://doi.org/10.1016/B978-0-12-391499-6.00001-3
https://doi.org/10.1016/B978-0-12-391499-6.00001-3
https://doi.org/10.1126/sciadv.adv3390

Paulsen, M. L., K. Riisgaard, T. F. Thingstad, M. St John, and T. G.
Nielsen. 2015. “Winter-Spring Transition in the Subarctic Atlantic:
Microbial Response to Deep Mixing and Pre-Bloom Production.” Aquatic
Microbial Ecology 76, no. 1: 49-69. https://doi.org/10.3354/ame01767.

Piquet, A. M.-T., D. S. Maat, V. Confurius-Guns, et al. 2016. “Springtime
Dynamics, Productivity and Activity of Prokaryotes in Two Arctic
Fjords.” Polar Biology 39, no. 10: 1749-1763. https://doi.org/10.1007/
s00300-015-1866-x.

Ptacnik, R., A. G. Solimini, T. Andersen, et al. 2008. “Diversity Predicts
Stability and Resource Use Efficiency in Natural Phytoplankton
Communities.” Proceedings of the National Academy of Sciences 105, no.
13: 5134-5138. https://doi.org/10.1073/pnas.0708328105.

R Core Team. 2020. R: A Language and Environment for Statistical
Computing. R Foundation for Statistical Computing. https://www.R-
project.org/.

Raes, E. J., J. Tolman, D. Desai, et al. 2022. “Seasonal Bacterial Niche
Structures and Chemolithoautotrophic Ecotypes in a North Atlantic
Fjord.” Scientific Reports 12, no. 1: 15335. https://doi.org/10.1038/54159
8-022-19165-w.

Rantanen, M., A. Y. Karpechko, A. Lipponen, et al. 2022. “The Arctic
Has Warmed Nearly Four Times Faster Than the Globe Since 1979.”
Communications Earth & Environment 3, no. 1: 168. https://doi.org/10.
1038/s43247-022-00498-3.

Reagan, J. R, T. P. Boyer, H. E. Garcia, et al. 2024. World Ocean Atlas
2023. NOAA National Centers for Environmental Information Dataset:
NCEI Accession 0270533.

Rhein, M., S. R. Rintoul, S. Aoki, et al. 2013. “Observations: Ocean.” In
Climate Change 2013: The Physical Science Basis. Contribution of Working
Group I to the Fifth Assessment Report of the Intergovernmental Panel on
Climate Change, edited by T. F. Stocker, D. Qin, G.-K. Plattner, et al.
Cambridge University Press.

Rohardt, G. 2019. CTD Processing Report of RV Heincke HE533. Alfred
Wegener Institute, Helmholtz Center for Polar and Marine Research.

Ruvindy, R., A. Barua, C. J. S. Bolch, C. Sarowar, H. Savela, and S.
A. Murray. 2023. “Genomic Copy Number Variability at the Genus,
Species and Population Levels Impacts in Situ Ecological Analyses of
Dinoflagellates and Harmful Algal Blooms.” ISME Communications 3:
70. https://doi.org/10.1038/s43705-023-00274-0.

Sakshaug, E., G. H. Johnsen, and K. M. Kovacs, eds. 2009. Ecosystem
Barents Sea. Tapir Academic Press.

Samdal, I. A., and B. Edvardsen. 2020. “Massive Salmon Mortalities
During a Chrysochromulina leadbeateri Bloom in Northern Norway.”
Harmful Algal News 64: 4-5.

Schneider, L., K. Anestis, J. Mansour, et al. 2020. “A Dataset on Trophic
Modes of Aquatic Protists.” Biodiversity Data Journal 8: e56648. https://
doi.org/10.3897/BDJ.8.e56648.

Seeleuthner, Y., S. Mondy, V. Lombard, et al. 2018. “Single-Cell Genomics
of Multiple Uncultured Stramenopiles Reveals Underestimated
Functional Diversity Across Oceans.” Nature Communications 9, no. 1:
310. https://doi.org/10.1038/s41467-017-02235-3.

Sherr, E. B., and B. F. Sherr. 2002. “Significance of Predation by Protists
in Aquatic Microbial Food Webs.” Antonie Van Leeuwenhoek 81: 293—
308. https://doi.org/10.1023/A:1020591307260.

Skjoldal, H. R., and R. Saetre, eds. 2004. The Norwegian Sea Ecosystem.
Tapir Academic Press.

Ssekagiri, A. 2020. “microbiomeSeq: Microbial Community Analysis in
an Environmental Context.” In ISCB Africa ASBCB Conference. GitHub
repository.

Stoeck, T., D. Bass, M. Nebel, et al. 2010. “Multiple Marker Parallel Tag
Environmental DNA Sequencing Reveals a Highly Complex Eukaryotic

Community in Marine Anoxic Water.” Molecular Ecology 19, no. 1: 21-
31. https://doi.org/10.1111/j.1365-294X.2009.04480.x.

Supraha, L., S. Bosak, Z. Ljubesi¢, et al. 2014. “Cryptophyte Bloom in a
Mediterranean Estuary: High Abundance of Plagioselmis cf. Prolonga in
the Krka River Estuary (Eastern Adriatic Sea).” Scientia Marina 78, no. 3:
329-338. https://doi.org/10.3989/scimar.03998.28C.

Supraha, L., K. Klemm, S. Gran-Stadniczenko, et al. 2022. “Diversity
and Biogeography of Planktonic Diatoms in Svalbard Fjords: The Role
of Dispersal and Arctic Endemism in Phytoplankton Community
Structuring.” Elementa: Science of the Anthropocene 10, no. 1: 00117.
https://doi.org/10.1525/elementa.2021.00117.

Svendsen, H. 1995. “Physical Oceanography of Coupled Fjord-Coast
Systems in Northern Norway With Special Focus on Frontal Dynamics
and Tides.” Marine Systems 5: 149-164.

Teeling, H., B. M. Fuchs, C. M. Bennke, et al. 2016. “Recurring Patterns
in Bacterioplankton Dynamics During Coastal Spring Algae Blooms.”
eLife 5: e11888. https://doi.org/10.7554/eLife.11888.

Thornhill, D. J., T. C. Lajeunesse, and S. R. Santos. 2007. “Measuring
rDNA Diversity in Eukaryotic Microbial Systems: How Intragenomic
Variation, Pseudogenes, and PCR Artifacts Confound Biodiversity
Estimates.” Molecular Ecology 16: 5326-5340. https://doi.org/10.1111/j.
1365-294X.2007.03576.X.

Tragin, M., and D. Vaulot. 2018. “Green Microalgae in Marine Coastal
Waters: The Ocean Sampling Day (OSD) Dataset.” Scientific Reports 8,
no. 1: 14020. https://doi.org/10.1038/s41598-018-32338-w.

Wassmann, P., H. Svendsen, A. Keck, and M. Reigstad. 1996. “Selected
Aspects of the Physical Oceanography and Particle Fluxes in Fjords of
Northern Norway.” Journal of Marine Systems 8, no. 1-2: 53-71. https://
doi.org/10.1016/0924-7963(95)00037-2.

Weiss, S., Z. Z. Xu, S. Peddada, et al. 2017. “Normalization and Microbial
Differential Abundance Strategies Depend Upon Data Characteristics.”
Microbiome 5: 1-18. https://doi.org/10.1186/s40168-017-0237-y.

Weydmann-Zwolicka, A., A. M. Dabrowska, M. Mioduchowska, and A.
Zwolicki. 2024. “Comparison of DNA Metabarcoding and Microscopy
in Analysing Planktonic Protists From the European Arctic.” Marine
Biodiversity 54, no. 3: 1-10. https://doi.org/10.1007/s12526-024-01436-6.

Wickham, H. 2016. ggplot2: Elegant Graphics for Data Analysis.
Springer-Verlag.

Wietz, M., C. Bienhold, K. Metfies, et al. 2021. “The Polar Night Shift:
Seasonal Dynamics and Drivers of Arctic Ocean Microbiomes Revealed
by Autonomous Sampling.” ISME Communications 1, no. 1: 76. https://
doi.org/10.1038/s43705-021-00074-4.

Worden, A. Z., M. J. Follows, S. J. Giovannoni, S. Wilken, A. E.
Zimmerman, and P. J. Keeling. 2015. “Rethinking the Marine Carbon
Cycle: Factoring in the Multifarious Lifestyles of Microbes.” Science 347,
no. 6223: 1257594. https://doi.org/10.1126/science.1257594.

Supporting Information

Additional supporting information can be found online in the Supporting
Information section. Table S1: Environmental data for all sampled sta-
tions at HE533 Cruise Table S2: Nutrient values of the HE533 cruise
at (A) 3m, (B) DCM (3-28m), and (C) 40 m. Table S3: Summary of the
HES533 cruise ASVs and number of Reads before and after rarefaction.
Table S4: Summary of Distance-Based Redundancy Analysis (dbRDA)
results for the significant environmental parameters in the HE533 Study.
Df: degrees of freedom, SS: sums of squares, F: Fstatistic. Figure S1:
ODV transect plots from CTD data for the studied fjords. Figure S2:
(A) DCM NH4 concentration. (B) DCM NO2 concentration. (C) DCM
NO3 concentration. (D) DCM PO4 concentration. (E) DCM SiO concen-
tration. Figure S3: Chlorophyll-a distribution at each station and the
3 sampled depths. Figure S4: Spearman correlation matrix at p-values
<0.05 between the most abundant ASVs, physicochemical parameters
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at the He533 cruise. The symbol size is inversely related to the pvalue.
Blue tones indicate positive correlations whereas red tones indicate neg-
ative ones. Figure S5: Treemaps displaying the Northern Norway fjords
protist HTS community's taxonomic composition at supergroup and di-
vision levels: ASVs richness (above) and proportional read abundance
(below). proportional read abundances) among the studied fjords by size
fractions. Other protists include: Apicomplexa, Perkinsea, Rhodophyta,
Streptophyta, Mesomycetozoa, Cercozoa, Radiolaria, Lobosa, Conosa,
Apusomonadidae, Metamonada, and those that could not be classify
further than to Alveolata, Archaeplastida, Opisthokonta, Rhizaria and
Stramenopila. Stations are presented outer inwards the fjords. Figure
S7: Distribution of protist groups ASVs across the five fjords and the
VesterA¥len area. Total number of Protist ASVs at each fjord or area is
shown to the left (gray bars). The vertical bars indicate the number of
ASVs unique to a particular fjord (single dark circles) or shared among
fjords (dark circles connected by solid lines), as well as the taxa represen-
tation by color codes. Figure S8: Taxonomic distribution of major taxo-
nomic prokaryotic ASVs (as proportional read abundances) among the
studied fjords by size fractions.

Journal of Eukaryotic Microbiology, 2026

17 of 17

85U8017 SUOWIWIOD BAITE.D) 3|cedldde ayy Aq peusenob afe sajoile YO 8Sn JO Sa|nJ Joj A%eiq1T8ulJUO AB|IA UO (SUORIPUOD-PUE-SWLYWO A 1M ARe.d 1 [euluo//SdhL) SUORIPUOD Pue Swie 1 8y} 88S *[9202/0T/ZT] Uo AriqiTauluo A8|iM ‘€ET0L MR ITTTT 0T/I0p/L0o" A8 |1 ARelq1jeuljuo//Sdny Wouy pepeo|umod ‘9 ‘920z ‘807L0SST



	Spatial Diversity of Marine Protists Along the Northern Norway Fjords During the Sub-Arctic Summer
	ABSTRACT
	1   |   Introduction
	2   |   Materials and Methods
	2.1   |   Oceanographic Measurements
	2.2   |   Sampling Plankton and Water
	2.3   |   Nutrient Analyses
	2.4   |   Metabarcoding of Eukaryotic and Prokaryotic SSU rRNA Genes
	2.5   |   Bioinformatic Processing
	2.6   |   Statistical Analyses
	2.7   |   Artificial Intelligence Tool

	3   |   Results
	3.1   |   Spatial Variations of Physicochemical Factors
	3.2   |   Northern Norway Protist Community Composition
	3.3   |   Community Composition and Environmental Drivers in Six Regions
	3.4   |   Trophic Modes Along the North Norway Coast
	3.5   |   Prokaryote Diversity by Metabarcoding and Co-Occurrences With Protists

	4   |   Discussion
	4.1   |   Protist Community and Major Taxa in the Northern Norwegian Coast
	4.2   |   Trophic Modes of the Protist Communities Between Fjords in Temperate/Sub-Arctic
	4.3   |   Abiotic and Biotic Factors Explaining the Differences in Protist Community Composition Within and Among the Investigated Fjords

	5   |   Conclusions
	Acknowledgments
	Data Availability Statement
	References


