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Abstract

Nitrogen availability limits primary production in the Arctic Ocean, making it vital to understand its sources and sinks to
predict future productivity. Although nitrogen fixation has been reported in the Arctic Ocean, data remain scarce, espe-
cially in the Atlantic sector. Here, we measured nitrogen fixation rates and examined diazotroph community composition
across the Fram Strait, targeting Polar waters in the East Greenland Current, Atlantic waters in the West Spitsbergen
Current, and their frontal zone. Nitrogen fixation was mainly low (<1 nmol N L! d'l) in Polar waters, however, elevated
at the one station in the Atlantic water sector (up to 10.15 nmol N L' d!). Rates were only detectable in the epipelagic
layer (0—100 m) across the strait and positively correlated with temperature, primary production, and chlorophyll-a fluo-
rescence, and negatively correlated with coloured dissolved organic matter and silicate. The diazotrophs were dominated
by non-cyanobacterial diazotrophs (NCDs; 77% of nifH amplicon reads), with an Arctic Betaproteobacterial group (order
Rhodocyclales) accounting for 11% of sequence reads. This group was quantifiable (up to 6700 nifH gene copies L)
within the West Spitsbergen Current and the frontal zone, where the highest nitrogen fixation and primary production
occurred, and its prevalence was positively correlated with temperature. We propose that temperature and freshly produced
dissolved organic matter influence the NCD-dominated nitrogen fixation in Fram Strait. Our study suggests that NCDs
are key diazotrophs in Fram Strait, and that nitrogen fixation rates and their potential importance for primary production
vary across the contrasting water masses entering and exiting the Arctic Ocean. We encourage future studies to quantify
these nitrogen fluxes and evaluate their importance for productivity in the Arctic Ocean.
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Introduction

< Lasse Riemann

Iriemann@bio.ku.dk Although being the smallest ocean on Earth, the Arctic

Ocean (AO) accounts for up to 14% of the global marine
net annual CO, uptake [1, 2]. The Arctic is warming up to
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four times faster than the global average, resulting in pro-
found environmental changes [3, 4]. One distinct conse-
quence is the reduction in sea ice [5], causing stimulation
of primary production due to increased light availability and
longer growth seasons [6—9]. As a response to sea ice reduc-
tion, nitrogen (N) availability, which commonly limits pri-
mary production in the AO [10, 11], is predicted to decrease
[12]. In addition to sea ice decline, the warming is enhanc-
ing “Atlantification”, seen as an increased inflow of warm,
saline Atlantic water to the AO, causing changes in e.g.,
stratification, species composition, and nutrient concentra-
tions [13, 14]. Consequently, improving our understanding
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of N sources is important for predictions of future nutrient
availability, primary production, carbon sequestration, and
ecosystem productivity in the AO.

Nitrogen fixation is a process carried out by specific
microorganisms termed diazotrophs. It converts inert dini-
trogen (N,) gas to bioavailable ammonium (NH,") [15]. In
oligotrophic ocean regions, nitrogen fixation is important
and can sustain more than half of the new production [16,
17]. Studies on nitrogen fixation in the AO are relatively
few [18]. However, sequencing-based studies on the nitro-
genase gene (nifH — a biomarker for diazotrophs [19]) have
reported a wide distribution of putative diazotrophs in the
AO with dominance of non-cyanobacterial diazotrophs
(NCDs; e.g [20-23]). This is in contrast to lower latitude
tropical and subtropical oceans where Cyanobacteria tend
to be the dominant diazotrophs (e.g [24-26]). However,
although not generally dominant, cyanobacterial diazo-
trophs are also present in some parts of the AO, including
the Chukchi, Bering and Beaufort Seas [21, 27, 28] and the
Fram Strait [29]. Furthermore, a few studies have reported
nitrogen fixation rates from the Pacific sector of the AO
(Chukchi, Bering, and Beaufort Sea [27, 28, 30]), Baffin
Bay and the Canadian Arctic Archipelago with detectable
rates ranging from 0.02 nmol N L™ ! d~ ! (Baffin Bay; [20])
to 17.2 nmol N L™ ! d™ ! (Chukchi Sea; [30]). This suggests
that nitrogen fixation rates can at least occasionally be simi-
lar to rates measured in lower latitude regions. However,
data are scarce, and although nitrogen fixation is widespread
in the North Atlantic Ocean [31], it has not yet been reported
from the Atlantic sector of the AO, hampering a pan-Arctic
understanding of the potential importance and environmen-
tal regulation of nitrogen fixation.

The Fram Strait serves as a major gateway to the AO. On
its western sector, it is characterized by the outflow of Polar
water with the East Greenland Current (EGC) — which is
an extension of the Transpolar Drift transporting shelf-influ-
enced waters across the AO into the North Atlantic — and the
inflow of Atlantic water (AW) with the West Spitsbergen
Current (WSC) to the east (e.g [32]). The relatively fresh
Polar water (temperature < 0 °C and salinity < 34.4) in the
EGC accounts for about 30% of the total Arctic freshwa-
ter export [33], while the WSC transports warm, saline AW
(temperature >3 °C; salinity >34.9) into the AO (e.g [34]).
The distinct hydrography across the strait generates a fron-
tal zone (FZ) that acts as a barrier, defined by marked gradi-
ents in e.g., sea-ice coverage [35], water chemistry [36—-38],
bio-optical properties [39], plankton communities [40—42]
and overall carbon export [43, 44]. Thus, the Fram Strait
offers a valuable opportunity to capture the characteristics
of waters both exiting and entering the AO, reflecting both
up- and downstream conditions.
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Here, we aimed to elucidate the environmental drivers
of nitrogen fixation and identify the key diazotrophic com-
munities across the contrasting water regimes in the Fram
Strait. Being a main gateway to the Arctic Ocean, informa-
tion about diazotrophs and their activity is important for
ultimately understanding and predicting nutrient biogeo-
chemistry and productivity in the Arctic Ocean.

Materials and Methods
Study Regimes and Core Environmental Parameters

Samples were obtained onboard the R/V Kronprins Haakon
during the FS2021 expedition from 31 st July to 20th August
2021. The sampling covered depths from 5 to 2620 m across
three distinct hydrographic regimes in the Fram Strait; EGC,
WSC, and their Frontal Zone (FZ) (Fig. 1). Temperature,
salinity and chlorophyll-a (chl) fluorescence profiles were
measured with a SBE911 CTD (Sea-Bird Scientific, WA,
USA), and seawater samples were collected using Niskin
bottles attached to the CTD-rosette system. To exam-
ine spring bloom dynamics daily chl concentrations were
obtained from the Copernicus Marine Service product Arc-
tic Ocean Biogeochemistry Analysis and Forecast (Product
ID:  ARCTIC ANALYSISFORECAST BGC 002 004).
This Level-4 product is generated by the operational
TOPAZS5-ECOSMO Arctic Ocean system, which couples
the ECOSMO biogeochemical model to the TOPAZS physi-
cal model using the FABM framework. The product pro-
vides daily 3D fields of biogeochemical variables across the
Arctic Ocean (50°—90°N, 180°W-180°E) at 6.25 km spatial
resolution. Chl maps were produced for 2nd May, 2nd June,
2nd July, and 2nd August 2021. Concentrations of nitrite
(NO,"), phosphate (PO43’), and silicate (Si(OH),) were
measured with a SmartChem 200 discrete nutrient analyser
following Hansen and Koroleff [45]. Nitrate (NO; ) concen-
trations were measured using the vanadium chloride reduc-
tion technique [46]. Nutrient samples were stored at 4 °C
and measured onboard within 24 h. Detection limits (NO;;
0.1 uM, NO,; 0.03 uM, PO,*"; 0.05 uM and Si(OH),; 0.5
uM) were determined by replicate measurements of refer-
ence seawater (KANSO, Technos Co., Ltd., Japan) every 10
samples. During the running of the samples from the cruise,
over 40 determinations of each nutrient and each certified
reference material (CRM) was performed. Three CRMs
were used to follow the performance of the measurements:
low (batch CK), medium (batch CL) and high (CO). Aver-
age accuracy (percent deviation from certified measure-
ment) based on the CL/CO CRMs was 0.4/0.6, 0.05/0.01,
0.003/0.002, 0.008/0.007% for NO, , PO,*", Si(OH),
and NO;~, respectively. Average precision (coefficient of
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Fig. 1 Map of the study region with the FS2021 cruise track. Samples
were collected from three divergent water regimes: WSC (West Spits-
bergen Current), EGC (East Greenland Current) and their FZ (Frontal
Zone). Nucleic acids were collected at all purple stations from four
depths (5 m, 25-50 m, 100 m and 5-10 m above the seafloor). Purple

variance) based on analyses on the same CRMs was 11/2.9,
3.7/2.8, 1.0/0.7, 2.0/0.9% for NO,”, PO,*", Si(OH), and
NOj;, respectively. The Redfield N: P ratio [47] was cal-
culated as ((NO, ]+ [NO; 1)/([PO,*]), leaving out ammo-
nium, as these data were not available.

Samples for the analysis of coloured dissolved organic
matter (CDOM) were filtered through 0.2 um Millipore
Opticap XL filter capsules into pre-combusted amber glass
vials and kept in the dark at 4 °C until analysis onboard
within 1-2 days. CDOM absorbance was measured across
the spectral range from 250 to 700 nm using a Shimadzu
UV-2401PC spectrophotometer and 100 mm quartz cells
with ultrapure water as reference [50]. CDOM absorbance
was then converted into an absorption coefficient (m™ ). In
this study, we report the CDOM absorption coefficient at
254 nm (a254), hereafter referred to as CDOM.

Nitrogen Fixation and Primary Production
Rate Measurements

As the sampling cruise was not dedicated to nitrogen fixa-
tion work, it was only logistically feasible to measure nitro-
gen fixation and primary production from four depths (5
to 2551 m) from five stations (Fig. 1; Table S1). Triplicate
samples were transferred to acid-washed 4.6 L polycarbon-
ate bottles. In addition, one reference bottle (2.5 L, time

triangles are stations where nitrogen fixation and primary production
rates were measured from four depths. Numbers indicate station IDs,
with stations 386 and 452 being sampled twice. Ancillary data was
collected from all grey and purple stations. Produced with Ocean Data
View and ggOceanMaps [48, 49]

zero, Ty;) was immediately filtered onto glass fiber filters
(Advantec™ GF75, pre-combusted at 450 °C for 6 h, 25
mm, nominal pore size 0.3 um, Toyo Roshi Kaisha, Ltd.,
Japan) at 4 °C to obtain in situ "’N/"*N and *C/'>C isotope
ratios and particulate organic nitrogen (PON) and carbon
(POC) concentrations. Nitrogen fixation rates were mea-
sured following the bubble release method [51] where all
bottles were closed bubble-free with septa screw caps and
spiked with 6 mL high purity >N, gas (99%, Cambridge
Isotope Labs, MA, USA). To enhance 15N2 dissolution, all
bottles were gently shaken continuously for 15 min at 2—-5
°C until the removal of remaining gas [51]. Primary produc-
tion rates were measured by parallel addition of NaH13CO3
(93 uM, > 98 atom%, Sigma Aldrich, MA, USA) target-
ing an enrichment of ~ 5% of the expected in situ dissolved
inorganic carbon concentration in the Fram Strait [52].
Samples were incubated for 24 h in a transparent on-deck
container with flow-through surface seawater, maintaining
temperature within = 1.5 °C of in situ conditions. Bottles
were shaded with black nylon mesh or plastic so that light
exposure mimicked in situ photosynthetic active radiation,
with meso- and bathypelagic samples incubated in the dark.
Post incubation, duplicate 12 mL gas-tight exetainers
(Labco, Lampeter, UK) were filled from each bottle and
stored upside down, submerged in seawater in darkness
at 4 °C for the analysis of '°N, atom% by membrane inlet
mass spectrometry [53] within three months. The remaining
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sample water was filtered onto pre-combusted Advantec fil-
ters and stored at —20 °C until dried onboard (50 °C, 24
h). POC and PON concentrations were analysed using a
coupled Elemental-Analyzer to Isotope-Ratio-Mass Spec-
trometer (IRMS; Integra 2, SerCon Ltd) as described in
Benavides et al. [54]. Limit of quantification (LOQ) for
PON was 2 pg N per sample with linearity throughout all
measurements (2-500 pg N). The range of '°N, enrichments
was — 20.8-54.6%o (median 5.2%o). Nitrogen fixation rates
were calculated according to Montoya et al. [55], follow-
ing White et al. [56] with error-propagation-based limit of
detection (LOD) calculations [57] (Supplementary Data-
sheet S1). Primary production rates were calculated accord-
ing to Hama et al. [58] (Supplementary Datasheet S2). The
contribution of measured nitrogen fixation to the nitrogen
demand for in situ net primary production was estimated
using the Redfield ratio [47]. To account for potential dif-
ferences in elemental stoichiometry [59] across the Fram
Strait, the in situ molar C: N ratios were used for this calcu-
lation in parallel (Table S1). The calculation of the potential
contribution of nitrogen fixation to primary production is
based on the amount of new nitrogen added to the system
and theoretically becoming available for primary producers
through leakage and eventual remineralisation of diazotroph
cells. Uncertainty in the calculated contribution was esti-
mated from the standard deviations of triplicate measure-
ments of nitrogen fixation and primary production, applying
standard error propagation to account for variability in both
rates.

Diazotroph Community Analysis

DNA was obtained from 5 m, 25-50 m, 100 m, and just
above the bottom at 19 stations (Fig. 1). Seawater was
immediately filtered onto 0.22 pum Sterivex filters (Mil-
lipore, MA, USA) at 4 °C (2-4 L; maximum duration 45
min) and stored at —80 °C. Prior to DNA extractions, filters
were removed by cutting open one end of the plastic casing.
Filters were thoroughly grinded with a sterile metal pestle
whilst being flash frozen (up to 8 times) with liquid nitrogen
in between grinding. DNA was extracted using the AllPrep
DNA/RNA Mini Kit (Qiagen Sciences, MD, USA), stored
at —20 °C, and quantified using PicoGreen (Quant-iT, Invi-
trogen, MA, USA). nifH gene amplicons were generated in
25 uL nested polymerase chain reactions (PCRs) [60] using
PuReTaq Ready-To-Go™ PCR beads (Cytiva, Marlbor-
ough, MA, USA). Primers nifH3 and nifH4 [61] were used
for the outer PCR reaction (0.4 uM), and MgCl, was added
(5 mM). For inner PCR reactions, primers nifH1 and nifH2
[62] were used (0.4 uM), and MgCl, (2.5 mM) was added.
DNA template (median 7.2 ng) was added to the outer PCR

@ Springer

reaction, followed by transferring 1 pL of the produced
product to the inner PCR reaction. Samples were amplified
in triplicate for 30 cycles at 94 °C (60 s), 54 °C (60 s), and
72 °C (60 s) with a first and final step at 94 °C (120 s) and 72
°C (420 s), respectively. Size and purity were checked for
all samples by agarose gel electrophoresis. Triplicate inner
PCR products were pooled, purified (GeneClean Turbo,
MP Biomedicals, CA, USA), and quantified (PicoGreen).
In 26 of 76 samples, unspecific amplification was seen and
therefore, nifH bands were gel-extracted and purified (Pure-
Link™ Quick Gel Extraction Kit, Invitrogen) from these.
Negative controls containing UV-irradiated PCR-grade
water as template were included in all PCR rounds, and one
pooled triplicate set was included for sequencing. Five ng of
all pooled amplicons and gel-extracted bands were indexed
in 25 pL reactions using Illumina indexes (National Genom-
ics Infrastructure, Uppsala, Sweden), 0.25 L. MyTaq™ Red
DNA polymerase (Bioline, Meridian Bioscience, UK), 0.4
uM barcoded forward and reverse primers, 3.5 mM MgCl,,
and 8 cycles at 94 °C (30 s), 62 °C (30 s), 72 °C (30 s)
starting and ending with 94 °C (60 s) and 72 °C (300 s),
respectively.

Indexed pooled amplicons were purified (Agencourt,
Beckman Coulter, CA, USA), quantified (PicoGreen),
pooled in equimolar ratios, and sequenced at the Geo Genet-
ics Sequencing Core, University of Copenhagen, Denmark
using an Illumina MiSeq v3 (paired-end, 2 x 300 bp)
platform.

Sequence Analyses

Sequence analyses were done as follows: (1) Generation
of amplicon sequence variants (ASVs) with the DADA2-
pipeline (v. 1.26.0; [63]) with read-trimming at 240 (for-
ward) and 170 (reverse), (2) Removal of non-nifH reads
and nifH homologs using steps 2, 4 and 5 of the NifMAP
pipeline (v.1.0; [64]; 680 ASVs removed), (3) Assigning
of nifH phylogenetic clusters [65], (4) Assigning of nifH
taxonomy (assignTaxonomoy; DADA?2) based on a nifH
database [66, 67]. ASV contaminants were identified using
decontam (v.1.12.0; [68]). All data analyses were performed
in R-4.1.1 [69] using phyloseq (v.1.36.0; [70]) and vegan
(v.2.6.4; [71]). Samples with <200 reads (13 of 76 samples)
were removed. The ASVs with no assigned taxonomy from
the DADA?2 pipeline were grouped as “NA”. The nearest
relatives of the 20 most abundant ASVs (accounting for
62% of all reads) and the 10 ASVs representing >25% of
the relative abundance in samples where nitrogen fixation
was measurable were additionally identified (nucleotide
similarity) using the NCBI database (https://blast.ncbi.nlm.
nih.gov/). These ASVs, their nearest relatives, and selected
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Arctic reference sequences were aligned with MAFFT
(L-INS-I [72]), and used to build a maximum likelihood
tree in raxmlGUI (v. 2.0.13; [73]) with 1000 bootstraps. The
ModelTest-ng (raxmlGUI) was applied to find the optimal
substitution model and rate heterogeneity settings for the
tree (G4, gamma mean). Visualization of the tree was done
using iTOL [74].

Quantification of Dominant Arctic
Betaproteobacteria

A dominant group of ASVs (ASVI, 10, 34, and 42)
belonged to a Betaproteobacteria group named Beta-Arcticl
and was quantified in 21 samples (where nifH gene ampli-
con reads for this group was >100) with quantitative PCR
(qPCR) using the assay developed in von Friesen et al. [75].
In brief, triplicate 13 pL reactions containing 1 x LightCy-
cler® 480 Probes Master mix (Roche, Basel, Switzerland),
0.5 uM primers, 0.2 uM probe, and 2.5 ng DNA were run.
A serial dilution of standard (gBlocks) was used (10°—10°
gene copies), and the qPCR efficiency was 99.57%. A nega-
tive control (PCR grade water) and duplicate inhibition con-
trols (environmental DNA sample tested against a standard
concentration of 10® gene copies) generated no amplifica-
tion and no inhibition, respectively. The limit of detection
(LOD) and limit of quantification (LOQ) were calculated
for each sample based on blank and low-concentration sam-
ple variability [76].

Statistical Analyses

Alpha-diversity was assessed using median-normalized
sequence data containing singletons, but singletons were
removed for other statistical testing. To evaluate differences
in alpha-diversity across the three hydrographic regimes
(EGC, FZ, and WSC), the Shannon diversity index was
calculated using the estimate richness() function from the
phyloseq package [70]. To test if community composition
differed between regimes and depth categories, a PER-
MANOVA was conducted on centered log ratio transformed
data (clr; transformed with the compositions package; [77])
using the adonis2() function from the vegan package [71]
based on Euclidean distance with 999 permutations. Addi-
tionally, pairwise.adonis [78] was used to identify differ-
ences between regimes. In parallel, the function betadisper
was used to ensure homogeneity of group dispersions. The
envfit function (vegan package v.2.6.4; [71]) was used to
investigate relationships between selected ancillary data
(temperature, salinity, NO, +NO;~, Si(OH),, PO,*", and
CDOM) and principal components on clr transformed data.
The envfit analysis was performed using 999 permutations,

and p-values were adjusted using the Bonferroni correc-
tion to account for multiple testing. Redundancy analysis
(RDA) was used to ordinate and evaluate if any ancillary
data were significant drivers of community composition.
Principal component analysis (PCA) was performed using
the prcomp() function to evaluate the three hydrographic
regimes based on ancillary data. To assess differences in
ancillary data among the three regimes, one-way ANOVA
was applied when assumptions of normality (verified using
the Shapiro-Wilk test) and homogeneity of variances (vali-
dated with Levene’s test) were met, followed by Tukey’s
HSD post hoc test. The non-parametric Kruskal-Wallis
test was applied when data did not meet the criteria for a
one-way ANOVA. In cases where the Kruskal-Wallis test
revealed significant differences, Dunn’s post hoc test with
Bonferroni correction was applied to identify pairwise dif-
ferences between regimes. Spearman’s Rank correlation
was used to find correlations between ancillary data and
nitrogen fixation rates above LOD, primary production,
and nifH gene copies of Beta-Arcticl, respectively. For all
statistics, analyses with p-values < 0.05 were considered
significant. Data visualization was done using ggplot2 [79],
ggOceanMaps [49], microViz [80], microshades [81], and
Ocean Data View [48].

Results
Environmental Gradients Across Fram Strait

Pronounced environmental gradients were observed
between the Polar waters in the East Greenland Current
(EGC) and Atlantic waters in the West Spitsbergen Current
(WSC), with intermediate values in the Frontal Zone (FZ)
(Fig. 2; Fig. S1; Table S2). The differences between hydro-
graphic regimes were statistically confirmed (Table S2).
Temperature and salinity were higher in WSC compared to
EGC ranging from — 1.8 °C (EGC) to 6.7 °C (WSC) and 22.5
(EGC) to 35.0 (WSC), respectively (Fig. 2). Across all sam-
ple depths, concentrations of NO, +NO;~ were also higher
in WSC (average 7.1+5 uM) compared to EGC (5.3+4.8
uM). The same trend was observed in the upper 100 m
where concentrations of NO, +NO; ™ averaged 4.2+3.8 pM
and 2.3+£2.8 pM in WSC and EGC, respectively. Addition-
ally, chl fluorescence (Fig. 3) in the upper 100 m was also
higher in WSC (average 1.8+ 1.4) compared to EGC (aver-
age 0.3+0.5). Chl concentration maps for 2nd May, 2nd
June, 2nd July, and 2nd August 2021 showed that the spring
bloom was over when sampling occurred (Fig. S2). CDOM
and Si(O), were higher in the EGC compared to the WSC,
while PO,*" did not differ among the three regimes (Fig. 2).
Based on the Redfield ratio, nitrogen was limited relative

@ Springer
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Fig. 2 Environmental conditions across the Fram Strait (0-500 m)
covering the three regimes: WSC (West Spitsbergen Current), EGC
(East Greenland Current) and their FZ (Frontal Zone). CDOM refers

to phosphorus (N: P<16) at all locations and depths where
DNA was sampled (including stations where nitrogen fixa-
tion and primary production were measured), except for two
deep samples (Table S1).

Nitrogen Fixation and Primary Production

Nitrogen fixation was measured at four depths of five sta-
tions. Rates were above LOD in 9 of the 20 water samples,
including at 5 m at all stations, but always below LOD at
depths greater than 100 m (Fig. 3, Table S1; Supplementary
Datasheet 1). In general, rates above LOD were low and
ranged from 0.02+0.01-0.73+0.7 nmol N L™! d™! across
EGC and PF, however, elevated nitrogen fixation rates were
found at the one station in WSC, ranging from 0.32+0.1—
10.15+£4.9 nmol N L™! d™! (Fig. 3).

Spearman’s Rank correlation analysis revealed positive
correlations between nitrogen fixation rates and temperature
(»<0.05, tho=0.47, n=9; Fig. S3), and chl fluorescence
(»<0.05, tho=0.73, n=9; Fig. S3). Negative correlations
were identified between nitrogen fixation rates and CDOM
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to coloured dissolved organic matter absorption coefficient measured
at wavelength 254 nm (m™ ). For chlorophyll fluorescence profiles, see
Fig. 3. Produced with Ocean Data View [48]

(p<0.05, tho=—0.78, n=9; Fig. S3), and Si(OH), (p<0.05,
rho=-0.82, n=9; Fig. S3).

Primary production rates (Table S1; Supplementary Data-
sheet 2) varied between EGC and WSC (one-way ANOVA;
p<0.05, F=4.2), spanning from 3.81+0.21 (station 446;
5 m, EGC) to 9,573+3,527 nmol C L' d"! (station 354;
5 m, WSC). It was positively correlated with nitrogen fixa-
tion (Spearman’s Rank, p<0.001, rho=0.93, n=9; Fig.
S3) and chl fluorescence (Spearman’s Rank, p<0.001,
rho=0.82, n=20). The nitrogen fixation could theoretically
account for 0.3% =+ 0.3% (station 371; 5 m; FZ) to 16.9% =+
12.3% (station 446; 5 m; EGC) of the nitrogen required for
the measured primary production (based on the Redfield/in
situ C: N molar ratio), with the largest contribution in sam-
ples where primary production rates were low (Table S1).

Composition and Distribution of Diazotrophs

The nifH gene amplicon library included 792 ASVs. At the
class level, NCDs, ASVs of unknown taxonomy, and Cyano-
bacteria accounted for 77.3%, 18.9%, and 3.8% of all reads,
respectively (Fig. 4). nifH gene clusters showed similar



Contrasting Nitrogen Fixation Between Arctic and Atlantic Waters in the Fram Strait

Page70of 15 26

EGC | FZ . WSC o
[
Station ID 413 446 454 371 ! 354 fluorescence
S — W— - — --6
02 Wl R o2 0.73 NN 5 S 1104.29
20 B 3 3 £ 5
J— ‘ I { +1.5
E 40 4
L . X ¥
—
2 60| f 3
a 0 R R 3
80| . LRSS « S 2
. (L]
8
1001 x NN EE—— - X 032 p= 1
+0. g
S
120 .0

15°W  10°W 5°W

0° 5°E 10°E

Longitude

Fig. 3 Average nitrogen fixation rates (nmol N L™ ! d” ') shown in
circles (not to scale) from triplicate samples with one standard devia-
tion across the surface layer of the Fram Strait (0—120 m). WSC; West
Spitsbergen Current), EGC; East Greenland Current and FZ; Frontal
Zone. Black crosses indicate samples where nitrogen fixation was

representation in the three regimes, with Clusters I and III
accounting for 62% and 27% of all reads, respectively (Fig.
S3). Beta-, Delta-, and Gammaproteobacteria accounted for
>50% of the relative abundance in 37 of the 63 samples,
whereas Cyanobacteria dominated in three samples (all
from 25 m; Fig. 4). Despite the large variability among
samples, diazotroph community composition (pairwise
adonis, p>0.05) and alpha diversity (Shannon index, one-
way ANOVA, p>0.05) did not differ significantly among
the three regimes of the Fram Strait (all samples merged
for each regime). Community composition was, however,
different between 5 m and >100 m (adonis2, p<0.01,
R2=0.07), 25 m and > 100 m (adonis2, p<0.01, R2=0.06),
and 100 m and >100 m (adonis2, p<0.05, R>=0.06). The
envfit analysis showed no significant environmental driv-
ers (temperature, salinity, NO, +NO,~, Si(OH),, PO,*", and
CDOM) of community composition (for all, p>0.05; data
not shown).

A deeper phylogenetic analysis was conducted of the
20 ASVs with the highest relative abundance and the 10
main ASVs (four of these were among the overall top 20
ASVs) found in the samples where nitrogen fixation was
measurable (Table S3, Fig. 5). The 20 dominant ASVs
each represented 1.2 to 11.4% of the total reads and col-
lectively accounted for 62% of all reads. Eight ASVs were
classified as ‘unknown’ and only two of these (ASV 8 and
20) exhibited high similarity (>99%) to previously found

below the limit of detection. Chlorophyll (Chl) fluorescence is shown
as background due to the correlation with nitrogen fixation rates above
LOD (Spearman’s Rank; p = 0.03, rho = 0.73). Produced with Ocean
Data View [48]

environmental sequences (Table S3). Six ASVs exhibited
high similarities (93.6—-100%) to bacteria previously found
in the AO, and nine ASVs showed low similarities (< 92%)
to their nearest relatives (Table S3). The dominant ASVs
from samples where nitrogen fixation was detectable (Fig.
5; shown in green) differed among the three regimes (WSC:
ASVs 2,71, 105, 114; FZ: 5, 46; EGC: 11, 13, 33, 48), and
only ASVs 5 and 13 exhibited high similarity (>99%) to
sequences previously found in the Central AO [82]. Five of
the ASVs showed similarities of 93.6-97.7% to their nearest
relatives in the database, and the remaining three showed
only low similarity (< 90%) to any known environmental
sequences (Table S3). A Gammaproteobacterium (ASV 105)
dominated (relative abundance 90%) in the sample where
the highest nitrogen fixation rate was measured (WSC; sta-
tion 354; 5 m). Overall, the dominant ASVs belonged to
Clusters I, III, and IV and were phylogenetically diverse,
with six of 20 ASVs previously found in the AO (Fig. 5).

The most abundant ASV (ASV 1) accounted for 11.4%
of all reads (Table S3). It was identical to a sequence found
in WSC and belonged to the Beta-Arcticl group, earlier
reported from several locations of the AO and recently
found to be expressing nifH in the Atlantic gateway to the
AO [75]. ASVs 10, 34, and 42 were also affiliated with this
group. Quantification of the Beta-Arcticl group by qPCR
was above the limit of detection in 7 of 21 samples with
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Fig. 4 Diazotroph community composition across the Fram Strait
and the three regimes WSC (West Spitsbergen Current), EGC (East
Greenland Current), and their FZ (Frontal Zone). Relative abundance
of classes of diazotrophs based on nifH amplicon sequencing sorted

nifH gene abundances ranging from 664 to 6,741 copies L™ !
(Fig. 6). It was reported from the surface to 100 m depth,
and only quantifiable in WSC and FZ, with the highest gene
copies L™ ! in WSC (Kruskal-Wallis, p < 0.05). Spearman’s
Rank Correlation analysis revealed positive correlations
of Beta-Arcticl nifH gene copies L™ ! to temperature (p <
0.001, tho = 0.67, n = 21), salinity (p < 0.05, rho = 0.44, n
= 21), and chl fluorescence (p < 0.001, rho =0.51, n =21).

Furthermore, a negative correlation was found to Si(OH),
(» <0.01, tho=—0.55, n=21).

Discussion

Nitrogen Fixation and its Potential Importance as a
Nitrogen Source

Nitrogen fixation was measurable across the Fram Strait and
differed significantly between the regimes, with lowest rates
found in the EGC ranging between 0 and 0.2 nmol NL ™ 'd ™!
in surface waters (Fig. 3). These low rates are comparable to
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by depth. Blank spaces indicate samples discarded after the sequence
quality control or depths not sampled. Samples assigned “NA” are
classes with unknown taxonomy (see ‘Sequence analyses’)

those reported from other Arctic regions, such as the Chuk-
chi Sea (0.17 £ 0.19 nmol N L™ ' d™ !; [28]), Baffin Bay, and
the Canadian Arctic Archipelago (0.08 + 0.06 and 0.02 +
0.46 nmol N L™ ! d™ !, respectively; [20]). Hence, low nitro-
gen fixation rates appear common in diverse and geographi-
cally widespread regions of the AO, including the EGC of
the Fram Strait. In contrast, two of the four nitrogen fixation
rates measured in the WSC were up to two orders of magni-
tude higher, ranging from < LOD (568 m) to 10.15 nmol N
L 'd ' (5m) (Fig. 3). These are, to our knowledge, the first
reported rates from this region, and comparable with rates
measured during the same time of year (July — September)
in coastal waters of the Chukchi Sea averaging 7.7 + 1.8
nmol N L™ ! d” ' [30] and in the Bering Sea (6.9 nmol N
L~ !d !; [28]). Other studies from the Bering and Chukchi
Seas only reported rates up to ~ 3 nmol N L™ ! d~ !, although
these rates were measured in a different season (September/
October; [21, 27]). Together, these few results may suggest
an influence by season, with higher nitrogen fixation rates
in summer and lower rates in fall in the AO. Indeed, diazo-
trophic community composition varies with season in this
region [22], however, whether nitrogen fixation rates vary



Contrasting Nitrogen Fixation Between Arctic and Atlantic Waters in the Fram Strait

Page9of 15 26
&
% s
o) g
% o 3
2 % 5
% % s <
0 ¢ 7]
%% % 8
) ) o o
7S b7 2 n ~
- © o
& S S, =) a4 o
0@) GI_ 7z 0 00 N
y (? =} NS % ~ S
1, > S < © > &
%, Q g 7 % o < o
¢ % e 9 O ¢ .
Q 2 % Q@ & e
% 4 2 Y &©
e & Y y X >
0> S % R
O/s \S‘O g §3 &0(’
%, .
890) 6/\? Q, a(}\e‘\a
£2 5 S ‘0\30‘0
Sy, oo
o, a2®
Q660g, ; i, e
OUIthen . Sv4
a/”‘O’l)la
ASv ¢ jan Basin
2 EuraS
KM597567 o, ) Cluster Il  KT354146
rth Atlantic Ocean =
- ASV6
Methanosarcina sp 795
Cluster IV ———JN645382 Marine Sediment
o | TASV 14
-AL- ®
(x520870 VO™ A ey A 1Gul
A2 9
gto0™ ey L/~ ! Mic,
e g
o ot oV {( : 5. %5 Kenzig Ty,
20 e
W A \’af\o \)\\\ o 05 7 ))9 Ul'a i3
0© N4 % s Qs
4 et o «\\‘\ Q N (/00 % 'Sin
'Lbﬂ A\ ?‘6 43 24 Chy
\\\0'5 & 6\7{ Xe, @e
© ) <’Z§> (o
k (‘,u\\\o K é\(/, 0/))0/7
6\& ; \ \ I & @ 2, s
v 11l Uy % e %
L& B 3 &,
U Ol o g 9 2 % O ., %
A\ N o S 7 0 g 7z
& » S EQ 80 9 2
w “ S E T L g %
[ (] [®) ‘2.
F O 9 S
() 2 o %
£ 3 e 9
s 305 3 %
E £ 2 s %
g 3 2 EA
g © 3 S 2
S % 2 z
= 8 >
8 O

Fig. 5 Maximum-likelihood phylogenetic tree (partial nifH amino
acid sequences) for the 20 most abundant amplicon sequence variants
(AVSs) and ASVs dominant at the stations where nitrogen fixation was
measurable (shown in green; see Table S3). Reference sequences are

with season in Fram Strait is unknown since we only sam-
pled during summer. Nevertheless, this is likely because the
region is exposed to large seasonal differences in hydrogra-
phy and biochemistry [84].
Interestingly, nitrogen fixation was mainly detected at 5
m and occasionally at 25 m (WSC, EGC), 50 m (EGC) and
100 m (WSC), suggesting an overall direct or indirect link to
light-driven processes. This could potentially be explained

nearest relatives from the NCBI database. Arctic reference sequences
are displayed in blue. Clusters are nifH phylogenetic clusters [83].
Cluster I includes Cyanobacteria, Firmicutes, Beta- and Gammapro-
teobacteria whereas Cluster III includes Deltaproteobacteria

by light reaching deeper in WSC compared to EGC due to
the lack of sea ice and/or the lower CDOM concentrations in
the WSC [39]. Comparative data from deeper waters in the
AO are scarce, but one study from ~ 90 m depth from water
off the Chukchi Sea shelf reported similar low rates (0-0.57
nmol N L™ 'd™!; [21]). As no light data was available to us,
potential links between nitrogen fixation and light could not
be explored further. We encourage future studies to explore
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EGC

Station ID 381

0r

15°W 10°W 5°W

Fig. 6 Distribution of the Beta-Arcticl group across the Fram Strait
(0-100 m) based on quantitative PCR. EGC (East Greenland Cur-
rent), FZ (Frontal Zone) and WSC (West Spitsbergen Current) refers
to the three water regimes. Circles represent samples where the nifH
gene abundance was higher than the limit of detection. Numbers are in
average nifH gene copies L™ ! + one standard deviation. Black crosses

this and evaluate the importance of nitrogen fixation below
the euphotic zone in the AO.

We speculate that the nitrogen fixation rates measured
in this study were mostly attributed to heterotrophic diazo-
trophs, as previously observed in some regions of the AO
[20-22, 75]. This activity could be driven partly by bio-
availability of DOM freshly produced by the contemporary
phytoplankton biomass, ultimately linked to a supply of
inorganic nitrogen (DIN). The concentration of NO, +NO;~
in surface waters of the WSC was higher than in the EGC
in our dataset (Table S1), as previously seen [85], conceiv-
ably supporting higher primary production. For instance,
at station 354 in the WSC, chl fluorescence and primary
production rates were elevated relative to other stations
(Fig. 3; Table S1). The expected release of DOM from this
phytoplankton biomass [37, 86] could stimulate nitrogen
fixation activity by NCDs; however, it is also likely that the
high nitrogen fixation in the WSC was stimulated by the
high temperature (see also below). Indeed, at station 354
we measured the highest nitrogen fixation rates, however,
this higher absolute N input from nitrogen fixation, did not
mirror the potential contribution to in situ primary produc-
tion (0.6-5.3%). Hence, although the release of bioavailable
N via nitrogen fixation is relatively higher in the WSC, it
may not be important to co-occurring phytoplankton. On
the other hand, the lower nitrogen fixation rates in EGC
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Ocean Data View

0° 5°E
Longitude

indicate samples where the Beta-Arcticl group was not quantifiable.
Samples are displayed with temperature (°C) as background due to the
correlation found between nifHf gene copies L™ ! and this parameter
(Spearman’s Rank; p < 0.001, tho = 0.67). Produced with Ocean Data
View [48]

could support up to 16.9 = 12.3% of new in situ primary
production, possibly explained by the low DIN concentra-
tion. This potential of relatively high support is similar to
findings from the Pacific sector of the AO (Chukchi Sea),
where nitrogen fixation may support up to 17% of new pri-
mary production [21]. However, it should be noted that most
of our nitrogen fixation rates are close to the LOD, and the
calculated support of new primary production should there-
fore be treated with caution. Moreover, the support could be
overestimated given that some diazotrophs, cyanobacteria
and NCDs, may take up organic N sources [87].

Environmental Drivers of Nitrogen Fixation Across
the Fram Strait

The measured nitrogen fixation rates were positively cor-
related with temperature, with lower rates in the cold EGC
and higher rates in the warmer WSC. This is consistent with
the general view of temperature as a regulating factor for
nitrogen fixation in tropical and subtropical waters [88—90].
Sipler et al. [30] measured nitrogen fixation rates in the AO
ranging from 3.5 to 17.2 nmol N L™ ! d~ ! at temperatures of
4.5-6.7 °C, and our data suggest that nitrogen fixation does
decrease or is not detectable when entering the Polar waters
of EGC with colder conditions (—2-2 °C). Interestingly,
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such responsiveness to temperature was recently modelled
for NCDs attached to particulate organic matter [91].

We found a negative correlation between nitrogen fixa-
tion and Si(OH), concentrations and CDOM, with particu-
larly low Si(OH), concentrations in the WSC — the station
with the highest nitrogen fixation, primary production rates
and chl fluorescence. Moreover, nitrogen fixation was over-
all positively correlated with primary production, which has
also been observed in the Central AO [92]. Indeed, primary
production rates were more than two orders of magnitude
higher in the WSC compared to the EGC, likely due to ele-
vated concentrations of NO, +NO;™ in the Atlantic water
stimulating phytoplankton growth [41, 85, 93]. We specu-
late that extensive phytoplankton growth in the WSC [94]
prior to or during our sampling caused elevated levels of
low-molecular weight, freshly produced DOM [37]. This
idea is supported by elevated phytoplankton biomass ear-
lier in the year (Fig. S2) and previous observations in the
Fram Strait (WSC), where semi-labile DOM components
were found to be higher in summer compared to autumn and
correlated with phytoplankton biomass [95]. The study fur-
ther reported a decline in bacterial production as semi-labile
DOM components decreased, suggesting that DOM avail-
ability affects bacterial production. Additionally, freshly
produced labile DOM associated with primary production
can stimulate diazotrophy [54, 96] and DOM uptake or
stimulation of nitrogen fixation has been shown for Cyano-
bacteria [97, 98] and NCDs [87, 99] in other marine regions.
This idea has also been tested in the Central AO where
nitrogen fixation was stimulated by an addition of labile dis-
solved organic carbon [92]. In our study, the highest nitro-
gen fixation was likely driven by NCDs as they dominated
the WSC communities (see below). On the other hand, the
negative correlation of nitrogen fixation to CDOM, is likely
due to CDOM in the EGC being high and mainly of ter-
restrial origin [37, 100], which is less accessible as a carbon
source for diazotrophs. Consequently, we suggest that the
high nitrogen fixation in the WSC is driven by temperature,
but also likely by availability of labile DOM of phytoplank-
ton origin, despite the co-occurrence of inorganic nitrogen
(Table S1). This is consistent with the earlier observations
that pelagic nitrogen fixation occurs widely in waters replete
in inorganic nitrogen [101].

Non-Cyanobacteria are the Dominant Putative
Diazotrophs in the Fram Strait

The observed dominance of NCDs among the nifH gene
reads and the parallel nitrogen fixation rates strengthen
the view that NCDs are important players in Arctic nitro-
gen fixation [20-22, 75, 82]. Our samples were dominated
by Proteobacteria (71% of all reads) mainly accounted for

by Beta-, Delta-, and Gammaproteobacteria (53% of total
reads; Fig. 4). Our most abundant ASV (ASV1; 11.4% of
all reads) belonged to the so-called Beta-Arcticl group,
which has earlier been found actively expressing nifH in
the WSC [75]. We recovered nifH genes of this group in all
three regimes (Fig. 6). However, it was only quantifiable by
gPCR in WSC and FZ with abundances ranging from 664
up to 6,741 nifH gene copies L™ ! (Fig. 6). ASV1 showed
98.2% similarity to Dechloromonas aromatica found in soil
and freshwater environments and thought to be associated
with a eukaryotic host [102]. A strong correlation was found
between ASV 1 abundance (nifH gene copies L™ ') and tem-
perature (Spearman’s Rank; p < 0.001, rho = 0.67; Fig. 6)
suggesting that temperature is important for the prevalence
of this group. Interestingly, we also observed a positive cor-
relation between Beta-Arctic 1 nifH gene copies L™ ! and chl
fluorescence, which could indicate an association with phy-
toplankton biomass. This is also in agreement with the neg-
ative correlation found to Si(OH), (»p < 0.01, tho=—0.55),
suggesting a potential association with diatoms. Hence, we
speculate that the peak abundance of Beta-Arcticl nifH gene
copies at 100 m depth (Fig. 6) was due to affiliation with
sinking diatom particles (sensu particle-associated nitrogen
fixation by NCDs [91]). Unfortunately, phytoplankton was
not characterized in our study and the linkage to diatoms
can therefore not be substantiated. We note that an associa-
tion to diatoms was recently shown for an important NCD
in the North Atlantic Ocean [103], and encourage future
studies to examine such putative coupling of diazotrophs to
diatoms also in the AO.

Surprisingly, despite being widely distributed (Fig. 6),
ASV1 was not quantifiable at the locality with highest nitro-
gen fixation (station 354; WSC). In contrast, the gammapro-
teobacterial ASV105 accounted for 90% of the relative nifH
gene abundance at this station. ASV105 displayed 97.7%
similarity to a soil phylotype (Table S3), and belongs in
subcluster 1G, which is widely found in the Eurasian Basin
and Atlantic waters [75, 82]. While the high prevalence
may indicate a key role of this phylotype, a causal relation-
ship with the co-occurring high nitrogen fixation rates and
identification of the importance of this putative Gammapro-
teobacterium would need to integrate nifH gene expression
data. In general, Gammaproteobacteria are important diazo-
trophs in the oceans, with specific phylotypes like GammaA
and Pseudomonas being widely distributed (reviewed in
[104]). Indeed, Gammaproteobacteria were also prominent
in our dataset, accounting for 10.5% of the overall nifH gene
reads, but our dominant ASVs were only distantly related
(< 85% similarity) to GammaA or to the Gamma-Arcticl
and Gamma-Arctic2 groups (Fig. 5, Table S3), which have
earlier been found in the AO [75, 82]. However, ASV5 was
99.4% similar to a phylotype found in the Eurasian Basin of
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the Central AO [82]. Moreover, some gammaproteobacte-
rial ASVs occurred sporadically in discrete samples (e.g.,
stations 351, 353, 371, and 381; Fig. 4). Hence, our dataset
offers only limited insight into the ecology of the gamma-
proteobacterial diazotrophs.

Overall, the dominant diazotrophs in the Fram Strait were
mainly distantly related to known taxa, and only 6 out of the
20 dominant ASVs were identical or highly similar to nifH
phylotypes previously reported from Arctic waters (Fig. 5,
Table S3). This was also the case if only the dominant ASVs
in samples where nitrogen fixation was measurable were
taken into account (Table S3). Despite the limited sampling
coverage of the AO to date [18], the low similarity of our
nifH phylotypes to known taxa globally, and the match of
only a few ASVs to taxa found earlier in the AO, suggest
that Arctic diazotrophs are diverse and that some phylotypes
are endemic [75, 82, 105, 106]. Interestingly, some Arctic-
endemic diazotrophs have unique gene sets [106], hence,
future research on the ecological and biogeochemical con-
sequences of this endemism is warranted.

Cyanobacteria accounted for only 4% of the total nifH
gene reads in our samples and dominated (>90% of total
relative abundance) community composition in three sam-
ples from 25 m depth (two in the FZ, one in the WSC; Fig.
4). This contrasts with the Pacific sector of the AO, where
Cyanobacteria dominate the diazotroph community, espe-
cially the nitroplast [107] of Braarudosphaera bigelowii
(Candidatus Atelocyanobacterium thalassa or UCYN-A)
is prevalent and active [27, 28]. We did not find UCYN-
A in our samples from the Fram Strait. A seasonal study
in the same region (WSC) similarly reported no findings of
UCYN-A except in coastal fjord water [22]. More recently,
UCYN-A was sporadically found along the Atlantic gate-
way to the AO, but nifH expression was only detected at
the sea ice edge north of Svalbard [75]. Hence, UCYN-A
appears rare and is likely not a main contributor to nitrogen
fixation in the Atlantic sector of the AO. Instead, most of the
few cyanobacterial reads found were related to the order of
Nostocales. These filamentous and heterocystous taxa are
reported from, e.g., Arctic rivers and coastal environments
[22], the Beaufort Sea [20], sea ice [82], and Greenland
shelf waters [29]. They are also known from Arctic fresh-
water environments and glacial forefields [108, 109]. It is
not known whether these taxa are active in marine waters,
including the FZ and WSC of the Fram Strait, or whether
they have been transported from rivers and/or with sea-ice
floes or wind [82]. We acknowledge that diverse Cyanobac-
teria have been reported from the Fram Strait and Greenland
Sea [29], however, this was likely due to the use of Cyano-
bacteria-specific primers. In conclusion, Cyanobacteria in
the Fram Strait were few and not related to common oceanic
diazotrophs.
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Concluding Remarks

We have shown that nitrogen fixation rates in the Fram
Strait range from undetectable to moderate (0—0.2 nmol N
L™ ! d ') in the southbound cold and CDOM-rich waters of
EGC, to higher (0.31-10.15 nmol N L™ ! d™ !) in the north-
bound and warm WSC associated with higher primary pro-
duction. The most relatively abundant ASV (ASV1) was
affiliated with the Beta-Arcticl group, which showed the
highest nifH gene abundance in the region with the highest
nitrogen fixation and primary production. We suggest that a
linkage between nitrogen fixation and primary production
is driven by DOM freshly released from phytoplankton and
utilizable by NCDs. Furthermore, we found that tempera-
ture was positively correlated with nitrogen fixation and the
abundance of ASV1 in our dataset, suggesting that temper-
ature might play a significant role for nitrogen fixation in
the Fram Strait. Locally, nitrogen fixation was potentially
important, sustaining up to 16.9% = 12.3% of concurrent
primary production in the EGC, but only up to 5.3% + 6.7%
in the WSC. More elaborate future studies are needed to
substantiate our findings, given that increased Atlantifica-
tion is predicted to enhance primary production in the WSC
and potentially increase concurrent nitrogen fixation in the
future. These insights are important for the prediction of pri-
mary production in the AO because nitrogen is a key deter-
minant of primary production in the region, now and in the
future [7, 12, 110].
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