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Photosynthetic performance in open marine waters is determined by how well phytoplankton species are adapted to
their immediate environment and available light. Although there is light for 24 h a day during the Arctic summer, little
is known about short-term (h) temporal variability of phytoplankton photosynthetic performance in Arctic waters. To
address this, we sampled the North Water (76.5◦N) every 4 h over 24 h at two stations on the East and West sides that
are influenced by different water masses and current conditions. We specifically investigated phytoplankton pigments,
the xanthophyll cycle (XC), which is an indication of photoprotective capacity, and photosynthesis–irradiance (PE)
response curves, at the surface and 20 m depth. The photophysiological parameters on the two sides differed along
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with the taxonomic signal derived from accessory pigments. On both sides, surface XC pigments showed high
photoprotection capacity with the dinodinoxanthin–diatoxanthin (DD) and the violaxanthin, antheraxanthin and
zeaxanthin cycles correlated with incoming radiation. The PE results showed that communities dominated by small
flagellates on the western side performed better compared to diatom dominated communities on the eastern side.
We conclude that phytoplankton and photosynthetic capacity differed consistent with known hydrography, with
implications for a changing Arctic.
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INTRODUCTION

The light-harvesting capacity of marine pelagic photo-
synthetic communities has long been associated with tem-
poral changes in the physical oceanographic environment
(van de Poll et al., 2016), and phytoplankton species assem-
blages are thought to be selected for and adapted to local
conditions (Edwards et al., 2015). However, to date, most
studies on phytoplankton photophysiology have focused
on a few species grown under laboratory conditions. Over
the last few decades, photosynthesis versus irradiance
(PE) curves have proved to be invaluable for estimating
in situ primary production (Bouman et al., 2018, 2020)
and the need for more in situ data from the Arctic is
particularly critical because ongoing climate change is
already impacting the surface mixed layer and average
available light (Arrigo et al., 2010). These factors play
a role in selecting dominant phytoplankton species, and
ongoing climate change has already altered the balance
of diatoms and small green algae in parts of the Arctic
Ocean (Li et al., 2009; Blais et al., 2017). Continuing
change will affect the biogeography and biodiversity of
Arctic food webs, which are dependent on phytoplankton
productivity (Polyakov et al., 2018).

Across the Arctic, nutrient and light regimes select
species from a pool of pan-Arctic specialists adapted
to cold temperatures and arguably to low average light
levels since light is limiting for much of the year (Monier
et al., 2015; Kalenitchenko et al., 2019). During summer,
when light is available in the surface waters, nutrients
are depleted, and biomass accumulates below the mixed
layer (Martin et al., 2010), with most of the phytoplankton
living under low light conditions (Monier et al., 2015).
Given the habitual low light environment, key questions
center on maintaining photosynthesis under low and high
light conditions andwhether Arctic phytoplankton species
assemblages maintain their capacity for photoprotection.

Phytoplanktons have a suite of responses to adjust to
short-term changes in light availability, which includes
photoacclimation processes. This involves many cellular
components, occurring over a broad range of time scales
(from seconds to days), allowing the optimization of activ-
ities such as photosynthesis, respiration, growth and divi-
sion, when faced with changing irradiance (Herzig and

Dubinsky, 1993; Anning et al., 2000; Raven and Geider,
2003). Although short-term changes in photophysiology
have been occasionally examined in situ (Harding et al.,
1981; Doblin et al., 2011), there are few published studies
at the scale of hours documenting changes in natural pop-
ulations in the open ocean. Most such studies to date have
focused on tropical and temperate regions dominated
by cyanobacteria (Huang et al., 1990; Cai et al., 2015),
where phytoplankton growth cycles are highly synchro-
nized with light cycles. For example, offshore of Monterey
Bay gene expression by Synechococcus and the picoeukary-
ote Ostreococcus showed marked diel patterns (Ottesen
et al., 2013), consistent with laboratory-based studies of
cultures under alternating dark–light cycles (Bruyant et al.,
2005; Apple et al., 2011; Dron et al., 2012; Dupont et al.,
2015). There is evidence from laboratory experiments
that polar diatoms retain their capacity to adjust to daily
rhythms in photon flux. For example, Thalassiosira gravida

has a remarkable photoacclimatory plasticity, which is
supported by sustained non-photochemical quenching
(NPQ) at moderately low light (Lacour et al., 2017, 2018).
An investment in photoprotective mechanisms via the
xanthophyll cycle (XC) seems to be successful, in view
of the seasonal predominance of such diatoms in polar
waters. However, knowledge of short-term in situ changes
in photoprotective response at latitudes above the Arctic
Circle in mixed phytoplankton communities is sparse.
Alou-Font et al. (2016) showed that some pigments vary
with the light cycle in natural communities from the west-
ern Canadian Arctic, and other studies suggest similar
responses in sub-Antarctic and Antarctic waters (Doblin
et al., 2011; Russo et al., 2018). However, diel pigment
periodicity does not necessarily propagate to photophysi-
ological parameters such as the light saturation coefficient
(EK) or the rate of carbon fixation estimated from PE
curves, and there is a need to examine phytoplankton
response from oceanographically varied systems in the
Arctic.

Pikialasorsuaq (the Inuit name for Northern Baffin Bay)
includes the NorthWater Polynya region between Green-
land and Ellesmere Island (Canada) and is one of the
most productive marine systems in the Arctic, supporting
large marine bird and mammal populations (Karnovsky
and Hunt, 2002; Heide-Jorgensen et al., 2013). This
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productivity is associated with a longer open water season
and complex hydrography that fuels a short diatom-based
food chain (Booth et al., 2002). However, the microbial
eukaryotic communities on the two sides of the North
Water region are often taxonomically different, with
microbial communities selected by local oceanographic
conditions (Joli et al., 2018). Physical oceanographic
processes on the two sides differ, with strong southward
currents and an input of Central Arctic waters on the
West side (Canada), and the influence of northward
flowing deeper Atlantic overlain by fresher Arctic ice
melt-influenced water near Greenland on the East side
(Bâcle et al., 2002), suggesting separate Arctic seascapes
(Kavanough et al., 2016) on the two sides. Although nearly
annual sampling has been carried out along a 76.5◦N
transect (referred to as line 100) of theNorthWater region
since 2005 (Ardyna et al., 2011; Marchese et al., 2017), the
short-term (h) changes in communities, pigment ratios
and photophysiological parameters have not been investi-
gated. To address this, we repeatedly sampled on the East
and West sides of the North Water over a full day (24 h)
on two separate days. Specifically, we carried out bulk
community measurements of photosynthetic capacity,
by way of PE curves to test for short-term (every 4 h)
changes in phytoplankton photophysiology (Sakshaug
et al., 1997; Huot et al., 2007; Huot et al., 2013). We
identified phytoplankton pigments using high-pressure
liquid chromatography (HPLC) as a means to categorize
photosynthetic communities in the different samples
(Roy et al. 2011). We then examined XC pigments to
evaluate how in situ communities responded to increased
light levels over the day (Brunet et al., 2011). To further
identify the phytoplankton community, we mined the
V4 18S ribosomal RNA (rRNA) amplicon data reported
previously (Joli et al., 2018) from samples collected in
conjunction with the present study. Multivariate analysis
was then used to construct a more global view of
the short-term phytoplankton ecophysiology linked to
the prevailing phytoplankton communities and to light
regimes within the two distinct arctic seascapes (Salazar
et al., 2019). The differences between sides and depths
highlighted potential impact of surface freshening and sea
ice loss, which influence themixed layer depth (MLD) and
light fields in polar environments. Our results suggest that
diatoms were less able to adjust to high light compared to
small flagellates.

METHOD

Field sampling and analysis

Sampling was carried onboard the CCGS Amundsen in
August 2013 as previously described in Joli et al. (2018).

The temporal stations were initiated on the western (Arc-
ticNet Station 101) and eastern (ArcticNet Station 115)
sides of the polynya region, which will be referred to
as WEST Stations T1 to T7 and EAST Stations T1 to
T7, respectively (Fig. 1). Temporal stations were sampled
every ca. 4 h over nearly 24 h (Table I, Supplementary
Table S1). The locations varied due to the ship following
a drogue that had been suspended to 20 m. Physical
oceanographic data were collected on the downward casts
using a Rosette system equipped with a conductivity,
temperature, depth (CTD; SBE-911CTD, Sea-Bird Elec-
tronics Inc.) profiler and sensors for chlorophyll fluores-
cence (Seapoint Sensors Inc.) oxygen (Seabird SBE-43),
fluorescent-colored dissolved organic matter (f CDOM;
Wetlabs ECO) and photosynthetically available radiation
(PAR; Biospherical Instruments QCP3200) sensors. The
oxygen sensor was calibrated onboard against Winkler
titrations. Specifically, for our analysis, PAR for the 20 m
samples was taken directly from the CTD data. Average
PAR (Eave) for the surface samples (Table I) was calculated
by first determining the depth of the upper mixed layer
(Z ) from the Brunt–Väisälä frequency and then estimat-
ing the extinction coefficient (K ) from PAR from 0 m
to Z :

Eave = 100 \(K × Z ).

Regional above water PAR data over the two 24-h
periods was collected atop the wheelhouse using a PAR
light sensor (Pyranometer, Kipp & Zonen). Cloud cover at
the time of samplingwas estimated as oktas (eighths of the
sky covered) as an additional indicator of light variability
during the day.

Water samples from the surface and at 20 m, which
corresponded to the bottom of the Polar Mixed Layer
(PML), were collected on the upcasts, using 12-L Niskin-
type bottles mounted on the Rosette. All surface samples
were taken, with bottles closed about 1 m below the
surface. Seas were calm the day of sampling for WEST
side and waves (<1 m) the day of sampling of the EAST
side (Supplementary Fig. S1).

Samples for nutrients were collected every 10 m as
previously described (Blais et al., 2017; Joli et al., 2018).
Nitrate + nitrite, silicate and phosphate were analyzed
on board using a Bran-Luebbe 3 autoanalyzer using
standard protocols (Grasshoff et al., 2009). For pigments,
including Chl a, water was collected into 2-L brown
polycarbonate (PC) bottles and filtered through GF/F
filters in the dark under low vacuum pressure. The filters
were flash frozen in liquid nitrogen and stored at −80◦C
until HPLC analysis. Sample water for photosynthetic
parameters was collected and analyzed following Huot
et al. (2013). Briefly, PE curves were carried out using
a radial photosynthetron equipped with a metal halide
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Fig. 1. Variability over 24 h, the two sides of the North Water region at the time of sampling. Upper panel (map) indicates CTD cast and water
collection sites on the western (WEST stations) side and the eastern side (EAST stations). Samples were collected every 4 h beginning at 9:30 UTC
(WEST) and at 9:00 UTC (EAST). Stations from the two sides are listed by time of sampling starting with T1, T2, T3, T4, T5, T6, T7. The center
panels show PAR over the day at each station and depth (surface and 20 m). Bottom panels show the photophysiological parameter Ek from the
stations for the two depth categories on the respective sides. Cloud cover estimates during sample collection from direct observations are indicated
as eighths of sky coverage. Map created with Ocean Data View (version 4.7.8).

lamp, and light levels followed the exponential model
described in Huot et al. (2007). For the PE curves, irradi-
ance was measured in the photosynthetron using a scalar
sensor (Biospherical Instruments Inc., USA). The initial
slope alpha (αB) and maximum photosynthesis (PB

max)
were normalized to the total (non-pheophytin corrected)
Chl a concentrations determined by HPLC (see below).
We fit the data following the Platt model (Bouman et al.,
2018) to obtain the light-saturated rate of photosynthesis,
the initial slope of the PE curve and the photoinhibition
parameter, normalized to Chl a (PB

max, αB and βB, respec-
tively) and the light-saturation parameter (EK) of the
carbon fixation rate versus incubation irradiance curve.

Samples for phytoplankton enumerationwere collected
for Flow cytometry (FCM) directly from the Niskin-type
bottles and fixed by adding 90 μL of 25% glutaraldehyde

to 1.8 mL of seawater for a final concentration of 1%
(v/v). Preserved samples were left for 30 min at 4◦C
in the dark, flash frozen in liquid nitrogen and stored
at−80◦C. Nucleic acid (RNA) samples were collected
from 20m from the same casts, this water was sequentially
filtered through 3-μm pore size PC filters (large fraction)
and 0.2-μm Sterivex® filters (small fraction) as described
previously (Joli et al., 2018).

Laboratory procedures

Pico- and nano-phytoplankton concentrations were
obtained from FCM counts performed following Belzile
et al. (2008) with modifications. Specifically, cell concen-
trations, fluorescence and scatter properties were mea-
sured using a BDAccuri C6 flow cytometer equippedwith
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Table I: Characteristics of the two stations at two depths. Time Station categories (T) as in the main text;
Brunt-Väisälä frequency (N2, in 10−3 s−2); upper mixed layer depth (MLD, in m); photosynthetically active
radiation (PAR) as either surface mixed layer averages (Surface) or in situ (20 m), in μmol photons m−2

s−1; chlorophyll a (Chl a) from HPLC in μg L−1; Chl b as a molar proportion of Chl a; light-saturation
parameter (EK, in μmol photons m−2 s−1); light use efficiency parameter (aB, in g C (g Chl a)−1 h−1 (μmol
photons m−2 s−1)−1); maximum photosynthetic rate (PB

max, in g C (g Chl a)−1 h−1); and the beta parameter
(βB, in g C (g Chl a)−1 h−1 (μmol photons m−2 s−1)−1). Data not applicable (na).

Stn_T N2 MLD m Chl a Chl b PAR EK αB PB
max βB

Surface

WEST_T1 2.16 11 0.314 0.361 11.4 126.45 0.010 1.25 0.011

WEST_T2 0.155 17 0.238 0.316 47.3 106.64 0.013 1.39 0.002

WEST_T3 1.33 16 0.504 0.309 225.5 110.52 0.012 1.33 0.018

WEST_T4 0.767 13 0.368 0.276 214.8 142.03 0.009 1.28 0.052

WEST_T5 0.818 18 0.418 0.311 22.4 218.70 0.008 1.83 0.047

WEST_T6 1.79 15 0.419 0.310 8.5 143.43 0.011 1.54 0.017

WEST_T7 1.25 17 0.456 0.309 18.6 156.10 0.008 1.24 0.015

EAST_T1 2.92 14 0.212 0.154 44.9 94.21 0.010 0.98 0.001

EAST_T2 5.46 9 0.159 0.152 225.5 85.72 0.012 1.07 0.002

EAST_T3 2.62 12 0.202 0.135 183.3 93.11 0.012 1.08 0.002

EAST_T4 2.81 16 0.185 0.135 191.2 85.46 0.012 1.04 0.002

EAST_T5 2.82 17 0.211 0.142 9.4 69.95 0.010 0.68 0.000

EAST_T6 2.69 19 0.211 0.151 2.3 86.96 0.011 0.97 0.001

EAST_T7 2.79 19 0.186 0.159 8.6 94.21 0.013 1.22 0.003

20 m

WEST_T1 na na 0.408 0.075 0.8 40.43 0.017 0.68 0.018

WEST_T2 na na 0.329 0.327 4.4 58.17 0.016 0.95 0.011

WEST_T3 na na 0.323 0.270 20.9 49.31 0.017 0.81 0.006

WEST_T4 na na 0.380 0.267 17.0 57.57 0.014 0.79 0.056

WEST_T5 na na 0.329 0.314 2.1 107.94 0.016 1.70 0.029

WEST_T6 na na 0.355 0.310 0.6 99.80 0.013 1.32 0.032

WEST_T7 na na 0.378 0.374 1.6 114.27 0.012 0.84 0.025

EAST_T1 na na 0.475 0.049 6.1 54.04 0.017 0.92 0.002

EAST_T2 na na 0.278 0.088 33.8 55.59 0.010 0.56 0.000

EAST_T3 na na 0.252 0.239 19.8 83.01 0.011 0.92 0.002

EAST_T4 na na 0.208 0.248 21.4 67.58 0.014 0.95 0.002

EAST_T5 na na 0.549 0.122 1.0 51.05 0.013 0.66 0.002

EAST_T6 na na 0.360 0.146 0.2 46.97 0.017 0.78 0.001

EAST_T7 na na 0.429 0.083 0.9 53.38 0.017 0.91 0.003

a 14.7 mW 640 nmDiode Red Laser and 20 mW 488 nm
Solid State Blue Laser. To distinguish picoplankton and
nanoplankton, the gate was adjusted using the scatter
characteristics of 2-μm Fluoresbrite™ beads diluted in
filtered seawater. The three replicates of this standard
were run in separate wells in the 96-well plate automated
system.

For the HPLC analysis, pigments were extracted in
95% methanol and separated with a Accela 600 HPLC
system (Thermo Fisher Scientific) on a reverse-phase
Hypersil Gold C-8 column and a solvent gradient con-
taining methanol, aqueous pyridine, acetone and ace-
tonitrile (Zapata et al., 2000). An Accela PDA detector
recorded chromatograms at 450 nm and pigment spec-
tra over 350–800 nm wavelengths. A Finnigan Surveyor
FL Plus fluorescence detector with 440 nm excitation
and 650 nm emission (optimized for Chl a) was used
to identify and quantify Chl pigments. The system was

calibrated by repeated injections of 30 pigment stan-
dards (Sigma-Aldrich or DHI LAB products). Chrome-
Quest software was used to identify and quantify the
concentration of the pigments. The photodiode array
spectrum of each peak was checked against the refer-
ence spectra of standards or against the reference spec-
tra given in Roy et al. (2011) for pigments for which
there are no standards. As an indicator of photophys-
iological protection in the communities, we calculated
the de-epoxidation state (DES), from the diadinoxan-
thin–diatoxanthin (DD) cycle (DES=Dt/(Dt+Dd) used
by diatoms and in Xanthophyceae, Haptophyceae and
Dinophyceae and from the violaxanthin, antheraxanthin
and zeaxanthin (VAZ) cycle (DES= (Z+A)/(Z+A+V))
found in higher plants, green (Chlorophyta) and brown
algae (Phaeophyceae) and in the Chromeraceae specifi-
cally Chromera velia a member of an Alveolate clade (Goss
and Lepetit, 2015).
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Microbial eukaryotes were identified by targeting
the V4 region of 18S rRNA gene to obtain 300 bp
paired-end sequence reads. RNA was extracted from
the stored filters, converted to cDNA and sequenced as
previously described (Joli et al., 2018). Briefly, for this
study, the reads were processed with UPARSE (Edgar,
2013), as implemented in Logares et al. (2017). All steps
for assembly, quality check, operational taxonomic unit
(OTU) clustering and taxonomic assignment are reported
in Joli et al. (2018). To facilitate comparison with the
pigment data, OTUs belonging to non-photosynthetic
taxa were removed from the larger data set. We also
removed dinoflagellate reads since in the Arctic many
are heterotrophic or mixotrophic non-peridinin taxa. For
the present study, the large and small fraction results were
combined after checking that this mathematical operation
did not mask or over represent a given OTU. Amplicon
results are in the NCBI GenBank Sequence Read Archive
under the BioProject PRJNA383398.

Statistical analyses

Dissimilarities among samples based on pigment profiles
was determined by Bray–Curtis distance andUnweighted
Pair Group Method with Arithmetic Mean carried out
using the PAleontological STatistics (PAST version 3.11)
software and verified using R (Rcore, v.3.4.2). One-
way analysis of variance (ANOVA) (parametric) and
Kruskal–Wallis (non-parametric) tests for equality of
means between samples were also carried out in PAST.
The rRNA reads, grouped into OTUs from the 20 m
samples, were similarly clustered as described earlier (Joli
et al., 2018). To compare pigments with the species, we
applied cannonical correspondence analysis (CCA) using
cca() functions in the Vegan package performed using R
(v.3.4.2) andR studio (v.1.1.419). The pigment and species
variables that best explained variability in the CCA were
selected using envfit() functions in Vegan, and automatic
forward selection with adjusted coefficient determination
(R2 adj.) were used to build optimal model. To identify the
pigments associated with the samples, against depth, PAR
and the photophysiology characteristics, we performed
the same analysis but with all stations and depths and
with the photophysiological and environmental variables
selected by envfit() and forward selection.

RESULTS

Environmental conditions
and photosynthetic biomass

Physical oceanographic and nutrient depth profiles of the
two stations were reported previously (Joli et al. 2018).

Briefly, for the specific samples here, for the Canadian side
(WEST) samples, surface temperatures ranged from 3.6 to
4.3◦C, with an average of 4.1◦C, and 20 m temperatures
ranged from 2.6 to 4.0◦C, with an average of 3.5◦C.
For the Greenland side (EAST), surface samples were
fairly uniform around 3.5◦C and the 20 m temperatures
range was 0.1–3.9◦C, with an average of 2.2◦C (Table I,
Fig. 2). Nitrate concentrations were low in both surface
and 20 m at both EAST and WEST stations, ranging
from 0.09 to 0.28 μM, with phosphate concentrations
relatively high with a range of 0.16–0.56 μM. Overall,
the average biotic and abiotic parameters measured were
relatively similar the respective 24 h at both stations. At
20 m, there was an exception for T 1 and T 2 on the
eastern side, where the halocline and underlying Atlantic
water was closer to the surface (Fig. 2). Although MLD
from the Brunt–Väisälä frequency delineating the surface
mixed layer was similar on both sides (Table I), vertical
profiles of potential density highlighted a sharper halo-
cline and more isolated mixed surface layer for EAST sta-
tions (Supplementary Fig. S1). Average surface Chl a con-
centrations from HPLC were significantly higher in the
WEST stations (0.435 pmol L−1) compared to the EAST
stations (0.218 pmol L−1) (ANOVA, P < 0.001), while
concentrations from 20 m were similar, with averages of
0.400 and 0.408 pmol L−1, for the WEST and EAST
stations, respectively (Table I, Supplementary Table S2).
Over the 24-h sampling, surface Chl a from the EAST
stations varied from 0.238 to 0.504 μg L−1. Values from
20 m varied less ranging from 0.323 and 0.408 μg L−1.
For the EAST stations, surface Chl a values ranged from
0.159 to 0.211 μg L−1, while concentrations from 20 m
samples were from 0.208 to 0.549 μg L−1 (Table I).

For both sides at 20 m, concentrations of eukary-
otic phytoplankton cells from FCM ranged from 1.8 to
9.7× 103 cells mL−1, but with similar averages on the two
sides at ca. 6.2× 103 cells mL−1, putative cyanobacteria
were<0.1% of counts. The lowest cell counts were at
T1 for the WEST (Supplementary Fig. S2). This sam-
ple was also exceptional and was the only sample from
the WEST stations where picophytoplankton did not
account for over two-thirds of the cells. The mix of
nano- and picoplankton for the EAST stations was more
evenly split, with more than one-third of cells classified
as nanoplankton. The cytograms from FCM forward
scatter tended to be dispersed, and pico- and nanoplank-
ton determination was based on standard bead scatter
(Supplementary Fig. S2).

Photosynthetic capacity

PE curves generally fit the Platt model (Bouman et al.,
2018) with little evidence of photoinhibition (Table I,
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Fig. 2. Vertical sections of the upper 60 m for environmental parameters following the temporal sampling track from T1 to T7 for the two sides
(WEST and EAST). Temperature, salinity and CDOM from CTD data at 1-m intervals. The nutrients, nitrate + nitrite (nitrate) and phosphate
concentrations were from discrete samples take every 10 m. Sampling time points on the respective sides are indicated by the station designation
(T1 to T7) for the respective sides (see Figure 1). Figures made using Ocean Data View (ODV version 4.7.8).
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Supplementary Fig. S3a and b). The light-saturation
parameter (EK) from the PE experiments was generally
greater for the higher average irradiance (Eave) surface
samples compared to 20 m on the same side. (Table I,
Fig. 1, Supplementary Fig. S4). The difference between
depths was less pronounced for the EAST stations, where
the range of values was smaller (Supplementary Fig. S4).
TheWEST stations’ EK (in μmol photons m−2 s−1) ranged
from 106 to 218 at the surface and from 40 to 114 in the
20 m samples. For the EAST stations, EK values varied
less, with values from 70 to 106 at the surface and from 58
to 90 for 20 m samples. The ANOVA several samples test
indicated that the difference between sides for the surface
EK was significant (P > 0.05, Supplementary Table S2).
For the photophysiological parameters, both the uncor-
rected (Supplementary Fig. S3a and b) and biomass (B,
normalized by Chl a concentrations) initial slope αB

tended to be steeper in 20 m samples compared to
the surface samples. For the WEST stations, αB ranged
from 0.080 to 0.013 in surface samples and from 0.012
to 0.017 in 20 m samples. For the EAST stations, αB

ranged from 0.010 to 0.012 in surface samples and from
0.016 to 0.090 in 20 m samples (Table I). The maximum
photosynthetic rate PB

max tended to be higher for surface
samples. For the WEST stations, the PB

max ranged from
1.25 to 1.83 in surface samples and from 0.68 to 1.32 in
20 m samples. In contrast, the EAST PB

max was generally
lower and ranged from 0.68 to 1.26 in surface samples
and from 0.58 to 1.00 in 20 m samples (Table I). The
PB

max difference between sides was significant (ANOVA
Kruskal–Wallis test P > 0.05, Supplementary Table S2).
The βB was on average lower on the eastern side (0.002)
compared to the western side (0.024). The difference
was not significant, but we note that some higher light
samples were missing due to on-board ship constraints.
There were no significant correlations between the
photophysiological indicators and temperature, salinity
or nutrients (Spearman’s rank correlation coefficient, not
shown).

Pigments over time and depths

Phytoplankton pigments indicated taxonomically diverse
communities, with characteristic diatom pigments such
fucoxanthin (Fuco) and the green algal Chl b, tending to
dominate. Peridinin, a marker for many photosynthetic
dinoflagellates, fluctuated over the sampling period but
averaged around 0.08 μmol L−1 per mol Chl a on each
side and both depths. Similarly, dinoxanthin averaged ca.
0.02 μmol L−1 per mol Chl a (Supplementary Table S3).
Neither pigment was correlated with in situ PAR,
temperature or salinity. The cyanobacteria marker
(myxoxanthophyll) was not detected. The full list of

identified pigments, corresponding abbreviations and
values corrected by Chl a (in mol pigments per mol
Chl a) including degradation pigments from Chl a

(pheophytin a and b, pyropheophorbide a) are given in
Supplementary Table S3.

In general, similar major ancillary pigments were
found on both sides of the North Water, but the
relative concentrations after normalization varied by
station, depth and somewhat by sampling time (Fig. 3,
Supplementary Table S3). The eastern side had higher
relative abundance of pigments associated with diatoms
and other red algal chloroplast lineages, e.g. Fuco and Chl
c. In contrast, the western side had higher proportions of
Chl b and Pras typically found in chlorophyte lineages.
Micromonal, characteristic of Micromonas, concentrations
were 3-fold greater in the WEST stations compared
to the EAST stations (ca. 0.3 versus 0.1 mol L−1 per
mol Chl a; Supplementary Table S3). Fucoxanthin
and co-correlated pigments were relatively lower in
the surface compared to the 20 m samples for both
WEST and EAST stations. For both sides, the Chl a

normalized concentrations of taxon-specific pigments
varied little within the respective sides for the surface
samples over the 24-h sampling. The 20 m depth samples
had greater variability over time for both sides of
the region (Supplementary Table S4) but reflected the
surface with a dominance of the chlorophyte-signature
pigment Chl b and associated accessory pigments
(Supplementary Fig. S5) on the western side (except for
T1) and the red algal lineage pigments such as Fuco
and other accessory pigments on the eastern side. An
exception on the eastern side was seen in the higher
concentrations of Chl b at T3 and T4 (Fig. 3, Table I,
Supplementary Table S3).

One or both of the XC-specific markers for physi-
ological photoprotection using the DES inferred from
the DD and the VAZ cycles tended to follow the
incoming radiation over the 24 h (Fig. 4), except
for the 20 m WEST stations. Correlations (linear
regression) were significant for both indicators in the
surface of EAST stations, with R = 0.97 for DD versus
PAR and R = 0.81 for VAZ versus PAR, and for the
WEST stations, surface DD versus PAR was significant
with R = 0.86. At 20 m, DD and PAR were signifi-
cantly correlated for the EAST stations with R = 0.91
(Supplementary Fig. S6).

Phytoplankton taxa at 20 m

Since one of our aims was to examine pigments in
primarily photosynthetic groups that we could match
with marker rRNA data, we excluded dinoflagellates
from the taxonomic comparisons because of the high
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Fig. 3. Samples clustered using Bray–Curtis distance based on pigments that were normalized to Chl a. The circular graphs at the nodes show the
contribution of taxonomically characteristic pigments for the clusters on the right of the node; circles are arranged following the same order shown
in the tree, with the first (top) sample corresponding to the innermost circle and the last sample of the cluster shown as the outermost circle for each
of the nodes. The bar graphs show phytoplankton groups as a percentage of total metabarcoding reads from the sample and time of collection;
these are positioned closest to the pigment data from the corresponding sample. Taxonomic read data were only available for the 20 m samples at
five time points for each side.

proportion on non-photosynthetic taxa or taxa with
non-Peridinium plastids (Joli et al., 2018). The remaining
three photosynthetic groups were diatoms, haptophytes
and green algae, which accounted for 6–76% of total
eukaryote community reads on the western side and
14–54% on the eastern side (Fig. 3). Phytoplankton

OTUs with ≥1% relative read abundance in one or
more of the samples were identified to the lowest
taxonomic level possible (Supplementary Table S5) as
in Joli et al. (2018). The major photosynthetic taxa
were Pseudo-nitzschia spp. (Bacillariophyceae), Chaetoceros

gelidus and C. neogracilis (Mediophyceae), Phaeocystis and
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Fig. 4. Time-dependent change in DD as Dt/(Dt+Dd)× 100 (triangles) and in VAZ as (Z+A)/(Z+A+V) (circles) during the day at the surface
(upper panels) and at 20 m (middle panels) for WEST stations (A, B, C) and EAST stations (D, E, F). The grey lines (lower panels) are the irradiance
values taken from the weather deck on top of the ships bridge. Time is in UTC, local solar time was around UTC–4 h.

Chrysochromulina (Haptophyceae) and Arctic Pyramimonas

and Micromonas (Chlorophyceae). In general, the pro-
portions of different taxa from read abundance varied
more on the western side compared to the eastern side
(Supplementary Table S6). On the western side, C. gelidus

was a clear dominant at T1, while Phaeocystis dominated
at T2. Micromonas polaris had highest relative abundance at
T5 and T7. On the eastern side, Pseudo-nitzschia spp. had
very high relative abundance, with up to 52% of reads,
except at T4. At that time, Pseudo-nitzschia proportions fell

to <4%, with M. polaris and the Pyramimonas sp. relatively
more common, but the majority of reads were from
heterotrophic taxa, especially ciliates (Joli et al., 2018).

The pigment signatures and taxa at 20 m depth were
examined by canonical correlation analysis (CCA) where
complementary data sets existed (T1, T2, T4, T5 and T7).
In general, the two sides clustered separately along the
first axis, which distinguished the diatom especially Pseudo-

nitzschia-dominated communities of EAST stations from
Micromonas- and haptophyte-dominated communities of
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Fig. 5. Canonical correlation analysis (CCA). Arrows represent the
photophysiological parameters EK, αB (alphaB), βB (beta) and
PB

max (Pbmax) and the abiotic parameters depth and PAR, which were
associated with the different samples clustered by pigment content (Chl a
normalized concentrations of ancillary pigments shown). The CCAwas
performed using Vegan package in R (v.3.4.2) and R studio (v.1.1.419).

WEST stations. The CCA confirmed that the EAST
side samples were defined by the presences of Fuco and
Chl c2 with Pseudo-nitzschia significantly contributing to
the first axis. The second axis highlighted the influence
of C. gelidus and Chl c3 from the WEST T1 sam-
ple (Supplementary Fig. S7, Supplementary Table S7).
Examining the WEST stations, except for T1, the
vectors followed the pigments found in Micromonas

(Micro, Chl b) but none of the tested taxa statistically
contributed.

Pigments and photophysiological indicators

Our main CCA explored the relationship between all
the samples from both depths and from T1 to T7 with
the photophysiological parameters EK, αB, PB

max and
βB (Fig. 5) and with the abiotic parameters depth and
PAR. The CCA indicated that samples with chlorophyte
and haptophyte pigments (e.g. Chl b and But-fuco)
tended to be associated with a higher EK and PB

max
(Axis− 1). On the other hand, samples with diatom-
associated pigments (Fuco, Chl c2) were associated with
a higher alpha. The second axis was consistent with
depth and PAR separating the surface and 20 m samples
(Supplementary Table S7).

DISCUSSION

Species-assigned pigments
and photosynthetic capacities

Different taxa have characteristic antennae pigments with
some used for photoprotection and others tuned to spe-
cific underwater light spectra for tailored photon cap-
ture associated with depth attenuation. Diatoms often
dominate spring blooms under conditions of relatively
high light and turbulence (mixing) (Margalef, 1978) asso-
ciated with nutrient supply (Villamaña et al., 2019). At
both depths, there were a higher relative abundance of
pigments associated with diatoms in the EAST stations
compared to WEST stations, except for the WEST T1 at
20 m. The use of sequencing showed that there were very
different diatom communities on the two sides, suggest-
ing different selection mechanisms. Horizontal advective
currents and turbulence may have supplied injections of
nitrate and silicate to the C. gelidus on the western side
(Booth et al., 2002) and nutrient supply from the upwelling
north flowing West Greenland Current along with poten-
tial micronutrient input favoring Pseudo-nitzschia on the
eastern side (Joli et al., 2018).

Overall, there was a good match between major tax-
onomic groups from the sequencing data and charac-
teristic pigments of major phytoplankton groups. The
pigments representative of diatoms (Fuco, Chl c2 and Chl
c3) were dominant where diatoms were found and pig-
ments associated with Micromonas and Pyramimonas (Pras
and Chl b) and haptophytes Chrysochromulina and Phaeo-

cystis (But-fuco), where these taxa were found (Fig. 3,
Supplementary Fig. S7). These associations suggest that
similar pigments in the surface waters were associated
with the same major groups, and we can assume that
generally diatoms were in the surface waters of the EAST
stations and small flagellates such asMicromonas, Phaeocystis

and Chrysochromulina dominated surface waters of the
WEST stations (Fig. 3, Supplementary Fig. S7).

The differences in major groups could also explain
the resulting photosynthetic parameters of the com-
munity. For the WEST surface, the Chl a normalized
concentrations for Chl b was 2–3 times greater with
corresponding higher EK and PB

max compared to the
EAST, despite similar MLDs and average in situ PAR
(Table I). Although this could reflect different light and
mixing histories, photosynthetic parameters are also
reported to be influenced by community composition
(Dimier et al., 2009; Bouman et al., 2018), which would be
indicated by our results. The role of taxonomy is further
supported by photophysiological parameters (EK, αB and
PB

max) that varied slightly over the 24-h periods within
each depth and station but without significant correlations
with in situ PAR, temperature, salinity or nutrients,
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consistent with a community change rather than an
intrinsic temporal change. Overall, in surface samples, the
higher PB

max tracked EK in keeping with EK-dependent
variation. However, PB

max was not associated with time of
day or direct photoacclimation, and differences between
sides and depths were associated with community com-
position. Surface samples from theWEST stations, which
were associated with the chlorophyte and haptophyte
pigments, had the highest EK among the four conditions
(surface and 20 m for the two sides). This contrasts
with previous studies suggesting that the light-saturated
photosynthetic coefficient (EK) tends to be higher where
diatoms are dominant compared to flagellates (Huot et al.,
2013; Fragoso et al., 2016). However, in those studies, high
PB

max, EK and diatom abundance may have reflected
the higher nutrient concentrations characteristic of the
start of the spring bloom dominated by diatoms. In
our case, nutrients were low in surface water, and the
mixed flagellate community would have an advantage
by being better able to use recycled nutrients, e.g. the
smaller surface-to-volume ratio for Micromonas, which
is less than 2 μm diameter, and the likely mixotrophic
haptophytes able to gain nutrients from taking up
bacteria.

Although EK did not suggest strong photoacclimation
over the day, the DD XC (but not the VAZ) was
sensitive to the 24-hour irradiance cycle in surfaceWEST
samples. This would suggest that the haptophytes and
less abundant chrysophytes in the surface employed this
photoprotective strategy but not Micromonas, which was
likely the dominant green algae present, as indicated
by the concentrations of micromonal (Latasa et al.,
2004; Supplementary Table S3). The DD cycle was
also employed at both surface and 20 m in the EAST
stations, supporting the notion that the 20 m and surface
communities were more similar to each other in terms of
both taxonomy and light history compared to the WEST
stations. This would be consistent with exchange between
the top of the pycnocline around 20 m (Fig. 2) and the
surface waters, leading to mixed layer homogenization.
The DD signal and similar EK values between the surface
and 20 m suggest that the Pseudo-nitzschia was acclimated
to surface conditions in keeping with an active mixed
layer. But we cannot rule out that some surface origin
cells may also have been deeper due to recent sinking.
The VAZ cycle was also employed in surface samples
from eastern side (albeit with an R of 0.81, compared to
an R of 0.97 for the DD cycle) (Supplementary Fig. S4),
which could also reflect taxonomic differences among the
chlorophytes, e.g. the presence of more Pyramimonas, with
an active VAZ cycle (van Leeuwe et al. 2005) compared
to Micromonas on the western side.

Hydrography and photosynthetic
parameters

Light fields rapidly change with depth due to selective
attenuation of light by water, suspended particles and
CDOM (Mobley et al., 1994). The surface communities
here were photoacclimated with generally higher light-
saturation coefficient (EK) and maximum photosynthetic
rate (PB

max) values, compared to 20 m samples (Fig. 1,
Table I). On the western side of the North Water, the
surface layer is perturbed by the fresher south flowing
Arctic water displacing local surface waters along lines of
equal density creating interleaved water masses (Lovejoy
et al., 2002), (Supplementary Fig. S1, Fig. 2). In this con-
text, the phytoplankton are trapped in a given water mass
subjected to a light regime that differs from where the
community would have originated. The brief occurrence
of Chaetoceros in the first 20 m sample at this station
(WEST T1) showed a slightly higher αB compared to
other 20 m samples and suggested the capacity to opti-
mize light capture. However, cell numbers from FCM
were alsominimal in this sample (Supplementary Fig. S2),
and C. gelidus was not part of a phytoplankton bloom;
a mismatch between light and nutrient availability was
likely in progress. Although higher f CDOM concentra-
tion on the western side might also act to decrease light
even near the surface layers (Fig. 2), PAR was similar on
both sides of the polynya (Table I), suggesting a minimal
effect by f CDOM in the upper 20 m.

Photoacclimation in the PML

As seen in the sub-Antarctic (Doblin et al., 2011),
photosynthetic parameters measured in the surface were
relatively uniform on both sides over the day. Pho-
toacclimation corresponds to several cellular processes
that occur over a broad range of time scales, from
seconds to days. The parameters of the PE curves (EK,
PB

max) typically respond to the irradiance in time scale
of days while the induction of XC can be very fast
(seconds to minutes) (Brunet et al., 2011). XC is one
of the most important photoprotection mechanisms
in photosynthetic organisms (Demmig-Adams, 1990;
Masojídek et al., 2004; Brunet and Lavaud, 2010; Goss
and Jakob, 2010) shielding plastids from over-excitation
of the photosynthetic pigments and over-reduction of
the electron transport chain. The North Water surface
XC roughly followed the daily irradiance, and the
XC adjustment was consistent with laboratory studies
showing that diatoms from the polar region preferentially
rely on the XC (and NPQ) to reduce the excitation
pressure on Photo System II (Lacour et al., 2018). The
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weaker response of the XC in the 20 m samples likely
reflected acclimation to the lower light at this depth and
less need for photoprotection. In contrast, the eastern
communities with a DD ratio 2.5-fold greater than for
the western ones were consistent with a higher need for
photoprotection due to the more robust stratification
regime with the upper mixed surface layer separated
from denser waters below. This intrinsic photoprotection
capacity will be essential for long-term survival of Arctic
ecotypes, given scenarios with increased stratification
and longer ice-free summers, which are inevitable given
the current rate of change for the Arctic Ocean (Lee
et al. 2016). However, in a scenario of progressive ice
loss in the Arctic, one can postulate that prolonged high
light conditions will become more and more frequent
in addition to nutrient-limiting conditions due to the
accumulation of fresh water on the surface. Here, we
found higher EK for small flagellates compared to diatoms
in such conditions, which suggests that diatoms will not be
able to adapt to high light as well as small flagellates. Our
results may partially explain the reasons for the decline
of diatoms in at least one Arctic region in recent years (Li
et al., 2009).

Model estimates of global and local primary produc-
tion perform better when in situ estimates over regions and
depths are available (Campbell et al., 2002; Richardson
et al., 2016) but often are highly reliant on large-scale sur-
face chlorophyll trends and underlying assumptions based
on studies mostly from outside of the Arctic (Álvarez
et al., 2019). Our integrative study, where we investigated
short-term variability in polar phytoplankton is unique.
We found that despite 24-h light cycle, there is suffi-
cient change in light penetration consistent with the daily
change in sun angle that the phytoplankton in the surface
adjusted XC photophysiological parameters over the 24 h
similar to temperate systems (Bruyant et al., 2005). The
light history of the cells also had some impact on their
photosynthetic capacity, with higher saturation rates of
photosynthesis (EK) for communities under higher light
as suggested previously (Brunet et al., 2011, Lewis et al.,
2019). Although not examined here, the weak subsurface
chlorophyll maximum (SCM) on the western side was in
contrast to an SCM at the top of the nitracline on the
eastern side (Joli et al., 2018). The two sides represent two
alternative scenarios for the Arctic Ocean. The first with
a deepening of the nitracline due to freshwater input as
seen in the WEST stations (Tremblay et al., 2015) and the
second, EAST stations, influenced by the biological and
physical ‘Atlantification’ of the Arctic Ocean (Polyakov
et al., 2018; Oziel et al., 2020). This would occur as
Atlantic water moves north along the coast of Greenland
potentially warming the entire water column, making
temperature rather than salinity more likely to be the

main factor resulting in stratification. However, in this
area, the increasing melt of the Greenland ice sheet will
complexify changes in the Arctic seascape. Our study
highlights how phytoplankton at the base of the food
web could respond to these changes in terms of both
taxonomy and photophysiology. This variability in the
photophysiological response of marine phytoplankton in
Arctic waters should be considered in the estimation of
Arctic marine primary production using satellite data in
the region.

CONCLUSION

Predicting the photosynthetic efficiency of phytoplankton
cells remains one of the major challenges in determining
Arctic primary production. Here, we have shown that
phytoplankton communities can be replaced by other
autotrophic or mixotrophic species under high-flow
regimes or adapt to in situ conditions where the surface
mixed layer is maintained by a strong halocline.Our study
provides insight into how physical processes could have
an impact on species selection and photoadaptation in
Arctic waters.
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