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1.  INTRODUCTION

In the ice-covered seas of the Arctic, 2 major func-
tionally distinct types of primary producers are
found: sea ice algae (i.e. living within or closely

attached to sea ice), and phytoplankton (i.e. living in
the water column, Leu et al. 2015). Sea ice algae are
a key component of the Arctic food web, contributing
up to 57% of total primary production in the central
Arctic Ocean and between 3 and 25% in Arctic shelf
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ABSTRACT: Photophysiological and biochemical characteristics were investigated in natural
communities of Arctic sea ice algae and phytoplankton to understand their respective responses
towards variable irradiance and nutrient regimes. This study revealed large differences in photo-
synthetic efficiency and capacity between the 2 types of algal assemblages. Sea ice algal assem-
blages clearly displayed increased photoprotective energy dissipation under the highest daily
average irradiance levels (>8 μmol photons m−2 s−1). In contrast, phytoplankton assemblages were
generally light-limited within the same irradiance ranges. Furthermore, phytoplankton assem-
blages exhibited more efficient carbon assimilation rates in the low irradiance range compared to
sea ice algae, possibly explaining the ability of phytoplankton to generate substantial under-ice
blooms. They were also able to readily adjust and increase their carbon production to higher irra-
diances. The Arctic is warming more rapidly than any other oceanic region on the planet, and as
a consequence, irradiance levels experienced by microalgae are expected to increase due to
declining ice thickness and snow cover, as well as enhanced stratification. The results of this study
suggest that sea ice algae may have less capacity to adapt to the expected environmental changes
compared to phytoplankton. We therefore anticipate a change in sea ice-based vs. pelagic
 primary production with respect to timing and quantity in a future Arctic. The clearly distinct
responses of sea ice algae vs. phytoplankton need to be incorporated into model scenarios of cur-
rent and future Arctic algal blooms and considered when predicting implications for the entire
ecosystem and associated biogeochemical fluxes.
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regions (Legendre et al. 1992, Gosselin et al. 1997,
Arrigo et al. 2010, Loose et al. 2011). Sea ice algal
production typically peaks in early spring when
phytoplankton production is thought to still be very
low, extending the total period of primary production
in spring (Cota et al. 1991, Legendre et al. 1992). Fur-
thermore, many Arctic marine organisms have
adapted their life cycles to take advantage of this
high-quality food source prior to the phytoplankton
bloom (Runge et al. 1991, Søreide et al. 2006, 2010,
Daase et al. 2013). Growth and succession in both sea
ice and phytoplankton communities are controlled
by several environmental variables, most importantly
irradiance and nutrient availability (Tremblay &
Gagnon 2009, Arrigo et al. 2014, Lewis et al. 2019),
but also other drivers such as temperature and salin-
ity (Coello-Camba et al. 2015, Torstensson et al.
2015). These physical factors vary greatly over time
and space, and strongly influence physiology, abun-
dance, biomass and taxonomic composition of differ-
ently adapted algal communities (Sakshaug 2004,
Litchman & Klausmeier 2008).

Due to the contrasting physico-chemical environ-
ments in sea ice and open water, sea ice algae and
phytoplankton exhibit specific adaptations to their
respective habitats (Poulin et al. 2011, Kvernvik et al.
2020). Irradiance reaching the bottom of sea ice is
principally regulated by ice thickness and overlaying
snow cover, where the latter is usually most impor-
tant due to its high light-attenuation properties (Gos-
selin et al. 1990, Mundy et al. 2005, Marks & King
2014, Hancke et al. 2018). As a result, reported trans-
mittance through ice and snow layers in the Arctic is
often very low (between 0.023 and 9% of incident
irradiance; Leu et al. 2010, 2015, Campbell et al.
2016, Assmy et al. 2017, Hancke et al. 2018). Since
sea ice algae live in a spatially restricted environ-
ment that is normally not undergoing rapid change,
they usually experience rather gradually changing
irradiances of low amplitudes (i.e. gradual changes
in the sun’s elevation, snow cover overlaid by diurnal
fluctuation and variations in cloud cover). Concomi-
tantly, sea ice algal communities are facing quite
challenging growth conditions, such as sub-zero
temperatures, high salinities and rapidly depleted
nutrient and dissolved inorganic carbon (DIC) levels
due to limited resupply and locally high densities of
algal cells (Weeks & Ackley 1986, McMinn et al.
2014, Hill et al. 2018). In comparison, vertical mixing
of phytoplankton cells within varying mixed surface
layers implies strong and rapid fluctuations in light
and sometimes nutrient regimes (MacIntyre et al.
2000), while salinity and DIC availability remain rel-

atively stable. Phytoplankton species occurring in
this environment can therefore be expected to cope
better with dynamic light conditions.

Microalgae have evolved several mechanisms that
allow them to acclimate to changes in irradiance,
described as photoprotection and photoacclimation.
The most important short-term (seconds to hours)
photoprotective mechanisms involve increased non-
photochemical quenching (NPQ) of excitation energy,
which in diatoms is mainly driven by the de-epoxida-
tion of xanthophyll cycling (e.g. diadinoxanthin and
diatoxanthin; Lacour et al. 2020). On longer time
scales (hours to days), microalgae can alter  cellular
pigment composition, e.g. by increasing antioxidant
carotenes and xanthophylls as well as by decreasing
the light-harvesting pigments in re sponse to high
irradiance (Brunet et al. 2011). Despite the ability of
microalgae to acclimate to increasing irradiance, high
light levels at potentially species-specific thresholds
can still have negative physiological effects resulting
in high light stress and photoinhibition (Barlow et al.
1988, Galindo et al. 2017). This can be a result of cells
mostly acclimating to their average experienced
growth environment, which is substantially lower
than the experienced peak values (Behrenfeld et al.
1998, Van De Poll et al. 2005). Furthermore, photoac-
climation by adjusting pigmentation takes more time
(hours to days), hence, responding to rapidly increas-
ing irradiance may remain a challenge for some
algae at shorter time scales (Leu et al. 2006, Kvernvik
et al. 2020).

Seasonally ice-covered seas at high latitudes are
characterized by very pronounced algal spring
blooms, usually starting with a sea ice bloom fol-
lowed by a phytoplankton bloom. During the early
stages when nutrients are plentiful, microalgal
growth is often primarily limited by light (Leu et al.
2015). Later, because of intense algal growth during
bloom events, inorganic nutrients become gradually
depleted, and turn into a limiting factor for further
biomass accumulation (Hansell et al. 1993, Varela et
al. 2013, Danielson et al. 2017). In coastal Arctic
regions, nitrogen is the main limiting nutrient (Strom
et al. 2006, Van De Poll et al. 2016), which is often
reflected in high carbon to nitrogen (C:N) ratios in
microalgae (Niemi & Michel 2015). Nitrogen starva-
tion may have considerable effects on microalgal
photophysiology, because synthesizing proteins for
photo-repair (such as D1 in the photosynthetic reac-
tion center and Rubisco) and pigments for photoac-
climation require high nutrient levels (Geider et al.
1993, Eberhard et al. 2008). Moreover, under nutri-
ent limitation, a larger proportion of energy derived
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from light reactions may be used for nutrient uptake
rather than carbon fixation (Kulk et al. 2018). Hence,
NO3

− limitation can impede photoacclimation re -
sponses and increase the susceptibility to photoinhi-
bition at high irradiance (Lewis et al. 2019). This is
critical, since during the period of nutrient depletion,
algal communities might also be exposed to high
 levels of irradiance as snow and ice melt (Nicolaus et
al. 2012).

The Arctic is warming more rapidly than any other
oceanic region on the planet, leading to a reduction
in sea ice extent and thickness (Kwok et al. 2009,
Screen et al. 2011), earlier sea ice melt onset (Nico-
laus et al. 2012) and declining snow cover (Screen &
Simmonds 2012), in addition to amplified river dis-
charge due to increasing precipitation and terrestrial
ice melt (Peterson et al. 2002). Since the underwater
light climate in the high Arctic is primarily regulated
by snow and ice cover (Mundy et al. 2005, Aumack &
Juhl 2015), the Arctic Ocean is expected to shift from
a predominantly light-controlled (ice-covered) to a
more nutrient-controlled (open water) system (Car-
mack & Wassmann 2006). This may not only affect
the physiological performance, but also competitive-
ness and biochemical characteristics of microalgae.
Therefore, we expect major changes in microalgal
community structure, succession and bloom phenol-
ogy in the Arctic (Rat’kova & Wassmann 2002,
Hegseth & Sundfjord 2008, Nöthig et al. 2015,
Ardyna & Arrigo 2020), with potentially cascading

effects at higher trophic levels. Sea ice and phyto-
plankton blooms do not only differ with respect to
seasonal timing, but are also utilized by different
groups of grazers, which will likely result in clearly
distinct effects on higher trophic levels, when their
relative contribution to Arctic primary production is
altered (Søreide et al. 2010, Huntington et al. 2020).
For developing realistic future scenarios, a proper
mechanistic understanding of the physiological and
biochemical responses of sea ice algae and phyto-
plankton towards their changing environment is
essential. Of particular importance in this context is
to understand how the balance between sea ice vs.
phytoplankton primary production will change with
respect to timing and quantity.

The aim of this study was to compare photophysio-
logical and biochemical characteristics of natural sea
ice algal vs. phytoplankton communities and identify
their response to changes in the environment. To this
end, we collected time series data of sea ice algae
and phytoplankton from a high Arctic fjord, taking
advantage of the rare co-occurrence of their respec-
tive spring blooms to conduct field experiments. We
hypothesized that sea ice algae and phytoplankton
display distinct differences in their responses
towards changes in their abiotic environment, and
expected sea ice algal communities to be less resist-
ant towards high light stress compared to phyto-
plankton communities, as a result of their adaptation
to 2 very different habitat types.

2.  MATERIALS AND METHODS

2.1.  Study area

This study was conducted in Van Mijen-
fjorden, an approximately 10 km wide
and 50 km long fjord located on the west
coast of Spitsbergen, Norway (Fig. 1). The
mouth of the fjord is largely closed off by
the island Akseløya, which together with
a shallow sill (<30 m) limits the exchange
of fjord water with the warm and saline
Atlantic water from the West Spitsbergen
Current. Furthermore, the rather closed
nature of the fjord leaves it less exposed
to winds and waves, which offers favor-
able conditions for the formation of a sta-
ble sea ice cover. The fjord can be divided
into an outer basin, which is ~10 km wide
and 100 m deep, and an inner basin,
which is 5 km wide and has an average
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Fig. 1. Van Mijenfjorden, on the west coast of Spitsbergen (Svalbard,
Norway), showing longitude, latitude and bathymetry (50 m resolution).
Stations Vmf3 (bottom depth of 80 m), Vmf4 (88 m) and Vmf5 (116 m) are
located in the outer basin, which is ~10 km wide and 100 m deep. The
inner station (IS; 2 m), intermediate station (IMS; 14 m), main station (MS;
54 m), Vmf1 (78 m) and Vmf2 (61 m) are located in the inner basin, which 

is 5 km wide and has an average depth of ~30 m
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depth of ~30 m (Kangas 2000). Time for freeze-up
usually covers a wide time span ranging from
November to January, while the ice normally breaks
up between June and July, depending on ice cover-
age and thickness (Høyland 2009).

2.2.  Sample collection

Samples of sea ice algae and phytoplankton were
collected from ice cores and in the water column
from a total of 8 stations in Van Mijenfjorden
between March and August 2017 (Fig. 1). Detailed
information on stations, sampled depth, snow and ice
thickness, irradiance, salinity, NO3

− levels and tem-
perature is provided in Table 1. Sea ice samples for
community composition, elemental analysis and pho-
tosynthetic pigments were taken from the bottom
3 cm of sea ice cores collected using a Kovacs Mark2

core barrel (9 cm diameter; Kovacs Enterprise). On
each sampling day, 3 sets of 6 cores each were taken
approximately 1 m apart. To compare the effect of
the different snow depths on sea ice algae, on 23 and
26 April and on 2 May, samples were taken from
areas with low (0−5 cm) and high (20+ cm) snow
cover. Snow depth and ice thickness for each core
were recorded and averaged. Samples for filter-
based bulk analyses were left for melting in darkness
over 24 h (5−10°C), after adding 100 ml of GF/F fil-
trated seawater per cm of core to minimize osmotic
stress (Bates & Cota 1986, Garrison & Buck 1986).
After thawing, the volume of the samples was meas-
ured, and sets of 6 cores were pooled together in
order to obtain 3 pools per station and per treatment
in the case of low vs. high snow depth. From each
pool, water was analyzed for community composition
and filtered for pigment analysis (HPLC), particulate
organic carbon and nitrogen (POC, PON) and chloro-
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Stn Sample Date Depth Snow Ice Irradiance Salinity Temp NO3
− Chl a POC:chl a

(d.mo.yr) (m) (cm) (cm) (μmol photons (PSU) (°C) (μmol l−1) (μg l−1) (μg C 
m−2 s−1) [μg chl a]−1)

IS S 28.04.17 na 7−8.5 57 5−6 33.9 −1.9 16.2 190.4 73.4
IM S 28.04.17 na 19 55 3 28.7 −1.6 5.2 119.5 43.2
MS S 09.03.17 na 8 29 2 35.6 −2.0 1.4 0.4 na
MS S 07.04.17 na 4−8 49 3−9 28.7 −1.6 3.9 68.8 32.9
MS S 23.04.17 na 3−3.5 55 20−22 33.9 −1.9 2.9 252.3 35.3
MS S 23.04.17 na 19−20 55 4−5 35.1 −2.0 14.3 259.2 23.0
MS S 02.05.17 na 0 52 74 31.6 −1.8 0.2 106.6 94.6
MS S 02.05.17 na 20 52 7 31.4 −1.7 0.7 161.4 47.1
Vmf1 S 07.04.17 na 5−6 44 5−7 30.5 −1.7 12.4 300.7 20.4
Vmf1 S 30.04.17 na 15−16 40 10−11 29.8 −1.7 0.5 181.5 53.9
Vmf2 S 26.04.17 na 3.5−5 40 14−19 35.0 −2.0 0.8 72.5 57.5
Vmf2 S 26.04.17 na 26−27 40 3 33.4 −1.8 2.7 58.1 13.5
MS P* 23.04.17 0 na 55 12 34.7 −1.8 9.6 0.4 945.3  
MS P* 02.05.17 0 na 52 40 34.6 −1.6 0.9 5.4 45.9
Vmf1 P* 30.04.17 0 na 40 11 34.6 −1.7 0.4 14.9 27.7
Vmf1 P 23.08.17 5 na na 1 31.3 5.4 0.0 1.9 141.6  
Vmf1 P 23.08.17 25 na na 0 33.4 4.3 0.2 1.9 118.6  
Vmf2 P* 26.04.17 0 na 40 10 34.6 −1.7 1.9 6.5 74.6
Vmf3 P 13.03.17 0 na na 27 34.6 −1.4 10.2 0.1 na
Vmf3 P 13.03.17 5 na na 13 34.6 −1.4 10.2 0.1 na
Vmf3 P 13.03.17 25 na na 1 34.6 −1.4 9.6 0.1 na
Vmf4 P 13.06.17 5 na na 63 34.3 1.8 1.2 0.5 657.3  
Vmf4 P 13.06.17 25 na na 1 34.5 0.5 1.5 0.6 428.4  
Vmf4 P 13.06.17 50 na na 0 34.5 0.1 1.6 0.4 691.2  
Vmf4 P 23.08.17 5 na na 20 31.9 5.5 0.0 2.5 100.6  
Vmf4 P 23.08.17 25 na na 0 33.5 4.6 0.0 4.8 42.1
Vmf5 P 14.03.17 0 na na 33 34.5 −0.5 10.3 0.1 na
Vmf5 P 14.03.17 5 na na 16 34.7 −0.7 10.2 0.1 na
Vmf5 P 14.03.17 25 na na 1 34.7 −0.7 9.9 0.1 na

Table 1. Station names (see Fig. 1), sampling dates, sampled depths (phytoplankton only), snow and ice thickness, average
daily irradiances, ocean/brine salinity, ocean/brine temperature, NO3

− and chl a concentrations and the ratio of particulate
organic carbon (POC):chl a. At each station, sea ice algae (S) and/or phytoplankton (P) were sampled. *Phytoplankton sampling 

conducted underneath the sea ice, while the rest was conducted in open water; na: not available
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phyll (chl) a (see detailed description in Section 2.5).
From each sampling event (date, station and low vs.
high snow depth), 5 additional ice cores were taken:
3 for photophysiological measurements, 1 was left to
thaw without the addition of filtered seawater, to be
used for nutrient analysis, and 1 was used to measure
ice temperature and left to thaw without addition of
filtered seawater for salinity measurements (see
detailed descriptions in Section 2.3). Phytoplankton
sampling was performed using a 10 l Niskin bottle
(Ocean Test Equipment) at different depths: 0, 5, 15,
25 and 50 m. Water from each depth was analyzed
for community composition and filtered for pigment
analysis (HPLC), particulate organic carbon and
nitrogen (POC, PON) and chl a (see detailed descrip-
tion in Section 2.5). From each sampling event (date
and station), additional Niskin bottles were taken at
0 m (ice-based sampling only), 5, 25 and 50 m for
photophysiological measurements (see detailed
description in Section 2.6).

2.3.  Environmental parameters

Planar incoming and downwelling photosyntheti-
cally active radiation (PAR; 400−700 nm) was meas-
ured simultaneously at every sampling site and date
between 11:00 and 13:00 h in Van Mijenfjorden,
using 2 cosine-corrected 2π sensors (LI-192) coupled
to a LI-1400 data logger (LI-COR). In this study, we
wanted to identify responses of sea ice algae and
phytoplankton towards changes in daily average
irradiances, and hence calculated the daily incoming
PAR (PAR24) retrieved from LI-COR light sensors (Li-
1800) monitoring PAR every 10 min in Adventdalen
(~50 km north of Van Mijenfjorden). However, the
cloud coverage was not always similar between the 2
fjords on the specific sampling days. Meteorological
data comparing cloud coverage in addition to the
incoming irradiance around noon in Van Mijenfjor-
den and Adventdalen were therefore used to choose
the most similar days with respect to irradiance
regimes between the 2 fjords (±1 d from the sam-
pling date).

For the discrete PAR measurements at the ice−
water interface in Van Mijenfjorden, 1 sensor was
placed on the sea ice surface and the other sensor
directly at the underside of the sea ice ~1.5 m south
of the core hole using a folding L-shaped hinging
arm. The incoming and transmitted planar down-
welling PAR was used to calculate % transmitted
irradiance through ice and snow depths (see Table S1
in the Supplement at www.int-res. com/ articles/ suppl/

m666p031_supp.pdf). In order to calculate daily aver-
age irradiance at the ice−water interface (for sea ice
algae), we multiplied the daily integrated PAR24 (see
above) by the calculated % transmitted PAR for the
specific station and date.

Similar measurements using the 2π PAR sensors
(n = 2) and data logger were performed every meter
(ranging from 0 to 40 m) for assessment of the light
climate in open water, which were done from a small
tender away from the larger main vessel, to reduce
the shading effect of the vessel. The incoming and
transmitted downwelling irradiances at 1 m depth
were used to calculate % transmitted irradiance to
surface waters, which was then multiplied by daily
integrated PAR24 to estimate the daily irradiance in
surface waters (E0). The water column diffuse attenu-
ation coefficient (Kd) was determined based on the
Beer-Lambert law (Swinehart 1962). The daily irradi-
ance at each sampling depth (EZ) was calculated
using the equation:

(1)

where E0 is the daily surface irradiance (μmol pho-
tons m−2 s−1), Kd is the diffuse light attenuation co -
efficient (m−1), and Z is the sampling depth (m). For
ice-covered stations, we used the calculated daily
average irradiance at the ice−water interface as E0.

In addition to the discrete light measurements dur-
ing the sampling campaigns, we also collected con-
tinuous data of integrated PAR with loggers that
were (1) mounted underneath the sea ice as part of a
sea ice observatory close to Stn MS (see Fig. 1), and
(2) part of an ocean observatory close to the position
of Stn Vmf1, to compare temporal changes in the
irradiance regimes at the ice−water interface and in
open water. At the sea ice observatory, a LI-COR LI-
192 Underwater Quantum Sensor was mounted
20 cm beneath the ice−water interface (ice thickness:
40 cm, snow depth: 3.5 cm at the time of deploy-
ment), measuring integrated PAR once per hour
between 27 March and 2 May 2017. At the time of
retrieval, the sea ice thickness above the sensor was
ca. 30 cm and was covered by 27 cm of snow. Snow
height was measured by a Snow Depth Buoy
2017S43 (Leu et al. 2018). The ocean observatory
was deployed in late August 2016 at Stn Vmf1 and
retrieved 1 yr later. An upward looking cosine-
 corrected Satlantic PAR sensor (model 1073) was
placed at 12 m depth, and measured incoming irradi-
ance every 2 h.

Ice temperatures were measured on every sam-
pling date and station using a Testotherm 720 (Testo)
thermo meter inside small drill holes at 5 cm inter-

E EZ
K Z= ⋅ − ⋅exp0

( )d
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vals. Sea ice bulk salinity was measured on thawed
sections of the core using a Symphony SP90M5 con-
ductivity meter (VWR). Brine salinities were calcu-
lated from bulk salinity and ice temperature (Cox &
Weeks 1986, Leppäranta & Manninen 1988). Water
salinity (practical salinity unit, PSU) and temperature
data (°C) were obtained from vertical CTD profiles
(Mini STD model SD-204, SAIV). Nutrient samples
were filtered using acid-washed syringes (10% HCl,
48 h) and GF/F filters (Whatman). Samples were
stored at −20°C in 15 ml acid-washed Falcon tubes.
After thawing, the samples were analyzed colori-
metrically on a QuaAAtro autoanalyzer (Seal Analyt-
ical) using internal calibrations and CRMs (KANSO)
for quality control. The samples were analyzed for
PO4

3− (limit of detection; 0.004 μmol l−1), Si(OH)4

(limit of detection; 0.01 μmol l−1) and NO3
− (limit of

detection; 0.02 μmol l−1) concentrations.

2.4.  Species composition of algal communities

The species composition of sea ice and phytoplank-
ton communities was analyzed to allow investigating
of potential links between structural and ecophysio-
logical characteristics. From each core section (sea
ice algae) and water depth (phytoplankton), 250 ml
samples were collected in brown bottles preserved
with a glutaraldehyde-Lugol (35‰, v/v) solution
(Rousseau et al. 1990). As sea ice algal samples had
very high biomass, 0.5 ml of sample was suspended
in 9.95 ml artificial seawater and left to settle in 10 ml
Utermöhl chambers for 24 h (Utermöhl 1958). Phyto-
plankton samples were left to settle in 10 ml Uter-
möhl chambers for 24 h. Samples were analyzed for
present and dominant species under an inverted
microscope (Nikon TE-300) equipped with differen-
tial and phase contrasts. Samples were counted
under 100 and 600× magnification and identified to
the lowest taxonomic level possible.

2.5.  Biochemical composition of algae

Samples for chl a determination were filtered
(20−500 ml, depending on biomass) onto GF/F filters
(Whatman) using a gentle vacuum, flash-frozen in
liquid nitrogen and stored at −80°C until further
analysis. Upon analysis, chl a filters were extracted in
10 ml methanol (≥99.9%) for 24 h at +4°C in the dark
(Holm-Hansen & Riemann 1978) and measured on a
10-AU-005-CE Fluorometer (Turner Designs). POC/
PON samples were filtered (50−600 ml, depending

on biomass) onto pre-combusted (8 h, 450°C) GF/F
filters and stored at −20°C in precombusted (12 h,
500°C) glass petri dishes. Prior to analysis, samples
were acidified (0.2 ml of 0.2M HCl) and dried for
24 h. The samples were subsequently packed into tin
capsules. Most samples were analyzed on a Euro EA
3000 elemental analyzer (Hekatech). Approximately
one quarter of the samples were analyzed on a Flash
EA 1112 elemental analyzer (Thermo Scientific) cou-
pled to a Delta V Advantage IRMS (Thermo Scien-
tific), since stable isotope ratios also needed to be
determined for these samples (data not shown, pub-
lished in Leu et al. 2020). For intercalibration of the
different elemental analyzers, an acetanilide stan-
dard was used. C:N ratios were corrected based on
the difference in atomic weight in carbon and nitro-
gen. Samples for pigment composition (100−300 ml)
were collected when biomass was high (between 23
April and 2 May for sea ice algae and between 26
April and 23 August for phytoplankton; see Table 1
for sampling dates). Samples were filtered onto GF/F
filters (Whatman), flash-frozen in liquid nitrogen and
stored at −80°C until analysis. Frozen filters from
algal cultures were extracted in a Teflon-lined
screw-capped tube with 1.6 ml 95% methanol for
24 h, and then re-filtered through Millipore 0.45 μm
filters, before the final extract was injected in the
HPLC system. HPLC pigment analyses were per-
formed as described by Rodriguez et al. (2006) using
a Hewlett-Packard 1100 HPLC system with a quater-
nary pump and auto sampler. The identification of
pigments was based on retention time and the optical
density (OD) spectra of the pigment obtained with a
diode array OD detector using pigment standards
(Rodriguez et al. 2006).

2.6.  Photophysiology by fast repetition rate (FRR)
fluorometry

Chl a variable fluorescence was measured using a
FastOcean FRR fluorometer (FFRf; Chelsea Tech-
nologies Group) in combination with an Act2 system
(Chelsea). For sea ice algae, the bottommost 1 cm
was quickly scraped off and kept in the dark until
sufficient brine drainage was achieved (after ~5 min).
Phytoplankton were sampled with Niskin bottles at
different depths and put directly inside the Act2
chamber after sampling. Once placed inside the
FRRf, cells were dark acclimated for >5 min, and
subsequently exposed to a weak measuring light to
record initial fluorescence (F0). Thereafter, 120 single
turnover (ST) saturation flashlets (blue LED color;
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450 nm) with a duration of 2 μs were applied, to
 saturate PSII and determine maximal fluorescence
(Fm) and the absorption cross section of PSII (σPSII

[nm2 PSII−1]). ST saturation flashlets were followed
by 60 relaxation flashlets, each with 40−60 μs dura-
tion, separated by 2.4 ms intervals, to record the rate
of reopening of PSII reaction centers (τES [ms]:
Oxborough 2012). The maximum dark-acclimated
quantum yield of PSII (Fv/Fm) was then calculated as
(Fm − F0)/Fm (Krause & Weis 1991). To record fluores-
cence versus irradiance curves (fluorescence light
curves, FLCs), the FastAct provided 10 × 3 min levels
of white PAR (EPAR [μmol photons m−2 s−1]) ranging
from 0 to 1500 μmol photons m−2 s−1. Following
actinic light periods, minimum (F’0) and maximum
(F ’m) fluorescence in light-exposed cells were deter-
mined. Relative electron transfer rates (rETRs [mol e−

(mol RCII)−1 s−1]) through PSII (Cosgrove & Borow-
itzka 2010) were calculated as:

(2)

The calculated rETRs were plotted against actinic
irradiance to generate FLCs, from which the light uti-
lization coefficient (αETR [mol e− m2 (mol RCII)−1

(mol photons)−1]) and the maximum photosynthetic
rate (rETRmax [mol e− (mol RCII)−1 s−1]) were derived
using the model fit of Eilers & Peeters (1988). The
photoacclimation index (EkETR [μmol photons m−2

s−1]) was then calculated as  rETRmax/αETR. No spec-
tral correction was applied to the data. NPQ of chl a
fluorescence at irradiance of 300 μmol photons m−2

s−1 was calculated using the normalized Stern-
Volmer coefficient, which treats the sum of non-pho-
tochemical processes present in a dark-acclimated
sample (including non-radiative decay and fluores-
cence emission at Fm) as described by Oxborough
(2012):

(3)

where F ’0 and F ’m are the minimum and maximum
fluorescence in cells exposed to 300 μmol photons
m−2 s−1, respectively.

2.7. In situ photosynthesis vs. irradiance
 incubation

Measurements of 14C-based net primary production
(NPP) in situ photosynthesis-irradiance curves were
carried out between 1 and 2 May 2017 on samples
of natural sea ice algal and phytoplankton assem-

blages moored for 24 h at the ice−water interface at
Stn MS in Van Mijenfjorden (Fig. 1). Sea ice samples
were collected from the bottom 1 cm of 3 thawed
and pooled sea ice cores (snow depth: 8− 9 cm),
whereas phytoplankton samples were collected
underneath the sea ice using 2 hauls of 20 μm
phytoplankton nets between 0 and 5 m depth (KC;
24 cm diameter). The pooled samples were diluted
with 700 ml GF/F filtered seawater and amended
with 250 ml medium (20 ml of 50× concentrated f/2
medium [Sigma-Aldrich]; Guillard & Ryther 1962)
mixed with 1 l of filtrated seawater) to prevent
nutrient limitation during the incubation period.
Final chl a concentrations were (mean ± SD) 71.1 ±
6.9 and 71.8 ± 7.7 μg l−1 for phytoplankton and sea
ice algae, respectively. Triplicate samples of sea ice
algae and phytoplankton were collected for chl a vari-
able fluorescence measurements (FRRf) before the
remaining samples were split into 20 ml subsamples
(n = 12) and transferred to experimental bottles
(50 ml capacity) with optical coating (transmission
rates: 0−100%, Hydro-bios). For all NPP measure-
ments, samples were amended with NaH14CO3

(Perkin Elmer, 53.1 mCi mmol−1 stock) giving a final
14C specific activity of 1 μCi ml−1. To determine the
total activity in the incubations, 100 μl of radioactive
sample were removed in duplicates and directly
transferred to a clean scintillation vial containing
250 μl ethanol amine. Experimental bottles were then
placed randomly on an incubation frame equipped
with a PAR logger (DEFI 2-L sensor) measuring
every 5 min and moored for 24 h underneath the
sea ice (after snow was removed from the area).
After incubation, samples were fixed with 2 drops of
37% formaldehyde before they were filtered onto
GF/F-filters, acidified with 500 μl 1M HCl and left
to degas overnight. Filters were then transferred
into scintillation vials, and 6 h prior to analysis, 10 ml
of scintillation cocktail (Ultima Gold AB, Perkin -
Elmer) were added to the samples and total count
vials. Subsequently, they were analyzed by means
of a TriCarb 2900TR scintillation counter (Perkin -
Elmer). 14C fixation rates (μg C [μg chl a]−1 d−1) were
calculated according to Hoppe et al. (2015). Calcu-
lated 14C fixation rates were plotted against irradi-
ance to generate photosynthesis versus irradiance
(PE) curves, from which the initial light-limited
slope of the PE curve (α [μg C (μg chl a)−1 d−1 (μmol
photons m−2 s−1)−1]) and the maximum photosyn-
thetic rate (Pmax [μg C (μg chl a)−1 d−1]) were derived
using the model fit of Eilers & Peeters (1988). The
photoacclimation index (Ek [μmol photons m−2 s−1])
was then calculated as Pmax/α.
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2.8.  Statistical analysis

Student’s t-tests with data following a normal dis-
tribution (Shapiro-Wilk test) were performed to eval-
uate significant differences between sea ice algae
and phytoplankton of the photophysiological and
biochemical parameters from field observations and
the in situ incubation experiment (see Table 2 for
parameters) using the program Sigmaplot (SysStat
Software). Modeling of parameters as a function of
irradiance and NO3

− levels was performed with gen-
eralized additive mixed modeling (GAMM), using
the ‘gamm()’ function in the R package ‘mgcv’ (Wood
2017, R Core Team 2017). Replicates for phytoplank-
ton samples were modeled as being correlated if they
were taken at the same station on the same day. For
the sea ice samples, replicates were modeled as
being correlated if they were taken at the same sta-
tion on the same day and with the same snow cover,
either low or high. All relationships were modeled as
log−log ones, implying that the size effect is a per-
centage change in the response for a given percent-
age change in the predictor. In many cases, the
GAMM diagnosed a linear relationship where the
effect size was constant, but in a case where the rela-
tionship was nonlinear, the effect size changed de -
pending on the predictor value. Relationships were
plotted along with 95% confidence error curves, and
when parameters were found to be significantly
related to both irradiance and NO3

−, contour plots
were made using the function ‘vis.gam(),’ also in the
‘mgcv’ package. Effect sizes were deemed signifi-
cant when the p-values were <0.05.

3.  RESULTS

3.1.  Environmental conditions

This study followed the development of sea ice
algae from 9 March to 2 May 2017, and phytoplank-
ton from 13 March to 28 August 2017 (Table 1). Dur-
ing the field campaign in Van Mijenfjorden in 2017,
air temperature mainly remained below 0°C (ranging
from −29 to 0°C) between early March and early
May. After 31 May, air temperature consistently
stayed above 0°C (Fig. 2a). Water temperatures at
12 m (retrieved from the multi-parameter ocean
observatory) remained stable at ~1.8°C between
early March and 30 April. Thereafter, water temper-
ature started to increase gradually reaching tem -
peratures >0°C by 13 June. By the end of the field
campaign (28 August), the ocean temperature had

in creased to 5.4°C (Fig. 2a). Sea ice started to form in
the inner basin at the end of January/early February
and covered the fjord out to Stn Vmf4 by early May.
The inner and outer basins were ice free from mid-
June onwards (retrieved from http://polarview.
met.no/). Ice thickness remained relatively stable
between stations and sampling dates, ranging from
29 to 57 cm, while snow cover on sea ice was variable
due to wind drift as well as melting processes later in
the season, and ranged from 0 to 27 cm (Table 1).
Temporal development of ice and snow thickness
from early March to early May at Stn MS is shown in
Fig. 2b.

The absolute range of daily average irradiance en -
countered by sampled sea ice algae was 2−74 μmol
photons m−2 s−1, with peak irradiance ranging from
12 to 305 μmol photons m−2 s−1. PAR transmittance
was highly variable due to changing snow cover,
with 0.5% transmittance of incoming irradiance
under the highest snow cover (27 cm) and 26% trans-
mittance in areas without snow (Table S1). The
absolute range of daily average irradiance encoun-
tered by phytoplankton was 0−63 μmol photons m−2

s−1 (Table 1), with peak irradiance ranging from 0 to
288 μmol photons m−2 s−1. In March, daily surface
irradiance in open water ranged from 27 (Vmf3) to
33 μmol photons m−2 s−1 (Vmf4), with peak irradiance
of 192 and 267 μmol photons m−2 s−1, respectively. In
late April and early May, when phytoplankton sam-
pling was conducted underneath sea ice, the daily
irradiance levels at the ice−water interface ranged
from 10 to 40 μmol photons m−2 s−1 (with peak irradi-
ance from 24 to 26 μmol photons m−2 s−1). During
June and August, open water stations (Vmf1 and
Vmf4) were influenced by meltwater and sediment
loading from terrestrial runoff, leading to highly vari-
able PAR levels, differing also between stations
(Table 1). At Vmf4 in June, the daily average irradi-
ance at 5 m depth was 63 μmol photons m−2 s−1 (with
peak irradiance of 288 μmol photons m−2 s−1), while
in August the daily average irradiance at 5 m depth
dropped to 20 μmol photons m−2 s−1 (with peak irradi-
ance of 121 μmol photons m−2 s−1). At Vmf1, the daily
average irradiance was 1 μmol photons m−2 s−1 (with
peak irradiance of 6 μmol photons m−2 s−1) in August at
5 m depth. Both stations had very low irradiance levels
at depths below 5 m in June and August (<1 μmol
photons m−2 s−1).

Regarding the temporal development of algal bio-
mass, bottom sea ice chl a concentrations peaked in
April with the highest concentrations found at Stn MS
on 23 April (~270 μg l−1), at Vmf1 on 8 April (~300 μg l−1)
and at Vmf2 on 26 April (~65 μg l−1, Fig. 2c). In sea ice,
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NO3
− levels varied strongly between dates and stations,

but dropped, on average, from (mean ± SD) 6.6 ± 5.3
in early March to 1.0 ± 0.9 μmol l−1 in early May
(Table 1). Silicate and phosphate levels did not change
significantly over time in sea ice, ranging from 1.09 ±
0.17 to 2.28 ± 0.21 μmol l−1, respectively (data not
shown, available in Hoppe et al. 2020). On 23 (at
Stn MS) and 26 April (at Stn Vmf2) and on 2 May (at
Stn MS), samples were taken from areas with low
(0−5 cm) and high (20+ cm) snow cover. At all tested
stations, NO3

− levels were significantly lower under
low compared to high snow cover (MS on 23 April:
Student’s t-test, t4 = 5.7, p = 0.004); Vmf2 on 26 April:
t4 = 14.3, p = 0.0001; and Vmf2 on 2 May: t4 = 4.8, p =
0.008). Si(OH)4 and PO4

3− concentrations remained
statistically similar between low and high snow sites
(data not shown, available in Hoppe et al. 2020). Brine
temperature in the bottom 3 cm of the sea ice re-
mained relative stable (ranging from −2.0 to −1.6°C),
while brine salinity varied more, i.e. ranging from
28.7 to 35.6 (Table 1). Phytoplankton chl a concen-
trations approached ~16 μg l−1 between 23 April and

2 May (Fig. 2c). The accumulation of phytoplankton
biomass resulted in a rapid drawdown of open water
NO3

− (from 9.9 ± 0.3 to 1.1 ± 0.6 μmol l−1; Table 1) and
Si(OH)4 levels (from 4.4 ± 0.3 to 0.3 ± 0.2 μmol l−1; data
not shown, available in Hoppe et al. 2020) by the end
of April. Phosphate concentrations decreased from an
average of 0.46 ± 0.05 μmol l−1 in early March to 0.19 ±
0.09 μmol l−1 in August (data not shown, available in
Hoppe et al. 2020). Water salinity remained fairly sta-
ble between stations and sampling dates during the
field campaign (ranging from 31.2 to 34.6; Table 1).

3.2.  Species composition of algal communities

Sea ice algal assemblages were mainly dominated
by pennate diatoms (between 37 and 99% of total
cell abundances) across all stations and throughout
the sampling period (Fig. 3a). Particularly abundant
taxa were Nitzschia frigida, Navicula sp. and Fragi-
lariopsis sp. No coherent trends were observed when
comparing sites with low and high snow depths. The
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Fig. 2. Environmental conditions before and during the field campaign in Van Mijenfjorden in 2017 (dates given as d/mo). (a)
Temporal development of ocean temperature (12 m depth at Vmf1, retrieved from the ocean observatory) and air temperature.
(b) Temporal development of snow (cm) and ice (cm) thickness at the main station (MS, retrieved from the sea ice observatory).
(c) Temporal development of sea ice algal and phytoplankton chl a concentrations during the field campaign. Data points in
panel c represent single replicates from different sea ice cores (sea ice algae) and different depths (0−50 m: phytoplankton)
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phytoplankton community was much more heteroge-
neous and variable compared to sea ice algae. In
April and May, 3 major groups were found to domi-
nate numerically: prymnesiophytes (0−68% of total
abundance), diatoms (30−40%) and dinoflagellates
(0−40%, Fig. 3b). Particularly abundant taxa were
the colony-forming prymnesiophyte Phaeocystis
pouchetii, the centric diatoms Chaetoceros sp. and
Thalassiosira sp., and the pennate diatom Fragilari-
opsis sp. In June at Stn Vmf4, surface layers (5 m)
were largely dominated by 1 known brackish and
mixotrophic genus, Olisthodiscus (raphidophytes,
48% of total abundance), while the deeper depths
(25 and 50 m) were dominated by >80% P. pouchetii.
In August, the phytoplankton protist assemblage was
dominated by heterotrophic and mixotrophic crypto-

phytes (particularly Teleaulax sp.) and dinoflagellates
(Gymnodinium sp.), in addition to other unidentified
flagellates.

3.3.  Photophysiological and biochemical responses
from field observations

In order to assess ecophysiological responses of
natural sea ice algal and phytoplankton assem-
blages, we followed variable fluorescence character-
istics, stoichiometry and pigment composition of the
2 communities, under naturally variable environ-
mental conditions. Some responses were similar be -
tween sea ice algae and phytoplankton, such as a
positive correlation between the amount of the pho-
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Fig. 3. Abundance (%) of microalgae groups dominating the (a) sea ice algal assemblages and (b) phytoplankton assemblages,
as well as chl a concentrations from the respective cores and depths. The sea ice algal assemblages are divided by stations
(MS, Vmf1 and Vmf2), dates (from 3 March to 2 May 2017) and high (20+ cm) and low (0−5 cm) snow sites (HS and LS, respec-
tively). The phytoplankton assemblages are divided in stations (MS, Vmf2, Vmf4 and Vmf1), dates (from 23 April to 23 August
2017) and water depths (0, 5, 25, 50 m). Phytoplankton samples from Stns MS and Vmf2 were collected under ice, while sam-
ples from Vmf4 and Vmf1 were collected from open water. The group ‘Other’ includes microalgal groups choanoflagellates, 

chrysophytes, ciliates, dictyochophytes, katablepharids, prasinophytes and Pyramimonadophyceae
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toprotective pigments diadinoxanthin and diato-
xanthin per chl a ([DD+DT]:chl a ratios) with irradi-
ance. However, the results also revealed large dif-
ferences in photosynthetic efficiency and capacity
be tween the 2 algal assemblages, especially when
daily average irradiance levels were higher than
8 μmol photons m−2 s−1, and NO3

− levels were de -
pleted (<0.5 μmol l−1).

Fv/Fm, the maximum dark-acclimated PSII quan-
tum yield, of the sea ice algal assemblages ranged
from 0.05 to 0.48, and was significantly correlated
with both irradiance (p = 0.0006) and NO3

− (p =
0.0008; Fig. 4a). However, the relation between
Fv/Fm and irradiance was not linear. After log-trans-
forming the different variables, we can deduce that
for a 10% increase in irradiance, sea ice algal Fv/Fm

increased by 3.3% up to daily average values of
~6 μmol photons m−2 s−1. When irradiance levels in -
creased >8 μmol photons m−2 s−1, sea ice algal Fv/Fm

started to decrease by 3.4% for every 10% increase
in irradiance (Fig. 4b). The relation between Fv/Fm

and NO3
− levels increased linearly (by 2.9% for every

10% increase in NO3
−) in sea ice algae (Fig. 4c).

Hence, the lowest sea ice algal Fv/Fm values (<0.1)
were observed under high irradiance (greater than
average daily irradiance of 74 μmol photons m−2 s−1,
with peak irradiance reaching ~305 μmol photons m−2

s−1) and low NO3
− (<0.5 μmol l−1) levels. Fv/Fm of

phytoplankton ranged from 0.06 to 0.55, with the
highest values being observed between mid-March
and early May (0.32−0.55), when communities were
dominated by prymnesiophytes, diatoms and dino-
flagellates (Fig. S1). Phytoplankton Fv/Fm was lowest
in June and August, when mixotrophic and hetero-
trophic microalgal groups dominated the assem-
blages (e.g. raphidophytes and dinoflagellates). By
then, nitrate levels were low (<1 μmol l−1), and irradi-
ance was highly variable due to high sediment loads
from terrestrial runoff in the innermost station, i.e.
either <1 μmol photons m−2 s−1 (Vmf1) or >50 μmol
photons m−2 s−1 (Vmf4). Phytoplankton Fv/Fm was
not significantly correlated with irradiance (Fig. 4e),
but a slight, albeit non-significant, positive relation-
ship was observed between Fv/Fm and NO3

− levels
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Fig. 4. Contour plots of the generalized additive mixed modeling (GAMM) fitted values, showing modeled changes in the
maximum dark-acclimated quantum yield of PSII (Fv/Fm) in response to daily average irradiance and NO3

− levels in (a) sea ice
algae and (d) phytoplankton algal assemblages. The 4 bottom graphs show marginal plots for (b,c) sea ice algae and (e,f)
phytoplankton, where changes in Fv/Fm are separated for daily average irradiance (b,e) and NO3

− levels (c,f). Sea ice algae
were collected from areas with varying snow depth (0−27 cm), and phytoplankton were collected from 0, 5, 25 and 50 m
depths. All variables are log transformed, and in the lower plots, raw data values are shown with GAMM curve fits expressed 

as solid lines and confidence intervals expressed as dotted lines
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(Fig. 4f). Further analysis revealed that in phyto-
plankton communities dominated primarily by
photosynthetic organisms (i.e. being more similar to
the sea ice algal assemblages), Fv/Fm increased
slightly with increasing irradiance (p = 0.003; data
not shown). The absorption cross-section of PSII
(σPSII) did not show any significant trends with irra-
diance and NO3

− levels in either sea ice algae or
phytoplankton (data not shown), and the averaged
values did not differ significantly between the 2
communities (Table 2). Similarly, no apparent trends
in τES (indicating the kinetics of electron transport on
the acceptor side of PSII) with changing irradiance
and nutrient regimes were observed in either sea
ice algae or phytoplankton. However, the averaged
τES was almost twice as high in the sea ice algal
communities (Student’s t-test, t52 = 3.2, p = 0.003;
Table 2).

Results from FRRf-based FLCs and biochemical
analysis revealed substantial differences in the accli-
mation capacity of sea ice algal and phytoplankton
communities. Regarding the light utilization coeffi-
cient, sea ice algae showed consistently decreasing
αETR, by 3.6% for every 10% increase in irradiance
(p = 0.003, Fig. 5a). Moreover, in correspondence
with αETR, we observed a significant increase of
POC:chl a content in the sea ice community with
increasing irradiance levels (p < 0.0001, Fig. 5b),
where POC:chl a ratios increased by 3.5% for every
10% increase in irradiance. In contrast, αETR and
POC:chl a varied strongly in the phytoplankton com-

munities, ranging from 0.14 to 0.51 mol e− m2 (mol
RCII)−1 (mol photons)−1 and from 11.9 to 1027.6 μg C
(μg chl a)−1, respectively, and the resulting relation-
ship with irradiance was non-significant for both
parameters (Fig. 5a,b). 

The amount of the photoprotective pigments rela-
tive to chl a ([DD+DT]:chl a) showed an increasing
trend with irradiance in both sea ice algal and phyto-
plankton assemblages (Fig. 5c). In sea ice algae,
(DD+DT):chl a increased by 1.3% for every 10%
increase in irradiance in the low irradiance range
between 2 and 10 μmol photons m−2 s−1, and there-
after by 7.6% (p < 0.0001). In phytoplankton,
(DD+DT):chl a ratios increased by 2.7% for every
10% increase in irradiance, but were not signifi-
cantly correlated. With respect to NPQ at a measured
light intensity of 300 μmol photons m−2 s−1 (NPQ300),
sea ice algae showed an increasing trend in NPQ300

with irradiance (by 4% for every 10% increase in
irradiance), but the relationship was not significant
(Fig. 5d). In the phytoplankton communities, in con-
trast, NPQ300 decreased significantly with increasing
irradiance (p = 0.02, Fig. 5d). Due to these 2 distinct
responses between the algal assemblages, the aver-
age NPQ300 was significantly higher in sea ice algae
(13 ± 7.2) compared to phytoplankton (4.9 ± 3.2; Stu-
dent’s t-test, t52 = 5.3, p < 0.0001, Table 2). 

Maximum electron transport rates (rETRmax) were
significantly correlated with irradiance in sea ice
algae (p = 0.04), although this relationship was not
linear; at daily average irradiance levels up to
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——— Field observations ——— ———————— In situ incubation experiment ————————
FRRf-based FRRf-based 14C-based

                           Sea ice algae      Phytoplankton             Sea ice algae     Phytoplankton         Sea ice algae   Phytoplankton

Fv/Fm                     0.27 (0.12)     *     0.34 (0.14)                   0.37 (0.06)           0.38 (0.05)                      na                      na
σPSII                         5.1 (1.2)                5.3 (0.9)                       5.3 (0.2)      *       5.9 (0.1)                        na                      na
τES                                        7.6 (4.8)       *       4.7 (1.7)                       4.2 (0.4)               3.9 (0.4)                        na                      na
NPQ300                  13.0 (7.2)      *       4.9 (3.2)                       2.4 (0.4)      *       1.5 (0.1)                        na                      na
rETRmax, Pmax               31 (23)        *        80 (37)                         41 (3)        *        94 (2)                         0.18                     na
αETR, α                0.16 (0.08)     *     0.36 (0.09)                   0.34 (0.03)           0.35 (0.07)                   0.004                  0.009
EkETR, Ek              221 (156)              217 (69)                       120 (2)        *       274 (44)                        43                       na

Table 2. Mean (SD) photosynthetic parameters in sea ice algal and phytoplankton assemblages from field observations (fast
repetition rate fluorometry [FRRf]-based parameters only), and from the in situ incubation experiment conducted underneath
the sea ice (FRRf- and 14C-based parameters). Maximum dark-acclimated PSII quantum yield (Fv/Fm), absorption cross-section
of PSII (σPSII [nm2 PSII−1]), rate of reopening of PSII reaction centers (τES [ms]) and non-photochemical quenching (NPQ300)
were derived from FRRf variable fluorescence measurements. Fit parameters (rETRmax, Pmax, αETR, α and EkETR and Ek) were
derived from either FRRf-based fluorescence light curves or 14C-based photosynthesis vs. irradiance curves. FRRf-derived
rETRmax [mol e− (mol RCII)−1 s−1] is the light-saturated maximum rate of charge separation in RCII, while the FRRf-derived
αETR is the light-dependent increase of charge separation in RCII before saturation (mol e− m2 [mol RCII]−1 [mol photons]−1).
14C-derived Pmax is the light saturated maximum rate of 14C uptake (μg C [μg chl a]−1 d−1). 14C-derived α is the initial light-lim-
ited slope (μg C [μg chl a]−1 d−1 [μmol photons m−2 s−1]−1). Both FRRf- and 14C-derived Ek is the photoacclimation index (μmol 

photons m−2 s−1). *Significant difference (p < 0.05) between sea ice algae and phytoplankton; na: not available
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Fig. 5. Changes in (a) light utilization coefficient (αETR), (b) particulate organic carbon (POC) to chl a ratios, (c) light protective
pigment ratios (diadinoxanthin and diatoxanthin [DD+DT]:chl a), (d) non-photochemical quenching at 300 μmol photons m−2

s−1 (NPQ300) and (e) maximum photosynthetic rate (rETRmax) in response to daily average irradiance levels in sea ice algae and
phytoplankton. Sea ice algae were collected from areas with varying snow depth (0−27 cm), and phytoplankton were col-
lected from 0, 5, 25 and 50 m depths. All variables are log transformed, and raw data values are shown with GAMM curve fits 

expressed as solid lines and confidence intervals expressed as dotted lines
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approximately 8 μmol photons m−2 s−1, sea ice algal
rETRmax increased on average by 17.2% per 10%
increase in light. At higher irradiance, sea ice algal
rETRmax decreased by 15.3% for every 10% increase
in irradiance (Fig. 5e). In comparison, the phyto-
plankton communities increased their rETRmax with
increasing irradiance at all levels >2 μmol photons
m−2 s−1 (p < 0.04), with values increasing on average
by 4.0% for every 10% increase in irradiance
(Fig. 5e). Hence, the differences in rETRmax between
the 2 communities were substantial when irradiance
in creased >8 μmol photons m−2 s−1, resulting in
higher averaged rETRmax in phytoplankton (80 ±
27 mol e− [mol RCII]−1 s−1) compared to sea ice algae
(31 ± 23 mol e− [mol RCII]−1 s−1; Student’s t-test, t52 =
5.4, p < 0.0001, Table 2). The relation between rETR-
max and NO3

− levels was non-significant in both algal
assemblages. Similarly to POC:chl a ratios, C:N ratios
also showed stronger environmentally driven pat-
terns in sea ice algae compared to phytoplankton. In

sea ice algae, C:N ratios increased by 2.2% with a
10% increase in irradiance (p < 0.0001, Fig. 6b),
while decreasing by 0.80% for every 10% increase in
NO3

− (p = 0.009, Fig. 6c). Hence, the responses were
strongly negatively correlated between irradiance
and NO3

− levels (correlation = −0.79, Fig. 6a). In
phytoplankton assemblages, C:N ratios were highly
variable under all irradiance and NO3

− levels with no
significant trends (Fig. 6d−f).

3.4.  In situ incubation experiment

By measuring variable fluorescence characteristics
and 14C-based carbon fixation in situ under a range
of different irradiances, we were able to assess differ-
ences in both the functionality of the photosynthetic
apparatus regarding the light-dependent reactions,
as well as the ability of sea ice algae and phytoplank-
ton to fix carbon. Additional measurements (e.g.
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Fig. 6. Contour plots of the GAMM fitted values, showing modeled changes in the particulate organic carbon to particulate
organic nitrogen ratios (C:N) in response to daily average irradiance and NO3

− levels in (a) sea ice algae and (d) phytoplank-
ton algal assemblages. The 4 bottom graphs show marginal plots for (b,c) sea ice algae and (e,f) phytoplankton, where
changes in C:N ratios are separated for daily average irradiance (b,e) and NO3

− levels (c,f). Sea ice algae were collected from
areas with varying snow depth (0−27 cm), and phytoplankton were collected from 0, 5, 25 and 50 m depths. All variables are
log transformed, and in the lower plots raw data values are shown with GAMM curve fits expressed as solid lines and confi-

dence intervals expressed as dotted lines
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community composition, in situ nutrients and salin-
ity) were not taken on these specific samples on 1 May,
but we assume the community and environmental
conditions were similar to sampling conducted on
2 May at that station (MS). By then, the majority of the
sea ice community (under high snow cover; Fig. 3a)
was numerically dominated by coccal unidentified
cells (‘coccal indet,’ 39%) and diatoms (36%; par-
ticularly Fragilariopsis spp. and Navicula spp.). The
phytoplankton community was numerically domi-
nated by Phaeocystis pouchetii (68%), centric dia toms
(17%; particularly Chaetoceros spp. and Thalassio -
sira spp.) and pennate diatoms (13%; particularly
Fragilariopsis spp. and Nitzschia spp.; Fig. 3b). Note
that phytoplankton samples for the in cubation exper-
iment were sampled with a 20 μm phytoplankton
net, hence smaller cells were probably largely ex -
cluded from the experiment. We therefore expect the
communities in the experiment to be dominated by
the above-mentioned diatoms as well as P. pouchetii
(colonies) in case of the phytoplankton community. In
situ nutrient levels were depleted in both sea ice
(NO3

−: 0.67 μmol l−1, Si(OH)4: 0.31 μmol l−1) and water
(NO3

−: 0.91 μmol l−1, Si(OH)4: 0.34 μmol l−1), and tem-
peratures were reasonably similar between ice and
water (−1.7 and −1.6°C, respectively; Table 1). Salin-
ity was lower in sea ice (31.4) than in water (34.6). 

Similar to the field observations, this experiment
also revealed different ecophysiological characteris-
tics between sea ice algae and phytoplankton. Before

incubation under the sea ice, Fv/Fm was within the
same range for sea ice algae and phytoplankton,
with values of 0.37 ± 0.06 vs. 0.38 ± 0.05, respectively
(Table 2). Similarly, no noticeable differences were
observed with respect to the rate of reopening of PSII
reaction centers (τES). The absorption cross section of
PSII (σPSII) was slightly higher in phytoplankton com-
pared to sea ice algal communities (Student’s t-test,
t3 = −3.6, p = 0.04), while NPQ300 was significantly
lower in the former (t3 = 4.6, p = 0.02, Table 2).
Results from the FRRf-based FLCs showed that the
rETRmax were higher in phytoplankton compared to
sea ice algae (t3 = −24.5, p < 0.001), while αETR
remained similar, resulting in significantly higher
FRRf-derived EkETR in phytoplankton compared to
sea ice algae (t3 = −4.7, p = 0.02, Table 2, Fig. 7a).
After 24 h incubation underneath the sea ice, phyto-
plankton showed higher carbon fixation rates at all
irradiances compared to the sea ice algae (Fig. 7b).
Also, the 14C-derived α in phytoplankton (0.009 μg C
[μg chl a]−1 d−1 [μmol photons m−2 s−1]−1) was higher
compared to sea ice algae (0.004 μg C [μg chl a]−1 d−1

[μmol photons m−2 s−1]−1). Due to lack of light satura-
tion in the phytoplankton assemblage, 14C-based
Pmax and Ek could not be derived from the curve fits.
In sea ice algal assemblages, however, light satura-
tion was characterized by a 14C-based Ek of 43 μmol
photons m−2 s−1 and a resulting Pmax of 0.18 μg C
(μg chl a)−1 d−1 (Table 2). Overall, the phytoplankton
com munity showed higher mean carbon fixation
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Fig. 7. (a) Fast repetition rate fluorometry (FRRf)-based fluorescence light curves (FLCs) and (b) 14C-based photosynthesis vs.
irradiance (PE) curves in sea ice algae and phytoplankton from the in situ incubation experiment conducted underneath the
sea ice in Van Mijenfjorden during the main bloom period in both habitats in 2017. Raw data values of electron transport
through photosystem II (rETR; mol e−1 [mol RCII]−1 s−1) and 14C-fixation (μg C [μg chl a]−1 d−1) are shown as a function of
increasing irradiance and the model fits of Eilers & Peeters (1988) are expressed as lines. Parameters derived from the FRRf-
based FLCs and 14C-based PE curves are found in Table 2, while the irradiance regimes encountered by the algal assemblages 

are given in Fig. S2
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rates (0.25 ± 0.17 μg C [μg chl a]−1 d−1) compared to
the sea ice-associated community (0.10 ± 0.07 μg C
[μg chl a]−1 d−1, t22 = −2.8, p = 0.01).

4.  DISCUSSION

In this study, we compared photophysiological and
biochemical characteristics of sea ice algal and
phytoplankton communities in order to evaluate
strategies used by the 2 functionally distinct types of
microalgal communities to acclimate to variations in
light and nutrients. According to the traditional per-
ception, sea ice algal production peaks earlier in
spring, whereas phytoplankton production occurs
primarily in open waters subsequent to sea ice
retreat (Hill & Cota 2005, Perrette et al. 2011). How-
ever, increasing evidence during recent years sug-
gests a more common occurrence of phytoplankton
blooms underneath sea ice, which can originate from
advected algal blooms in ice-free areas (Johnsen et
al. 2018, Ardyna et al. 2020) but have also been
found to develop locally (Arrigo et al. 2012, Mundy et
al. 2014, Assmy et al. 2017). In the current study, we
found that the sea ice algal and phytoplankton
blooms in Van Mijenfjorden in 2017 peaked almost
simultaneously (Fig. 2c). Despite environmental con-
ditions (i.e. irradiance and nutrient levels) encountered
by sea ice algae and phytoplankton being relatively
similar in this study, we found distinct differences
between the 2 algal communities with respect to
their sensitivity to environmental changes.

4.1.  Considerable requirement for photoprotection
in sea ice algae

Beneath the sea ice in spring when irradiance lev-
els were low (<8 μmol photons m−2 s−1) and nutrients
were abundant, sea ice algae displayed clear signs of
photoacclimation to low light. The observed high
Fv/Fm and αETR in combination with generally low
NPQ300 and (DD+DT):chl a ratios (Figs. 4b & 5a,c,d)
suggest little requirement of dissipating absorbed
energy as heat. This is in line with various studies
that have suggested specific adaptions of polar
microalgae that enable them to grow under very low
irradiances, such as high growth rates, very high cel-
lular chl a quota and a low light saturation of photo-
synthesis (Cota 1985, Kirst & Wiencke 1995, Lacour
et al. 2017, Hancke et al. 2018). As daily average irra-
diances increased towards ~8 μmol photons m−2 s−1,
significantly decreasing FRRf-derived αETR and

increasing POC:chl a ratios support that sea ice algae
efficiently acclimated to higher irradiances, probably
by reducing the quota of photosynthetic pigments
(Fig. 5a,b). Furthermore, and in line with previous
work, the significant positive relationships between
(DD+DT):chl a ratios and irradiance in sea ice algae
(Fig. 5c) confirms that light transmittance exerts a
strong control on carotenoid synthesis even under
relatively low irradiance levels (Alou-Font et al.
2013, Galindo et al. 2017). Hence, a rapid decline in
light harvesting coupled with increased capacity for
photoprotection seems to be the preferred method of
balancing energy flow to PSII in sea ice algae with
increasing irradiances. Given the strong dominance
of diatoms in the sea ice algal assemblages, which
are known to efficiently employ such photoprotective
mechanisms, the observed responses were as
expected (Fig. 3a; von Quillfeldt et al. 2003, Brunet et
al. 2011, Alou-Font et al. 2013, Lacour et al. 2020).
These light-driven adjustments to the photosynthetic
machinery were effective in the low average irradi-
ance range between 0 and 8 μmol photons m−2 s−1,
and ensured a high level of plasticity in their light-
acclimation capabilities. This resulted in elevated
maximum dark-acclimated quantum yield of PSII
(Fv/Fm) and concurrently allowed for increased max-
imum electron transport rates through PSII (rETRmax)
towards daily average irradiance levels of ~8 μmol
photons m−2 s−1 (Figs. 4a,b & 5e). When daily irradi-
ance levels increased beyond 8 μmol photons m−2 s−1,
sea ice algal assemblages clearly invested more
energy in photoprotection: (DD+DT):chl a ratios
increased rapidly with increasing irradiance, and
NPQ300 approached values >20 (Fig. 5c,d), indicating
substantial photoprotective efforts. This increased
dissipation of excess excitation energy caused Fv/Fm

and rETRmax to decrease with increasingly higher
irradiances (>8 μmol photons m−2 s−1: Figs. 4b & 5e).
The observed decrease in rETRmax may also indicate
photoinactivation of PSII, or that the turnover of pro-
teins associated with photoprotection (such as D1)
was not sufficient to sustain high rates of electron
transport through PSII (Fig. 5e). Under the highest
light (daily average irradiance levels of ~74 μmol
photons m−2 s−1, with peak irradiance of ~305 μmol
photons m−2 s−1), Fv/Fm reached extremely low val-
ues (0.11 ± 0.09), indicating a strong decline in pho-
tosynthetic performance. It is important to note, how-
ever, that the highest light often co-occurred with
low nutrient levels, resulting in co-occurrence
and potential interaction of stressors (as discussed
below). We conclude that sea ice algae did not be -
nefit from the increased light availability at average
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daily irradiance >8 μmol photons m−2 s−1 which was
frequently observed from 23 April onwards under
snow cover <15 cm. This is in line with previous
findings of a detrimental effect of high irradiance on
sea ice algal communities (Juhl & Krembs 2010, Leu
et al. 2010, Alou-Font et al. 2013, Kvernvik et al.
2020).

Changing environmental conditions can cause
alterations in cellular C:N ratios of microalgae, devi-
ating from Redfield ratios (Sterner & Elser 2002,
Frigstad et al. 2014, Niemi & Michel 2015). Both irra-
diance and NO3

− exert strong control on C:N ratios,
where values may increase as a result of acclimation
to high irradiance (i.e. a relative increase in cellular
C quota because excess light energy is drained in C
fixation) or nutrient limitation (i.e. a relative decrease
in cellular N quota; Demers et al. 1989, Gosselin et al.
1990). In the sea ice algal assemblages, C:N ratios
were positively correlated with irradiance and nega-
tively correlated with NO3

− concentrations, i.e. the
highest C:N ratios were observed under high light
and low NO3

− concentrations (Fig. 6a−c). However,
since the observations from field data and the in
situ experiment strongly suggest that sea ice algae
were increasingly light stressed at average irradi-
ance >8 μmol photons m−2 s−1 and thus did not bene-
fit from higher light availability, we hypothesize that
the high C:N ratios primarily resulted from increas-
ing nutrient limitation. Synthesis of proteins and
pigments required for photoacclimation and photo-
repair consumes large amounts of nutrients (Eber -
hard et al. 2008). Congruently, nutrient limitation (in
particular NO3

−) can have a pronounced effect on
photosynthetic performance by restricting quantum
yield, photochemical efficiency of PSII and growth
(Geider et al. 1993, Van De Poll et al. 2005), in addi-
tion to increasing susceptibility to photoinhibition
(Kiefer 1973, Litchman et al. 2002). The highest Fv/Fm

of sea ice algae in this study was observed when light
was low (i.e. ~5 μmol photons m−2 s−1) and NO3

− con-
centrations were high (>10 μmol l−1). The abundant
NO3

− supplies probably supported biosynthesis of
photosynthetic pigments (Eberhard et al. 2008, Lewis
et al. 2019), and thus enhanced absorption of the lim-
ited light available beneath the sea ice. Furthermore,
indications of high light stress in sea ice algal assem-
blages were particularly pronounced when nutrient
levels were low, as Fv/Fm decreased to ~0.1 under
high light (>50 μmol photons m−2 s−1) and low nitrate
levels (<0.5 μmol l−1, Fig. 4a). Hence, nutrient limita-
tion probably impeded photoacclimation to these
higher irradiance levels during the later stages of the
sampling period and contributed to the strongly

reduced photosynthetic efficiency in sea ice algal
assemblages, hinting towards an interactive effect
between irradiance and nutrient levels (Lewis et al.
2019).

4.2.  Phytoplankton exhibited a high plasticity
towards variable irradiance

Compared to the sea ice algal assemblages, trends
in the response to variations in irradiance in phyto-
plankton were less pronounced in several parame-
ters such as rETRmax, photoprotective pigment con-
tent ([DD+DT]:chl a) and NPQ300, and even absent in
several measured parameters, e.g. in Fv/Fm, αETR,
POC:chl a and C:N ratios. As the species composition
of the phytoplankton communities were more het-
erogeneous compared to the sea ice communities
(i.e. often mixed between phototrophic and mixotro-
phic species), and also varied more both in space and
time with respect of dominant groups, these lacking
trends could in part be explained by community
shifts as discussed later in Section 4.4.

It seems that light harvesting of both sea ice algae
and phytoplankton was acclimated to the same irra-
diance range (evidenced by similar averaged EkETR;
Table 2), but that phytoplankton showed overall
higher production rates, as both the averaged αETR
and rETRmax were higher compared to sea ice
algae, and as also indicated by the results of the 14C-
based production experiment (Table 2). This differ-
ence may be explained by the fact that αETR and
rETRmax of phytoplankton remained similar over the
entire range of irradiance levels that occurred over
the study period, which was in strong contrast to the
sea ice algae, which substantially lessened electron
transport rates in response to increasing irradiance
(Fig. 5a,e). Several of the abundant phytoplankton
classes recognized during this study possess the dia-
dinoxanthin cycle (i.e. diatoms, dinoflagellates and
prymnesiophytes; Lacour et al. 2020). Similar to the
sea ice algae, (DD+DT):chl a ratios increased with
irradiance in phytoplankton; however, this did not
translate into increased NPQ300. Consequently, NPQ300

was twice as high in sea ice algae compared to
phytoplankton at higher irradiance levels (Fig. 5d),
confirming that within the same irradiance range,
phytoplankton experienced much less photochemi-
cal stress and relied less on photoprotection com-
pared to sea ice algae. The absorption cross-section
of PSII light-harvesting antenna, σPSII (i.e. energy
delivery to PSII), observed in our field samples
remained in a similar range in both sea ice algae and
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phytoplankton. However, the rate of reopening of
PSII reaction centers, τES, was significantly lower in
the latter (Table 2), indicating that phytoplankton
exhibited higher capacity to direct the energy away
from PSII (Sakshaug et al. 1997). Substantially more
efficient electron drainage in an Arctic pelagic com-
pared to a sea ice diatom exposed to high light have
also been found in experiments with unialgal cul-
tures (Kvernvik et al. 2020). This efficient energy
drainage into carbon fixation in phytoplankton,
which is also seen in the overall higher carbon pro-
duction in phytoplankton compared to sea ice algae
in the in situ incubation experiment during the main
bloom period (Fig. 7), may help to prevent high-light
stress of the photosynthetic apparatus by draining
energy into the Calvin Cycle. This possibly explains
the lower NPQ300 values observed in phytoplankton
compared to sea ice algae. We speculate that, while
the light levels tested in this study generally did not
cause signs of high light stress in phytoplankton, the
synthesized photoprotective pigments serve to allow
them to deal with further increases in irradiance. The
results outlined above clearly indicate that phyto-
plankton possessed a high plasticity towards increas-
ing irradiance. Based on our data, it seems that
phytoplankton achieved successful biomass buildup
via acclimatory processes downstream of PSII, while
sea ice algae had to rely on photoprotection within
the same irradiance levels and thus did not benefit
from increased light availability at daily average irra-
diance >8 μmol photons m−2 s−1.

In sea ice algal assemblages, NO3
− limitation af -

fected photophysiology and contributed to the
strongly reduced photosynthetic efficiency in high
light/low nutrient environments. In phytoplankton
assemblages, however, no notable trends in physio-
logical or biochemical parameters were observed
with decreasing NO3

− concentrations. For example,
POC:chl a and C:N ratios were very variable (rang-
ing from 12 to 1027 μg C [μg chl a]−1 and 2−19 mol
mol−1, respectively, Figs. 5b & 6e) with no clear
trends for either with NO3

− levels. Phytoplankton
assemblages encounter more nutrient resupply on
small scales (e.g. from turbulence; Henley et al. 2020)
than those growing in the more enclosed sea ice
realm, meaning that even though the measured
nutrient concentrations were similarly low in ice and
open water, nutrient limitation was probably still
more pronounced over longer time for the sea ice
algal assemblages. Furthermore, POC concentra-
tions are largely decoupled from chl a concentrations
when heterotrophic/mixotrophic production signifi-
cantly contributes to organic carbon stocks (Niemi &

Michel 2015). Given the heterogeneous phytoplank-
ton community composition, which was also chang-
ing dynamically, this could explain the highly vari-
able POC:chl a and C:N ratios, and subsequent
lacking trends with irradiance and NO3

− levels in this
study (Frigstad et al. 2014). It must be kept in mind
that chl a is a measure of microalgae, while POC
comprises microalgae, hetero- and mixotrophic pro-
tists, zooplankton and detritus. Given the very high
POC:chl a values in some phytoplankton samples,
some of this carbon might be associated with species
other than phytoplankton and/or detrital carbon,
affecting the relationship of both POC:chl a and C:N
ratios with irradiance and NO3

− levels. This seems to
be true especially in late summer, when mixo- and
heterotrophic species and zooplankton biomass typi-
cally increase (Willis et al. 2006). As algal-specific
POC is difficult to sample and was not measured in
this study, this limits the confidence in statements
purely based on these ratios. Due to their congruence
with other measured parameters, they still serve as a
valid proxy during the phototrophically dominated
spring period (24 April to 13 June in this study).

4.3.  Field observations are validated by the in situ
incubation experimental data

The field observations indicate that phytoplankton
exhibited higher plasticity towards increasing irradi-
ance compared to sea ice algae, which was further
corroborated by the in situ incubation experiment
conducted underneath the sea ice during the main
bloom period in both habitats (Fig. 7, Table 2). It
should be emphasized that the phytoplankton sam-
ples were filtered through a 20 μm net, and as we did
not assess taxonomic composition on these specific
samples, some caution must be taken in comparing
the results between the in situ incubation experiment
and field measurements. One can, however, expect
that the in situ taxonomic composition in sea ice and
water at Stn MS was similar between 1 and 2 March
(Fig. 3), and that the filtering of phytoplankton sam-
ples through a 20 μm net definitely had a larger
effect and increased the dominance of larger (i.e.
diatoms and Phaeocystis pouchetii colonies) relative
to smaller cells. The photoacclimation index, Ek, is an
indication of the irradiance level to which microalgae
are acclimated (Sakshaug et al. 1997). In phytoplank-
ton, the FRRf-derived EkETR during the experiment
was higher (274 μmol photons m−2 s−1) than in sea ice
algae (120 μmol photons m−2 s−1; Table 2), and in fact,
higher than peak irradiances during the incubation
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period (~200 μmol photons m−2 s−1; Fig. S2), which
could be explained by high plasticity in photosyn-
thetic performance of phytoplankton (Assmy et al.
2017). Furthermore, the 14C-derived PE curve (Fig. 7b)
revealed that primary production in phytoplankton
was light limited at all applied irradiances, which
indicates that the 14C-based Ek was higher in phyto-
plankton compared sea ice algae (43 μmol photons
m−2 s−1). It should be mentioned that for sea ice algae,
the FRRf-derived parameters were measured directly
after sampling (in-ice conditions) while the 14C-
derived parameters were measured after incubation
underneath the sea ice (under-ice conditions). Hence
sea ice algae may have acclimated to lower irradi-
ance in the under-ice environment during the incu-
bation, contributing to the 3 times lower 14C-based Ek

compared to EkETR. In view of the high FRRf-derived
Ek, the non-saturating 14C-based PE curve and the
continuously increasing FRRf-derived rETRmax from
the field observations, we conclude that the phyto-
plankton tended to be generally light limited
throughout this study. Surprisingly, the in situ incu-
bation experiment also revealed that phytoplankton
were more efficient in utilizing low irradiance for
carbon fixation compared to sea ice algae (Fig. 7b),
possibly explaining the ability of phytoplankton to
generate substantial blooms beneath sea ice (Mundy
et al. 2014, Assmy et al. 2017, Ardyna et al. 2020). In
addition, while the FRRf-based αETR was similar in
sea ice algae and phytoplankton, 14C-based α was
twice as high in the latter. Taking into account that
sea ice algae may also have acclimated their photo-
synthetic machinery to lower light during the incuba-
tion (and therefore α should increase during the 14C
incubation), this might indicate that the energy
transfer efficiency from photochemistry to biomass
build-up was much higher in phytoplankton com-
pared to sea ice algae under light limitation (Schu -
back et al. 2016, 2017). It should be noted, however,
that no spectral correction was applied, and there-
fore the incubator light could be different between
the 2 methods. While this may affect direct compari-
son of these 2 measurements and prevents us from
calculating conversion factors, it still allows a com-
parison between samples from the 2 habitats. This
suggests that in sea ice algae, a substantial fraction of
the photosynthetic energy was used for alternative
electron sinks (Schuback et al. 2017), possibly an
adaption to deal with the extreme environmental
conditions within sea ice. These alternative electron
sinks could include nutrient assimilation (Laws
1991), carbon concentrating mechanisms (Giordano
et al. 2005), photorespiration (Foyer et al. 2009) and

cyclic electron flow through PSI (Miyake & Asada
2003). In summary, natural phytoplankton assem-
blages exhibited overall higher electron transport
and carbon assimilation rates during the incubation
underneath the sea ice compared to sea ice algae
(Fig. 7). These results are in line with recent experi-
mental findings confirming that a dominant pelagic
diatom was better at taking advantage of increasing
irradiance than a sea ice diatom (Kvernvik et al.
2020).

4.4.  Underlying reasons for the differences
between sea ice algae and phytoplankton

As outlined above, the field observations and the in
situ incubation experiment proved that phytoplank-
ton exhibited higher plasticity towards increasing
irradiance, had higher carbon fixation rates (both in
low and high light) and were less affected by low
NO3

− levels, compared to sea ice algae which exhib-
ited much lower Fv/Fm under high light and low
nitrate levels (Fig. 4a). It is important to consider that
temporal developments in the taxonomic composi-
tion may contribute to changes in photophysiological
parameters (Moore et al. 2006, Suggett et al. 2009).
Variations in Fv/Fm and σPSII that could be attributed
to phytoplankton community structure were also
seen in the current study (Fig. S1). The sea ice algal
assemblages were much more homogeneous (i.e.
strongly dominated by pennate diatoms between sta-
tions and dates), whereas the phytoplankton commu-
nities were more heterogeneous (i.e. mixed and vari-
able dominance of groups) as well as more variable
in space and time (Fig. 3b). This could be partially
explained by the fact that taxonomic changes within
highly diverse phytoplankton communities allow for
more efficient selection of genotypes that are better
adapted to the prevailing light and nutrient environ-
ment (Cullen & MacIntyre 1998, Godhe & Rynearson
2017, Hoppe et al. 2017), while the resupply of new
genotypes is restricted in the sea ice realm, poten-
tially causing generally lower diversity. For example,
the majority of the phytoplankton communities
underneath the sea ice (Stns MS and Vmf2 between
23 April and 2 May) and at deeper depths in June 
(25 and 50 m on 13 June at Stn Vmf4) was numeri-
cally dominated by flagellated cells (mostly Phaeo-
cystis pouchetii but also dinoflagellates and crypto-
phytes; >60%) while diatoms played a smaller role
(<40%). This is in accordance with previous studies
showing that the genus Phaeocystis is particularly
well adapted to low-light environments (Sakshaug &
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Skjoldal 1989, Moisan & Mitchell 1999, Assmy et al.
2017, Lacour et al. 2017). In June at Stn Vmf4, sur-
face layers were influenced by meltwater runoff,
and as a result, the phytoplankton community was
numerically dominated (~50%) by the mixotrophic
genus Olisthodiscus, which typically occurs in brack-
ish waters (Hulburt 1965). In August, when nitrate
levels were depleted, the majority of the phytoplank-
ton community consisted of mixotrophic species
(especially dinoflagellates and cryptophytes) that
have differences in energy acquisition strategies (auto-
trophy vs. mixotrophy; McKie-Krisberg & Sanders
2014). Changes in photophysiological para meters in
phytoplankton communities in this study may there-
fore be due to both differences in antenna structure
among dominant taxa and intracellular pigment
packaging which generally increase with cell size
(Moore et al. 2006, Suggett et al. 2009). Given the
subtle to absent effects of environmental differences
on photophysiology and stoichiometry of phyto-
plankton assemblages, however, variations in inter-
and intraspecific composition seem to provide func-
tional redundancy (i.e. multiple species that perform
similar roles in an ecosystem) as previously observed
for Arctic phytoplankton (Hoppe et al. 2018a, Wolf
et al. 2018). 

Despite such underlying dynamics, we see clear
differences in the acclimation potential of sea ice
algal and phytoplankton communities that align well
with specific physiology of key species of their habi-
tats (e.g. Kvernvik et al. 2020) as well as the environ-
mental conditions they have adapted to. At first
glance, it might seem surprising that phytoplankton
exhibited higher carbon fixation rates under low irra-
diance levels compared to sea ice algae during the
main bloom period in both habitats (evident from the
in situ incubation experiment), especially when sea
ice algal production typically peaks in early spring
when phytoplankton production is very low. How-
ever, large-scale phytoplankton blooms have re -
cently been observed beneath the sea ice (Mundy et
al. 2014, Assmy et al. 2017, Ardyna et al. 2020),
where irradiance levels are even lower (both due to
absorption by sea ice algae and water) than at the
ice−water interface. Also, measurable rates of net
primary production in Arctic phytoplankton assem-
blages at light levels as low as 0.5 μmol photons m−2

s−1 have recently been observed, indicating that
phytoplankton communities can retain net produc-
tivity under more extreme low light conditions than
previously thought (Kvernvik et al. 2018). We thus
speculate that because sea ice algae are adapted to
extreme conditions of reduced temperature, high

salinities and extremely variable nutrient and inor-
ganic carbon levels, they allocate more of the photo-
synthetic resources (such as ATP and NADPH) for
associated cellular processes (e.g. cryoprotection,
osmoregulation, nutrient transport, carbon concen-
trating mechanisms) so that less of the energy is end-
ing up in the Calvin Cycle and subsequent biomass
build-up (Behrenfeld et al. 2008). In fact, Goldman et
al. (2015) suggested that high levels of cyclic electron
flow may be a characteristic of psychrophilic phyto-
plankton that allows them to account for the associ-
ated high ATP demand. Since sea ice algae live in
more extreme low temperature regimes than phyto-
plankton, such alternative pathways for electrons
could explain the overall lower carbon fixation rates
in the former (Fig. 7b). Furthermore, while sea ice
algae showed strong signs of high light stress when
average daily irradiance levels increased to >8 μmol
photons m−2 s−1, the phytoplankton communities
were generally light limited within the same irradi-
ance ranges. This could be explained by adaption to
strongly contrasting irradiance regimes normally
encountered by the 2 algal assemblages. Reported
transmittance through ice and snow layers in the
Arctic are often very low (Leu et al. 2010, 2015,
Campbell et al. 2016, Assmy et al. 2017, Hancke et al.
2018), and since sea ice algae live in a spatially
restricted environment that is normally not undergo-
ing rapid changes, they usually experience gradually
changing irradiances of low amplitudes. In compari-
son, vertical mixing of phytoplankton cells within
deeply mixed surface layers goes along with strong
and rapid fluctuations in irradiance levels (Mac -
Intyre et al. 2000). For example, phytoplankton in
open water in Van Mijenfjorden on 21 April 2017
could experience irradiance levels ranging from 0
to 100 μmol photons m−2 s−1, due to vertical move-
ment within a mixed layer depth of 20 m (estimated
from the thermocline at Stn Vmf1). In comparison,
irradiance levels at the ice−water interface the same
day ranged between 0.1 and 0.8 μmol photons m−2 s−1

(Fig. 8). Hence, it is expedient for phytoplankton to
evolve pronounced mechanisms for dealing with
highly dynamic irradiance conditions (e.g. Behren-
feld et al. 1998, White et al. 2020). This is also true for
periodically ice-covered systems such as Arctic
fjords, where strong wind events can push the land-
fast ice out of the fjord over short time spans. This is
in line with the fact that Arctic phytoplankton assem-
blages are also rather resistant to changes in temper-
ature, irradiance and pCO2, a finding that has been
explained by the high environmental variability they
have to cope with (Hoppe et al. 2018b).
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It hence seems that both physiological acclimation
to variable irradiance and nutrient levels and taxo-
nomic composition must be considered when assess-
ing photosynthetic performance in algal assem-
blages. The results from this study imply major
differences in energy allocation between sea ice
algae and phytoplankton when exposed to high light
and low nutrients. Sea ice algae seem to allocate
more energy into photoprotective mechanisms and
alternative energy sinks (e.g. NPQ, photorespiration,
Mehler reaction, cyclic electron transport through
PSI), that may allow optimization of cellular pro-
cesses for tolerating extreme environmental con -
ditions but result in lower rates of linear electron
transport and carbon assimilation. In phytoplankton,
taxonomic and functional changes, as well as high
photoacclimative capacity of these taxa together 
with higher probability of nutrient resupply were
probably the underlying reasons for the subtle or
absent trends in photophysiology and biochemical
responses, but in return ensured high rates of photo-
synthesis under a wide range of irradiance and NO3

−

levels. It seems that the contrasting environmental
conditions in polar seas and sea ice may have led to
such specific adaptations and acclimation strategies.

5.  CONCLUSION

Knowledge of physiological and biochemical
responses of sea ice algae and phytoplankton
towards their changing environment is essential to
understand how the balance between sea ice-based

vs. pelagic primary production will change with
respect to timing and quantity in a future Arctic. The
results from this study suggest that sea ice algae will
be more sensitive than phytoplankton towards the
expected environmental changes, in particular
increased irradiance. Our findings also clearly high-
light the importance of considering interactive
effects of environmental variables, as well as the
value of comparing functionally distinct communities
to gain a mechanistic understanding of response pat-
terns. The contribution of more diverse phytoplank-
ton assemblages, with their high plasticity and
potential for functional redundancy, to annual pri-
mary production in the Arctic will likely increase,
based on the ability of phytoplankton to take advan-
tage of higher irradiances in a habitat that is becom-
ing more prevalent in the future. For sea ice algae, in
contrast, we can probably anticipate a decrease in
their relative contribution to annual primary produc-
tion, not only because sea ice cover is generally
declining but also because the remaining sea ice is
getting thinner and transmits more light, a situation
for which our data indicate reduced photosynthetic
performance of sea ice algae. These findings may be
especially relevant as the importance of ephemeral
sea ice (i.e. melting and re-forming) is likely to
increase in the future (Onarheim et al. 2018). Hence,
organisms inhabiting the sea ice will have to deal
with much more dynamic environmental settings,
and with ongoing climate change, characteristic sea
ice algae species might be outcompeted by less sen-
sitive species, thereby potentially altering the algal
colonization of young Arctic sea ice. This could have
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Fig. 8. Temporal changes in the absolute irradiance regimes (a) at the ice−water interface and (b) in open water. Irradiances
at the ice−water interface were retrieved from a LI-COR LI-192 Underwater Quantum Sensor measuring photosynthetically
active radiation (PAR) every hour between 27 March and 2 May 2017 at Stn MS (see Fig. 1). Daily fluctuations of irradiance
regimes in open water were modeled and subsequently corrected for PAR measurements retrieved from the ocean observa-
tory, continuously monitoring PAR every 2 h at 12 m depth at Stn Vmf1 between 20 April and 2 May 2017. Daily integrated
surface PAR (measured in May), a Kd of 0.3 m−1, a mixing rate of 0.003 m s−1 and 6 mixing cycles d−1 were used to model 

daily irradiance regimes down to 20 m (estimated from thermocline at Stn Vmf1)
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important implications for trophic interactions, car-
bon fluxes and budgets. Hence, an improved and dif-
ferentiated parameterization of primary production
derived from sea ice algae vs. phytoplankton is
urgently required in modeling contexts, and needs to
include important functional differences of these
algal communities as described here.
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