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1.  INTRODUCTION

The Arctic is currently exhibiting continuously ris-
ing temperatures, with the rate of increase being
twice as fast as the global average (Maturilli et al.
2015). In north-western Svalbard, current mean win-
ter air temperatures are at least 8°C above average
winter air temperatures of about 20 yr ago, with con-

sequences such as fjord surfaces free of sea-ice during
wintertime (Cottier et al. 2005, Maturilli et al. 2013).
This rapid change in the winter temperature regime
alters northern marine coastal systems. For example,
temperature limits to range expansion of southern
species have drastically changed, and regime shifts in
both flora and fauna are underway in many Arctic
fjords across the northern hemisphere (Kortsch et al.
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endemic kelp. We suggest that laminarin turnover represents a sensitive parameter for assessing
kelp physiology under a changing temperature regime.
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2012, Krause-Jensen & Duarte 2014, Bartsch et al.
2016). Foundation species such as kelps are of special
importance in these shifts. Kelps are major perennial
marine primary producers along rocky coastlines. Es-
pecially during the months of winter, when other mar-
ine primary producers are physiologically inactive or
overwintering in a cryptic life stage, Arctic kelps pro-
vide food and shelter to a variety of marine life (Berge
et al. 2015). Consequently, the lack of pelagic primary
producers during wintertime is, to some extent, coun-
teracted by Arctic kelp species, which maintain their
blade tissue over several years. Abundance and biodi-
versity of kelp-associated fauna are highest in mid-
winter (Berge et al. 2015). In addition, it has been pos-
tulated that benthic organisms increase the resilience
of fjord ecosystems by incorporating macroalgal bio-
mass into their diets during winter, thereby reducing
the reliance on highly seasonal pelagic primary pro-
ducers (Kortsch et al. 2012, Krause-Jensen et al. 2012,
Berge et al. 2015). 

The life cycle of kelps, with its alternation of gener-
ations between macroscopic sporophytes and micro-
scopic gametophytes, poses a certain vulnerability to
a changing environment, as not only the sporophytes
(the kelp plants) are affected. This especially holds
true for extreme habitats like the Arctic, where only
few kelp species have established. Amongst these are
species endemic to the Arctic, for example Laminaria
solidungula, and species that have a broad, boreal to
temperate distribution range, such as Saccharina
latissima. Kelp species have perennial blades, with
regions differentiated in function; the meristem, the
blade region next to the stipe, is the region of growth,
while the centre region usually constitutes tissue of
the present year. The distal part of the sporophytes in
these perennial kelp species is usually several years
old, while the sorus is the blade area from where the
zoospores are released; these zoospores will then
grow into the haploid gametophytes. However, the
species are distinct in their annual rhythm: L. solidun-
gula exhibits its sole growth period of the year during
the months of winter darkness from November to
early February, and in addition releases the zoospores
during this time (Bartsch et al. 2008). For S. latissima,
winter and early spring is the predominant growth
period in temperate regions like Helgoland or Nor -
way (Lüning 1979, Sjøtun 1993, Sjøtun et al. 1996).
However, Arctic S. latissima exhibit the main growth
during the light season, roughly from March to Au-
gust, as the growth relies on active photosynthesis in
the newly developed blade tissue, while zoospores
are released in autumn (Dunton 1985, Henley & Dun-
ton 1995, Bartsch et al. 2008).

Physiological adaptations, e.g. for maintenance of
the perennial blade tissue throughout the prolonged
darkness during polar winter conditions, have been
described as prerequisite to cope with the challenges
of the Arctic habitat. These adaptations entail very
low light compensation and saturation points (Ec =
2 µmol photons m−2 s−1 and Ek = 11−16 µmol photons
m−2 s−1, respectively; Kirst & Wiencke 1995, Henley &
Dunton 1997, Kühl et al. 2001), and comparably low
rates of dark respiration during darkness (Borum et al.
2002). In some species, e.g. L. solidungula, photosyn-
thesis and growth are seasonally uncoupled (Schmitz
et al. 1972, Henley & Dunton 1995). Such adaptive
mechanisms maximize light-harvesting efficiency
and minimize energy expenditures during the pro-
longed season of light limitation, and likely are effi-
cient under low temperature regimes to re duce respi-
ration rates (Borum et al. 2002). Furthermore, kelp
rely on the long-term storage polymer laminarin in
their blades in order to maintain basic physiological
functions during winter (Johnston & Jones 1977, Dun-
ton & Schell 1987, Henley & Dunton 1995). The sugar
 alcohol mannitol is the product of photosynthesis in
brown algae, and the basic substrate for metabolism,
which is biochemically converted to and from lami-
narin (Yamaguchi et al. 1966). As an adaptation to the
highly seasonal light regime, the storage of laminarin
as a long-time carbohydrate reserve is replenished
during the light period, and mannitol is re-mobilised
from this storage during winter darkness, and is
translocated from centre and distal regions to the
meristem via sieve tube/trumpet cells (Küppers &
Kremer 1978, Kremer 1981, Johnston & Raven 1986). 

In northwestern Svalbard, the increase in water
temperature has largely precluded winter sea-ice for-
mation in Kongsfjorden (78° 55’ 30’’ N, 11° 55’ 20’’ E)
during the last decade (Cottier et al. 2007, Maturilli et
al. 2015). Hence, the dark period, from end of Octo-
ber until end of January without detectable photo-
synthetically active radiation (PAR) in the water col-
umn, is no longer prolonged by ice and snow
(Gerland et al. 1999, Kühl et al. 2001, Svendsen et al.
2002). This increase in temperature has recently led
to mid-winter water temperatures of about 4°C (Hop
et al. 2019, COSYNA Underwater Observatory, www.
hzg.de/institutes_platforms/cosyna/data_management/
index.php.de), which used to be summer tempera-
tures in Kongsfjorden (Hop et al. 2002, Berge et al.
2015). Bonsell & Dunton (2018) suggested that
despite a reduction in sea ice extent, primary produc-
tion may decrease during the summer due to very
low light transmittance caused by heavy sediment
resuspensions. Consequently, both the change in
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photoperiod due to an increasing lack of sea ice
cover followed by higher amounts of suspended sed-
iment, and elevated winter temperatures are likely
affecting kelp eco-physiology in a hitherto unknown
manner. Amongst others, algal metabolism, respira-
tion rates and the kinetics of enzymatic reactions are
presumably stimulated by temperature increase, as
the Q10 coefficients of different metabolic processes
change with growth temperature in Laminariales
(Davison 1987).

No data exist on the modulation of Arctic kelp eco-
physiology in a warming winter scenario during the
polar night, when the impact of rising temperatures
is expected to be most severe. Large uncertainties on
the physiological consequences of temperature in -
crease on survival mechanisms of Arctic kelp pre-
clude predictions regarding the extent to which their
performance will affect the Arctic marine food web,
especially within fjord ecosystems. Thus, data on
kelp eco-physiology obtained during the polar night
are urgently needed.

The primary objective of this study was to deter-
mine a broad spectrum of baseline physiological
parameters in sporophytes of an endemic and a boreal-
temperate brown macroalga, Laminaria solidungula
and Saccharina latissima, respectively, from the High
Arctic (Kongsfjord, Svalbard) right before and at the
end of the polar night, in order to assess differences
and similarities between life strategies and adapta-
tion mechanisms. In addition, a temperature and

light/ dark experiment was conducted with the same
species in autumn, exposing them to historic, pres-
ent-day and possible future increased water temper-
atures while in dark incubation. In order to test our
hypothesis that increasing winter temperatures will
accelerate consumption of carbohydrate reserves
during the polar night, which may ultimately impair
kelp survival, the main focus here lay on the storage
carbohydrate laminarin as an indicator for changes in
the speed of metabolism, to gain information on pos-
sible effects of future warming on energy storage.

2.  MATERIALS AND METHODS

2.1.  Algal material

Specimens of Saccharina latissima (Linnaeus) C.E.
Lane, C. Mayes, Druehl & G.W. Saunders and Lami-
naria solidungula J. Agardh were sampled by SCUBA
diving from Kongsfjorden, Svalbard, during the end
of September/early October 2016, and during the
first week of February 2017. In both seasons, 50 spec-
imens of S. latissima were obtained from 3−4 m water
depth from an identical location (Old Pier in front of
the Ny-Ålesund research and monitoring  station;
Fig. 1, ‘P’). We obtained 100+ plants of L. solidungula
from close to Hansneset (Fig. 1, ‘H’) in 5−6 m depth in
September, to provide for the sampling of both sea-
sons. As diving conditions across the fjord (Fig. 1, ‘H’)
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Fig. 1. Sampling sites in Kongsfjorden during October 2016 (P: Old Pier, Saccharina latissima; H: Hansneset, Laminaria soli -
dungula) and February 2017 (P, S. latissima; M: permanent mooring, L. solidungula) on Spitsbergen, Svalbard. Map created in 

R, PlotSvalbard 0.6.0
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were assessed to be too unpredictable in February,
50+ of these plants were labelled and then attached
to a chain on a permanent mooring at a sheltered
place in the harbour of Ny-Ålesund at ~5 m depth
(Fig. 1, ‘M’), from where they were retrieved in Feb-
ruary; the remaining 50 plants constituted the sam-
ples for the October analyses. After collection, algal
specimens were kept in darkness for a maximum of
3 d in indoor 500 l flow-through seawater basins pro-
vided with water from the fjord at ambient tempera-
ture (4°C) and salinity. Discs of 3.8 cm2 (2.2 cm dia -
meter) were cut from different blade regions: in S.
latissima, these comprised the meristem, centre and
distal regions, whereas in L. solidungula only the
meristem and centre regions could be sampled, while
the distal region usually was too degraded for sam-
pling. No discs were cut from the central longitudinal
axis in S. latissima, while the area of the sorus re -
mained unsampled in L. solidungula.

2.2.  Seasonal sampling

Discs taken for biochemical analyses of initial lam-
inarin and mannitol contents, and for determination
of the initial C:N ratios (see Sections 2.6–2.9) were
directly frozen in liquid N2 to prevent any loss of car-
bohydrate content, while all other discs were put into
mesh laundry bags separated by species and blade
regions, and submerged in one of the flow-through
basins for 24 h for recovery from handling stress.
Pulse amplitude-modulated (PAM) fluorescence (see
Section 2.4) and respiration measurements (Section
2.5) were carried out within 36 h of cutting the discs,
while discs for pigment analysis were frozen in liquid
N2 after recovery. Frozen discs were then kept at
−80°C until further processing.

2.3.  Temperature and light/dark treatment

Samples for the treatment were taken from the
mesh bags containing the discs cut from the centre
regions of both species after recovery, and distrib-
uted to climate rooms in 1 l Schott bottles (>23 discs
per bottle) filled with fjord seawater. Temperatures
were set to 0, 4 and 8°C, and the bottles were treated
under either ‘light’ (20 µmol photons m−2 s−1; 12:12 h
light:dark) or ‘dark’ (bottles wrapped in aluminium
foil) conditions. After 14 d, discs were randomly
retrieved in triplicates from each bottle and frozen in
liquid N2. The light treatment at 4°C was considered
the experimental control condition.

2.4.  Chlorophyll a fluorescence

Rapid photosynthesis versus energy (PE) curves
were measured via PAM chlorophyll a (chl a) fluorom-
etry using a PAM 2500 chlorophyll fluorometer
(WALZ). Irradiance of actinic light was calibrated
daily with a quantum sensor and attached light meter
(Li-250A, Li-Cor). The discs were placed in a plastic
tray and submerged in seawater from the flow-
through basins, and the glass fibre of the PAM was
fixed at a 90° angle to a lab stand at a distance
of ~1 cm above the discs (initial fluorescence in plants
exposed to actinic white light, Ft ~0.2−0.5). The tray was
shielded from light for 5 min prior to measurement to
exclude energy-dependent fluorescence quenching,
and quenching by state transition (Bischof et al. 1999).
To measure the PE curves, photosynthetically active
radiation (PAR) was applied as actinic light with a
photon-fluence rate of 22−2050 µmol photons m− 2 s− 1

for a duration of 20 s for each intensity level, followed
by a saturating pulse that was given to measure the
effective quantum yield before increasing PAR to the
next intensity level. PE curves were measured in a
dark room at ambient temperature. Thallus absorption
was measured for each disc right after assessment of
the light curves with a lamp providing white light.
The parameters ‘maximal photosystem (PS) II quan-
tum yield’ (Fv/Fm, i.e. variable fluorescence/maximum
fluorescence in darkness), ‘maximal electron transport
rate’ (ETRmax) and ‘light saturation point’ (Ek) were re -
corded. For each disc, yield was assessed prior to the
PE curve, following 5 min of being covered. The effec-
tive yield of PSII, as well as the respective PAR meas-
ured with the Li-Cor, and thallus absorption were
used to calculate ETR after Schreiber (2004) for each
individual sample. Unfortunately, due to malfunction-
ing of the measuring device, the results of the Febru-
ary measurements from the meristem of S. latissima
had to be excluded from all fluorometrical analyses.

2.5.  Respiration

Respiration was measured via Optodes (FireStingO2

fibre-optic oxygen meter, PyroScience). Sensor spots
were attached to small Schott glass bottles (10 ml)
filled with natural seawater, and calibration was car-
ried out in accordance with the manual (100%: con-
stant aeration of the water; 0%: addition of sodium
dithionite [Na2S2O4; 30 g l−1]). Bottles were submerged
in a water basin in seawater provided from the fjord
prior to each measuring cycle, discs were added, and
remaining air bubbles were removed from the inner
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sides of the bottles as best as possible. Lids were
closed while the bottles were submerged to prevent
any further air entering the bottles, which were then
placed on a magnetic stirrer during measurements.

Measurements were carried out in dark climate
chambers (4°C), with the bottles additionally being
covered by a box and black plastic foil to exclude any
influence of the light emitted by the measuring
devices. Each measurement was run as long as
needed to obtain a linear decrease in oxygen content.
According to the manufacturer’s protocol, respiration
was expressed as ‘Decrease of O2 (% cm−2 h−1)’.

2.6.  Laminarin content

The frozen discs were lyophilised within 2 wk of
sampling. The samples were then extracted follow-
ing the protocol of Graiff et al. (2016). For the extrac-
tion, 50 mM 3-(N-morpholino)propanesulfonic acid
(MOPS) buffer at pH 7.0 was used instead of ultra-
pure water as it enhanced the enzyme activity com-
pared to non-buffer extraction media. Laminarin con-
tent was determined following Becker et al. (2017)
and Becker & Hehemann (2018). In short, the extracts
were biochemically hydrolysed by laminarinases.
These specific enzymes hydrolyse only laminarin
without degrading any other polysaccharide that
might co-occur in the sample. A mix of 3 enzymes
was used to hydrolyse the different glycosidic link-
ages of the molecule. The enzymes originate from
laminarin-degrading marine bacteria, and they were
produced via heterologue expression in E. coli. After
the enzymatic hydrolysis, the samples were meas-
ured and compared to a non-hydrolysed sample by
quantification via the PAHBAH assay (Lever 1972).
This simple colorimetric assay (absorption at 410 nm)
is based on the reaction of 4-hydroxybenzoic acid
hydrazide with the reducing ends of glucose and
other oligos that resulted from the hydrolysis. All
samples were measured in triplicate. On each of the
days of analysis, the samples were compared to a
new standard curve of commercial laminarin from
Eisenia bicyclis (Carbosynth), which was hydrolysed
in the same way as the samples. Laminarin contents
were calculated to mg g−1 dry weight (DW).

2.7.  Mannitol content

Mannitol was analysed via HPLC with a method
modified after Karsten et al. (2005); see Diehl et al.
(2019). To extract mannitol, 15−20 mg of each lyo -

philised and homogenised sample were added to
1 ml aqueous ethanol (70%, v/v) in a vial, and incu-
bated in a water bath at 70°C for 3−4 h, during which
the vials were vortexed occasionally. Samples were
centrifuged at 10 000 × g (5 min), and 800 µl of super-
natant were transferred to a fresh vial, and evapo-
rated to dryness (Alpha 1-4 LSCplus and RVC 2-25
CDplus, Martin Christ Gefriertrocknungsanlagen).
Pellets were re-dissolved by adding 800 µl water
(HPLC-grade), after which the vials were vortexed
(30 s), put in an ultrasonic bath (10−30 s) and vor-
texed again (20 s). Samples were centrifuged at
10 000 × g (5 min), and the supernatant was trans-
ferred to HPLC vials. HPLC analysis was carried out
on an Agilent Technologies system (1200 Series).
Separation of low-molecular weight carbohydrates
was carried out on a RezexTM ROA-Organic Acid
Column (300 × 7.8 mm, 8 µm; Phenomex) protected
by a guard cartridge (Carbo-H 4 × 3.00 mm I.D.; Phe-
nomex), with sulphuric acid (H2SO4, 0.5 mmol) as
mobile phase. Flow rate was 0.4 ml min−1 at 5−40 bar
and 75°C. Calibration standards (D(-)-mannitol
[C6H14O6] Roth) were measured at 0.5, 1.0, 2.5, 5.0
and 10.0 mmol. Peaks were detected via RI-Detector
and analysed using the software ‘ChemStation for LC
3D systems’ (Agilent Technologies). Mannitol con-
tents were calculated to mg g−1 DW.

2.8.  C:N ratios

Following Graiff et al. (2016), 3 subsamples (2 mg
each) of each lyophilised and powder ground sample
were weighed into tin cartridges (6 × 6 × 12 mm), and
combusted at 950°C. Carbon and nitrogen contents
were automatically quantified in an elemental ana lyser
(Vario EL III, Elementar). Acetanilide (C8H9NO) was
used as standard according to Verardo et al. (1990).

2.9.  Pigment analysis

The lyophilised and homogenised samples (20−
100 mg) were extracted with 90% aqueous acetone
(v/v) in darkness for 24 h at 7°C. HPLC analysis was
performed on a LaChromElite® system (L-2200 auto -
sampler [chilled]; DAD detector L-2450; VWR-Hitachi
International). Applying a gradient according to
Wright et al. (1991), separation of pigments was car-
ried out with a Spherisorb® ODS-2 column (25 cm ×
4.6 mm, 5 µm particle size [Waters]; LiChrospher®

100-RP-18 guard cartridge). Co-chromatography of
standards for chls a and c2, fucoxanthin, β-caro tene,
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violaxanthin, antheraxanthin and zeaxanthin (DHI
Lab Products) were used to identify and quantify
peaks detected at 440 nm, using the software EZ -
Chrom Elite (Agilent Technologies, Version 3.1.3).
Pigment contents were calculated to µg mg−1 DW.

2.10.  Data analyses

Data were analysed using the open-source statisti-
cal program R (R Core Team 2017).

Welch’s t-test (homogeneity of variance) and the
Shapiro-Wilk test (normality) were significant for
several parameters, hence generalised linear models
(GLMs) were run on all response variables, followed
by a post hoc test to determine the p-values, which
were adjusted following the Tukey method (Man-
giafico 2016). The level of significance was set to p =
0.05. Prior to statistical analyses, boxplots were used
to determine whether outliers would influence the
statistical procedures. Outliers were excluded from
analyses, but are presented in the figures. Factors
considered during analyses were ‘species’ (L. solidun-
gula and S. latissima), ‘season’ (October and Febru-
ary) and ‘blade region’ (meristem and centre region
for L. solidungula; meristem, centre region and distal
region for S. latissima). Inter- and intra-species com-
parisons between the seasons are only given for
identical regions, not among different regions (e.g.
meristem October vs. meristem February, not meri-
stem October vs. distal February). If a boxplot indi-
cated significant differences that could not be con-
firmed by the GLM, z-ratios are given in Section 3.

3.  RESULTS

3.1.  Photochemistry

In summary, despite seasonal variation, all para -
meters related to the photosynthetic competence of
specimens collected in October and February indi-
cated a maintenance of the photosynthetic apparatus
during the polar night. Specifically, no significant dif-
ferences were detected regarding the maximal PSII
quantum yield (Fv/Fm), neither between species, nor
between the respective blade regions within each
species across seasons (Saccharina latissima: z(Distal) =
−0.065; Laminaria solidungula: z(Meristem) = −0.105,
z(Centre) = −0.084; Table 1). Within seasons, differ-
ences in Fv/Fm among regions were not significant in
either species (S. latissima: z(Oct) = −0.054, z(Feb) =
0.058;). Similar to Fv/Fm, no significant differences
were observed for the maximum electron transport
rate (ETRmax; Table 1) between species in the respec-
tive season. Within species, differences between sea-
sons or the respective blade regions were not signifi-
cant, neither in S. latissima (z(Feb) = 2.463), nor in L.
solidungula (z(Meristem) = −1.634). The light saturation
points (Ek; Table 1) between species differed signifi-
cantly in October (p = 0.0106), but not in February
(p = 0.4604). Within seasons, Ek in S. latissima was
significantly higher in the meristem and distal region
than in the centre region in October (Table 1; p <
0.0001 and p = 0.0393, respectively), with no differ-
ence between meristem and centre region. Due to
the malfunctioning of the PAM (see Section 2.4), it
was not possible to obtain any comparisons with the
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Species                 Phylloid              Fv/Fm               ETRmax (µmol                 Ek (µmol                    Chl a                  Antenna 
and season           region            (rel. units)        electrons m−2 s−1)        photons m−2 s−1)       (µg mg−1 DW)       (µg mg−1 DW)

S. latissima
October                    M             0.729 ± 0.011           10.4 ± 3.1                    49.3 ± 17.2              0.86 ± 0.08            0.49 ± 0.07

                                    C            0.714a ± 0.012           10.9 ± 2.4                    31.7 ± 8.0                0.8 ± 0.23            0.49 ± 0.11
                                    D             0.701a ± 0.007           14.4 ± 3.6                    43.0 ± 16.1              0.81 ± 0.27            0.52 ± 0.15
February                  M                        –                              –                                   –                       0.95 ± 0.43            0.45 ± 0.19

                                    C              0.697 ± 0.007           14.8 ± 2.0                    36.8 ± 3.8                1.19 ± 0.27            0.49 ± 0.11
                                    D             0.667a ± 0.004             9.7 ± 1.7                    30.5 ± 7.7                1.56 ± 0.58            0.92 ± 0.12

L. solidungula
October                    M             0.742 ± 0.007           14.2 ± 0.9                    52.0 ± 14.9              0.55 ± 0.06            0.37 ± 0.07

                                    C              0.738 ± 0.003           13.8 ± 1.5                    27.5 ± 11.3              1.14 ± 0.42            0.67 ± 0.28
February                  M             0.690 ± 0.013          10.7a ± 0.8                  39.1 ± 10.3              0.54 ± 0.16            0.46 ± 0.11

                                    C              0.697 ± 0.011           11.7 ± 2.7                    44.4 ± 15.7              1.34 ± 0.45            1.04 ± 0.32

aOne data point treated as an outlier

Table 1. Photosynthetic parameters (n = 6; maximum quantum yield [Fv/Fm], maximum electron transport rate [ETRmax] and
light saturation irradiance [Ek]), and pigment contents (n = 3, chlorophyll a and accessory pigment [antenna]) in the kelps Sac-
charina latissima and Laminaria solidungula from Kongsfjorden (Spitsbergen), before and after the polar night. M, C and D
represent the meristem, centre and distal regions, respectively, of the kelp blades; DW: dry weight; –: data missing due to 

malfunction of instrument. Values are means ± SD
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meristem for February. However, the centre and
 distal region of S. latissima exhibited a similar Ek in
February (Table 1; p = 0.3326). Additionally, Ek in the
distal region of S. latissima had significantly de -
creased during the polar night (Table 1; p = 0.0037),
while it did not change in the centre region (p =
0.5588). In L. solidungula, the light compensation
point had significantly decreased during the polar
night in the meristem (Table 1; p = 0.0052), whereas
it increased in the centre region (p < 0.0001). In Octo-
ber, Ek was significantly higher in the meristem than
in the centre region (p < 0.0001), while no such differ-
ence was observed in February (p = 0.4805).

Similar to most parameters of the chlorophyll fluo-
rescence measurements, no significant variation in
photosynthetic pigment composition was detected
(see Table 1). No differences between species were
detected for the contents of reaction centre pigment
in October or February (Table 1: chl a). Furthermore,
within the individual species, contents in chl a did
not significantly differ between seasons in either
region, neither in S. latissima, nor in L. solidungula.
In addition, pigment contents in all blade regions
were homogeneous in both species in each season,
with no detectable statistical differences (L. solidun-
gula: z(Feb) = 0.973).

Similar to the amounts of chl a, the contents of the
antenna pigments fucoxanthin and chl c2 did not dif-
fer between species (p = 0.7747; Table 1: antenna). In

S. latissima, antenna pigment levels did not increase
significantly in either region over the course of the
polar night (z(Distal) = 0.574), nor did amounts signifi-
cantly differ from each other in the respective season
(z(Feb Meristem-Distal) = 0.07, z(Feb Centre-Distal) = −0.612).
Likewise, no significant differences were observed in
antenna pigment content in L. solidungula, neither
between seasons, nor between regions in the respec-
tive seasons. Furthermore, no change in the concen-
trations of the violaxanthin-xanthophyll-cycle pig-
ments (VAZ) was detectable (all p > 0.9932; data not
shown).

3.2.  Respiration

Overall, respiratory oxygen consumption, meas-
ured as the decrease in O2 (in % cm−2 h−1), was signif-
icantly lower in L. solidungula than in S. latissima in
October, while it was higher in February (Fig. 2; p =
0.0344 and p = 0.0084, respectively). In S. latissima,
no significant differences in O2 consumption were
observed between seasons in either blade region
(Fig. 2A; z(Centre) = 1.613). Again, within the respec-
tive seasons, differences in oxygen consumption
between regions were not significant in October
(z(Meristem-Centre) = −2.138, z(Meristem-Distal) = −2.706) or
February (Fig. 2A). In L. solidungula, oxygen con-
sumption in the meristem was significantly higher in
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Fig. 2. Differences in respiration (oxygen content in % cm−2 h−1) in the High Arctic kelp species (A) Saccharina latissima and
(B) Laminaria solidungula during polar night (October and February). The bold line represents the median, the ends of the box
indicate the upper and lower quartiles, the ends of the whiskers indicate the respective lowest and highest values, and an open
circle represents an outlier. Different letters depict significantly (p < 0.05) different groups within each panel; **p ≤ 0.01.
Changes in oxygen content between the seasons (in %) are given in the respective February panel for each region, with the 

respective October content as reference. n = 8 (October), n = 4 (February)
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February than in October, but no significant increase
in respiration between seasons was measured for the
centre region (Fig. 2B; pMeristem = 0.0100, pCentre =
0.4731). Furthermore, the decrease in oxygen con-
tent was not significantly different between regions
in the respective seasons (Fig. 2B).

3.3.  Storage compounds

In contrast to most physiological parameters re -
lated to photosynthesis, algal storage carbohydrates
revealed marked differences in samples collected
before and after the polar night.

The overall laminarin contents of S. latissima were
significantly higher (p < 0.0001) than those of L.
solidungula in October, and concentrations remained
significantly higher for L. solidungula than for S.
latissima in February (p < 0.0001; Fig. 3). Regarding
the individual species, in S. latissima (Fig. 3A), the
overall reduction in laminarin content during the
polar night was 96%, with an initial October mean
content of 127 mg g−1 DW. In the meristem and the
distal region, laminarin content decreased by 98%
(p < 0.0001; Fig. 3A: initial October mean content: 46
and 238 mg g−1 DW, respectively), and by 89% in the
centre region (p < 0.0001; initial October mean con-
tent: 97 mg g−1 DW). While in October laminarin
amounts were significantly different in all regions
(all p < 0.0001; Fig. 3A), laminarin concentration in
the centre region was significantly higher than in

both other regions in February (Fig. 3A; p(Centre-Distal) =
0.0272 and p(Centre-Meristem) = 0.0001), whereas the
level did not differ between distal region and meri-
stem (p = 0.1440). In L. solidungula (Fig. 3B) the over-
all reduction in laminarin content was 91%, with an
initial October mean content of 27 mg g−1 DW. In the
meristem, the laminarin concentration decreased by
86% (p < 0.0001; Fig. 3B: initial October mean value:
26 mg g−1 DW), and by 96% in the centre region (p <
0.0001; initial October mean amount: 28 mg g−1 DW).
Furthermore, in L. solidungula, laminarin concentra-
tions did not differ between meristem and centre
region in October or February (p = 0.9513 and p =
0.2039, Fig. 3B).

In contrast to the long-term storage compound
laminarin, mannitol contents in both seasons dif-
fered significantly across similar blade regions in
both  species (p ≤ 0.0086; Fig. 4A,B). Overall reduc-
tion in mannitol concentration was 55% in S. latis-
sima (Fig. 4A; p < 0.0001; initial mean October
value: 281 mg g−1 DW). The decrease in mannitol
level was significant in all regions, with the highest
decrease ob served in the distal region (−80%, p <
0.0001; initial mean October content: 265 mg g−1

DW) and the meristem (−67%, p < 0.0001; initial
mean content: 293 mg g−1 DW), whereas in the cen-
tre region the initial mean concentration was
greater, and decreased by only 18% (p < 0.0001; ini-
tial mean October content: 283 mg g−1 DW). Fur-
thermore, while in February mannitol levels in all
regions were significantly different from each other
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Fig. 3. Changes in laminarin content in (A) Saccharina latissima and (B) Laminaria solidungula between October and February,
analysed via enzymatic hydrolysis followed by photometric glucose detection. Details as in Fig. 2; ***p ≤ 0.001. The decrease
in laminarin content between seasons (in %) is given in the respective February panel for each region, with the respective 

October content as reference. n = 3 per group. DW: dry weight
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(Fig. 4A, all p < 0.0001), in October only the distal
region was significantly lower than both other re -
gions (Fig. 4A, p(Meristem-Distal) < 0.0001, p(Centre-Distal) =
0.0041). In L. solidungula (Fig. 4B), the overall
reduction in mannitol content was 59% (p < 0.0001;
initial mean mannitol amount: 202 mg g−1 DW), with
a decrease of 71% in the centre region (p < 0.0001;
initial mean October value: 193 mg g−1 DW), and a
decrease in content of 48% in the meristem (p <
0.0001; initial mean October level: 210 mg g−1 DW).
Mannitol concentrations in the meristem and centre
region significantly differed from each other, and
concentrations were significantly different between
both seasons. Mannitol values were higher in the
centre region than in the meristematic region in
October (Fig. 4B; p = 0.0002). Still, a stronger de -
crease was observed in the centre region, leading to
the lowest respective mean mannitol content in this
region in February (Fig. 4; p < 0.0001).

3.4. C:N ratios

C:N ratios (Fig. 5) were significantly higher in S.
latissima than in L. solidungula in October (p <
0.0001), but were not distinct in February (p = 0.4300).
While the C:N ratio significantly decreased during
the polar night in S. latissima (Fig. 5, p(Meristem) =
0.0003, p(Centre) < 0.0001, p(Distal) = 0.0001), ratios
across blade regions did not differ within the respec-
tive seasons (Fig. 5A; z(Feb Meristem-Centre) = −0.376, z(Feb

Meristem-Distal) = −0.974). The C:N ratio in L. solidungula

neither differed between regions within the respec-
tive seasons, nor did it change during the polar night
(Fig. 5B, z(Centre) = 0.15). Even though no differences
in nitrogen content between species in the respective
seasons were found (p = 0.1576; Fig. 6), nitrogen con-
tent in S. latissima (Fig. 6A) significantly in creased
during the polar night in the meristem and centre
region, but not in the distal region (p(Meristem) = 0.0397;
p(Centre) = 0.0141; p(Distal) = 0.3585). By contrast, no
change in nitrogen content was observed for L.
solidungula in any region (Fig. 6B; p(Meristem) = 0.9988;
p(Centre) = 0.9999).

3.5.  Temperature and light/dark treatment

After 2 wk of treatment (Fig. 7) at 0°C (historical),
4°C (current state) and 8°C (possible future scenario)
in light/dark or dark conditions, laminarin contents in
L. solidungula (Fig. 7B) showed a strong difference
among temperatures, but not between light condi-
tions, except for a strong decrease that was observed
in content for the dark treatment at the control tem-
perature (4°C; p < 0.0001). However, within the other
temperature conditions, no significant differences
were observed between light or dark condition, but be -
tween temperatures. Thus, in L. solidungula (Fig. 7B),
the only treatment condition that did not change
 relative to the control (blue box ‘4L’) during 14 d was
0°C in darkness (0D; p = 0.3306). Under all other con-
ditions, laminarin content significantly decreased re -
lative to the control (p(0L) = 0.0163, p(4D) < 0.0001, p(8L) <
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Fig. 4. Mannitol content in (A) Saccharina latissima and (B) Laminaria solidungula, determined via HPLC for October and Feb-
ruary. Details as in Fig. 2; ***p ≤ 0.001. The decrease in mannitol content during polar night for each region is given (in %) in 

the respective February panels, with the respective October content as reference. n = 4 per group
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0.0001, p(8D) < 0.0001). In strong contrast, light/dark or
dark treatment seemed to have a greater influence
than temperature in S. latissima, as in all temperature
conditions, light and dark treatments significantly dif-
fered from each other. However, while laminarin con-
tents at 0°C remained unchanged relative to the con-
trols during darkness (Fig. 7A), they decreased in the
light condition. At the control temperature, laminarin
values were actually increased after the dark treat-
ment, whereas at 8°C, concentrations were lower
after the dark treatment than after the light treatment.
Consequently, in S. latissima (Fig. 7A), the only treat-

ment condition that did not differ from the control
after 14 d was 0°C in darkness (0D; p = 0.9993). Under
all other conditions, laminarin level either significantly
decreased (0L, 8D; both p < 0.0001), or significantly
increased relative to the control (p(4D) = 0.0042, p(8L) =
0.0001, p(8D) < 0.0001).

4.  DISCUSSION

In the 2 kelp species Laminaria solidungula and
Saccharina latissima, sampled from a High Arctic
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Fig. 5. Carbon to nitrogen (C:N) ratios in (A) Saccharina latissima and (B) Laminaria solidungula, calculated for October
and February after quantification of C and N content in combusted samples in an elemental analyser. Details as in Fig. 2. n = 4 

per group

Fig. 6. Nitrogen content, quantified from combusted samples in an elemental analyser in (A) Saccharina latissima and (B) 
Laminaria solidungula for October and February. Details as in Fig. 2. n = 4 per group
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study site in October and February, the assessed photo -
chemistry and pigment content both indicated main-
tenance of the photosynthetic machinery throughout
the polar night. This maintenance apparently was
supported by the carbohydrate reserves stored dur-
ing the previous light season. However, pronounced
differences in the adaptive mechanisms were ob -
served between the Arctic-endemic L. solid ungula
and the boreal-temperate S. latissima, and between
the High Arctic population of S. latissima studied
herein and reports regarding more southern popula-
tions of S. latissima.

4.1.  Respiration

Marked differences between the Arctic-endemic
and the boreal-temperate kelp were observed re -
garding oxygen consumption during the polar night.
While in the centre region of L. solidungula, no sig-
nificant increase was observed, a significant increase
in respiration in the meristem was observed in Feb-
ruary (+135%, Fig. 2), indicating high metabolic
activity associated with growth processes. In contrast
to L. solidungula, no change in oxygen consumption
occurred during polar night in the meristem of S.
latissima, indicating that growth had not started in
the boreal-temperate species. This is in accordance
with observations regarding the main growth period
of both species, which is during the darkness of polar
night for L. solidungula, but during light availability

starting in spring for S. latissima (Henley & Dunton
1995, Bartsch et al. 2008, Wiencke et al. 2009). In
addition to the comparably low respiration rates of
both kelp species (Dunton & Schell 1986, Borum et
al. 2002), the absence of an increase in respiration
during the polar night in most blade regions might
be explained by the quite stable temperature regime
over the course of the polar night, as little ΔT was
observed (mean ± SD: November, 4.5 ± 0.4°C;
December, 3.7 ± 1°C; January, 3.3 ± 0.6°C; Hop et
al. 2019, COSYNA Underwater Observatory Kongs-
fjorden).

4.2.  Storage compounds

The content of storage compounds displayed marked
seasonal fluctuations. All blade regions in both
species were strongly decreased or even close to de-
pletion in laminarin concentration by February. How-
ever, L. solidungula seems to be >6 times more effi-
cient than S. latissima in utilizing the supplies, as the
latter contained a much higher initial amount of lami-
narin (250 vs. 40 mg g−1 DW), yet exhibited a similar
decrease in laminarin level (98 and 96%, respectively,
Fig. 2). In addition, the former not only sustains its
blades throughout the dark season, but furthermore
exhibits its sole growth period of the year during the
darkness of the polar night (Lüning 1990, Henley &
Dunton 1997), which requires high amounts of energy.
β-carboxylation in both species contributes 13−17%
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Fig. 7. Change in laminarin content in (A) Saccharina latissima and (B) Laminaria solidungula after 14 d at different tempera-
tures (0, 4 and 8°C) in 12:12 h light:dark (L), or continuous darkness (D), analysed via enzymatic hydrolyses followed by photo-
metric glucose content determination. The blue box labelled ‘4L’ represents the control group and constitutes the same sam-
ples as analysed for the laminarin content of the respective centre regions in October. The number of replicates for the other 

groups was increased in order to reduce the high within-group variation. Other details as in Fig. 2
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of the carbon fixed in total (Küppers &  Kremer 1978,
Dunton & Schell 1986). Enzymes of β-carboxylation,
such as phosphoenol pyruvate carboxykinase (PEP-
CK), are highly abundant in the meristem to ensure
sufficient carbon supply for the on-going growth pro-
cesses, and maximum PEP-CK activity has been ob-
served in the meristems of other Laminariaceae
during growth (Küppers & Kremer 1978). In L. solid -
ungula, the strong increase in oxy gen consumption
coupled with the decrease in light saturation points
(discussed below) in February relative to October are
good indicators for growth activity in the meristem
during the polar night; both observations were absent
in S. latissima. Furthermore, in L. solid ungula, high
rates of dark fixation providing carbon for growth
might also account for the comparably low decrease
in laminarin content in the meristem, where the ob-
served reduction was least of all regions of both spe-
cies (86%), hence some reserves were still available
for further growth. This was not observed in S. latis-
sima, where reserves in all regions were near deple-
tion by that time, even though Arctic populations of S.
latissima do not grow during the darkness of winter
(Bartsch et al. 2008), which was confirmed by the ab-
sence of an increase in respiration in the meristem. In
both species, mannitol contents exhibited changes
similar to those observed for laminarin (Fig. 4). While
in both species the October mannitol levels might, at
least in a small part, still have been the direct product
of photosynthesis, the February mannitol could only
have originated from re-mobilised laminarin reserves.
In case mannitol, as a product of photosynthesis, is not
directly used for  metabolism, the excess is converted
to laminarin for storage. Hence, in the absence of
light, and therefore photosynthesis, mannitol can only
derive from this storage; likewise, for dark fixation,
the ‘initial’ carbon would stem from the storage. In the
Arctic-endemic kelp, changes in mannitol level thus
mirrored those of the laminarin contents. While the
decrease of both carbohydrates was not as marked in
the meristem of L. solidungula as ‘carbohydrate-re-
ceptor’, it is very likely that the strong decrease in
mannitol content in the centre region was caused by
the translocation of mannitol, which was re-mobilised
from laminarin to the meristem to support growth.
This is further supported by the closely connected pa-
rameters laminarin concentration and increase in res-
piration. Mannitol content in the boreal-temperate
kelp S. latissima, however, did not show the same ini-
tial (October) increase along the longitudinal blade
axis that was observed for the laminarin level, but
seemed to de crease with distance from the meristem.
As in S. latissima, growth had not yet commenced, the

essential translocation of mannitol to the meristematic
region might not have been initiated at that time. In
consequence, the centre region retained most of both
carbohydrates relative to the other regions, probably
to act as a re serve once (light-induced) spring growth
was about to start.

While the carbon content (data not shown), which
constitutes all carbohydrates (including, e.g., algi-
nate), followed the general pattern observed for lam-
inarin and mannitol (higher in October, significant
decrease during polar night), the nitrogen content
deviated from this pattern (Fig. 6). Nitrogen in Arctic
waters is depleted during summer, and readily avail-
able during winter: nitrate/nitrite concentrations are
high during polar night (10−12.5 µmol l−1), and do not
deviate from concentrations in early spring (Piquet et
al. 2014, van de Poll et al. 2016, W. H. van de Poll
unpubl.). Even though storage of nitrogen during
high availability is known for Arctic and slow-
 growing temperate Laminariales (Korb & Gerard
2000, Gevaert et al. 2002), no change in concentra-
tions was observed in L. solidungula between sea-
sons. Earlier reports regarding this species usually
provide data on tissue nitrogen content starting in
early spring (February to April) to autumn (i.e. Chap-
man & Craigie 1977, Borum et al. 2002, Gevaert et al.
2002). Hence, probably due to the ongoing growth,
no build-up in nitrogen reserves had started at the
time of sampling for this study in early February.
However, no influence of internal nitrogen depletion
on photosynthetic functions or growth has been
observed in the Arctic-endemic species (Korb & Ger-
ard 2000). Nitrogen availability mainly seems to
affect blades during growth, and while protein syn-
thesis is lower in the dark, this likewise reduces the
demand for nitrogen (Henley & Dunton 1997). More-
over, the lack of increase in internal nitrogen indi-
cates that the high nitrogen availability in the water
column suffices to meet this species’ requirements for
growth, making it unnecessary to store this nutrient.
In contrast to L. solidungula, nitrogen contents in S.
latissima significantly increased during the polar
night in the meristem and centre region (Fig. 6). As S.
latissima mainly grows during spring, when nitrogen
availability in the water already starts to decrease
(Piquet et al. 2014, van de Poll et al. 2016, W. H. van
de Poll unpubl.), the stored nitrogen will be used
 during the upcoming growth period, as reported for
Laminariales (Lüning 1990, Svendsen et al. 2002,
Bartsch et al. 2008). In addition, the changes of inter-
nal carbon and nitrogen in S. latissima during winter
followed the pattern observed in temperate popula-
tions of S. latissima (Nielsen et al. 2014).
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Consequently, the measured C:N ratios significantly
changed in S. latissima, but not in L. solidungula
(Fig. 5). Even though C:N ratios observed during the
present study were largely within the range reported
elsewhere, time of sampling seems to be a crucial fac-
tor influencing the C:N ratio, as other reports covered
a wide range with large differences among months,
from 7.1 (temperate population) to ~43 for S. latissima,
and 20.5 to 24.2 for L. solidungula (Gevaert et al. 2001,
Gordillo et al. 2006, reviewed by Bartsch et al. 2008).

4.3.  Photo-physiology

In contrast to respiration and carbohydrate re -
serves, photo-physiological parameters remained re -
markably unaffected over the course of the polar
night. Overall, the values obtained for the maximal
PSII quantum yield (Fv/Fm) indicated healthy sporo-
phytes according to Dring et al. (1996) in both spe -
cies in all sporophyte regions during both seasons
(Table 1). This was supported by the ETRmax, which
showed no decline over the polar night, indicating
that photochemical competence did not decline over
winter. The only exception to this was the significant
change observed in the light saturation points (Ek).
The differences in Ek were reflected neither in the
other chl a-fluorescence-related parameters, nor in
the pigment contents. Still, the observations for the
meristem match reports from other Arctic populations
of L. solidungula (Dunton & Jodwalis 1988, sum-
marised by Wiencke et al. 2009), but not for its centre
region, or for centre and distal regions of S. latissima:
while Ek remained unchanged in the centre region, it
decreased in the distal region of S. latissima, and in-
creased in the centre region of L. solidungula. This
might have been a response to the higher tempera-
tures, as well as to the potentially already observable
increase in radiation in February due to the absence
of sea-ice cover. Ek, however, is a parameter derived
not by measurement, but indirectly by calculation, de-
pendent on ETRmax (Table 1) and α (data not shown);
Ek = ETRmax/α (Kirk 2011). Statistical analyses of these
2 parameters showed strong similarity between sea-
sons in all regions. In consequence, the significant dif-
ferences between seasons observed in Ek probably
can be seen as an indicator for the other parameters
of  photochemistry and pigment contents. Due to high
variability among sample replicates, no significant
change in pigment contents was observed in the pres-
ent study, neither in S. latissima nor in L. solid un gula.
This is in contrast to earlier publications, where an in-
crease in pigment content was reported in several

species of (temperate) kelp after encountering pro-
longed darkness (Lüning 1970, 1990, Gevaert et al.
2002).

4.4.  Responses to temperature treatment

As effects of higher temperatures during dark ex -
posure were already measureable after 2 wk of ex -
perimental exposure, laminarin content can be used
as a highly sensitive biochemical indicator when as -
sessing kelp eco-physiology. Results of the experi-
mental temperature and light/dark treatment (Fig. 7)
suggest that the change in laminarin content may
give a first indication of possible effects of further
warming waters on kelp ecophysiology. The treat-
ment was carried out with samples taken in October,
hence in a state of ‘full storage’, and both species
showed distinct responses to further increases in
water temperatures. While increased temperatures
actually seem to be favoured by the boreal-temper-
ate kelp, it did not cope well with the prolonged
darkness. The Arctic-endemic kelp, however, showed
exactly opposite responses. While there was little dif-
ference in responses between light or dark condi-
tions, higher temperatures were suboptimal for L.
solidungula.

It was not clear why light at very low temperatures
should have posed a problem, as photosynthesis has
been observed to operate at normal levels in other
Arctic populations experiencing permanently low
temperatures (Borum et al. 2002). However, the de -
crease in laminarin during the 8°C darkness treat-
ment indicated that prolonged darkness, even at
temperatures close to its optimal growth tempera-
ture, might pose a difficulty to S. latissima with possi-
ble future increases in water temperatures. Overall,
the response of the parameter ‘laminarin content’ to
in creased temperatures during darkness fit well to the
base-line observations previously reported. Despite an
optimal growth temperature of around 10−12°C
(Lüning 1990, Bruhn & Gerard 1996), S. latissima, as
a boreal-temperate kelp, has a wide distribution,
from northern Portugal up to the Arctic. Hence this
species is able to adapt to changes in temperature
with relative ease and actually favours higher tem-
peratures, whereas prolonged darkness is only en -
countered by the northernmost populations, limiting
its ability to cope with long periods of darkness. In
contrast, L. solidungula as an Arctic-endemic species
is well adapted to low temperatures and long dark-
ness during the polar night, and increased tempera-
tures posed the greater difficulty.
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5.  CONCLUSION

With the increases in Arctic seawater temperatures
in recent years due to global warming (Johannessen
et al. 2004, Cottier et al. 2005, Maturilli et al. 2015),
sea ice either retreats in the Arctic region, becomes
less thick or even completely vanishes from regions
that used to be covered by winter sea ice until re -
cently (Barber et al. 2015). The warmer air and water,
and the retreating ice cover drastically change the
abiotic marine environment in western Svalbard; the
surface water temperatures remain above 0°C for
most of the polar night (Hop et al. 2019, COSYNA
marine observatory), the access to irradiance could
be prolonged by at least 2 to 3 mo, but the light cli-
mate changes during the summer months due to sed-
iment (Svendsen et al. 2002, Bonsell & Dunton 2018).
This has already led to changes in the biotic environ-
ment of some fjords (Kortsch et al. 2012, Bartsch et al.
2016). As the duration of polar night is unaffected by
global warming, continuous darkness will still last
3 mo at least. Hence, even without sea ice cover, the
extent of change is going to depend, amongst other
factors, on the adaptability of habitat-providing kelp
to increasing temperatures during the polar night.

A combined assessment of the parameters observed
in L. solidungula indicates that this species is adapted
to a much longer period of light absence or conditions
of very low irradiance. As presented above, some re -
serves in laminarin were still available in early Feb-
ruary, and the plants had neither increased antenna
pigments in a marked amount, nor invested energy
to build up larger contents of chl a. The same appears
to hold true for S. latissima, even though from the
opposite perspective. Despite the maintenance of the
blade tissue in the population in Kongsfjorden, the
build-up of pigments that are relevant for photosyn-
thesis was not influenced by darkness, in contrast to
temperate populations of kelp treated with experi-
mentally prolonged darkness (Lüning 1970, Dunton
1985). On the contrary, pigment synthesis seemed to
follow the circannual seasonal timing of temperate
populations (Schaffelke & Lüning 1994, Gevaert et
al. 2002), indicating that the High Arctic populations
of S. latissima in Kongsfjorden rely on internal pat-
terns common to temperate populations. Furthermore,
populations at more southern locations can rely on
sufficient light availability throughout the year, and
water temperatures are generally higher as well.

Maintenance of the previous years’ blade may pose
an advantage for the Arctic-endemic kelp L. solidun-
gula over the boreal-temperate S. latissima (Henley &
Dunton 1995). However, in contrast to Arctic popula-

tions at 70° N (Henley & Dunton 1995), blades of S.
latissima in Kongsfjorden (79° N), or in populations on
Greenland (74° N, Borum et al. 2002), did not de -
generate during the wintertime. These retained previ-
ous years’ blades, in obvious contrast to more southern
populations (Johnston & Jones 1977, Henley & Dunton
1995, Kirst & Wiencke 1995), appear to enable S. latis-
sima to rely on stored carbohydrates which are es -
sential for carbon requirements during wintertime.
Even though less efficient than the Arctic-endemic
L. solidungula, the population of S. latissima from
Kongsfjorden gained an obvious advantage over pop-
ulations growing more southward, and was able to
maintain their photosynthetic functioning throughout
the polar night in all blade regions. Similar to the popu-
lation in Kongsfjorden, multi-year blades have been
reported from a population in north-east Green land
(74° 18’ N, 20° 14’ E; Borum et al. 2002). The old tissues
of the blades were able to carry out photosynthesis
with high efficiency during spring. In addition, the
light compensation point (Ec) was as low as in L.
solidungula in this population (2.0 µmol photons m−2

s−1), and in combination with the relatively low respira-
tion rates, the Greenlandic population was able to pro-
vide sufficient carbon via photosynthetic activity below
sea ice to almost reach a carbon-balance before sea ice
break-up in early summer. However, water tempera-
tures during the whole time were be tween −1.8 and
−1.5°C (Borum et al. 2002). As water temperatures in
Kongsfjorden nearly constantly re mained above 0°C
during the winter of 2016/17, the maintenance of the
blades of the Kongsfjorden population was probably
eased by the recent ab sence of sea ice (no winter sea
ice cover since 2012) that permits much higher
amounts of light to enter the water column by  mid-
February. Previously, sea ice cover and snow on ice
strongly inhibited light from entering the water column
before the time of sea ice breakup, which in Kongsfjor-
den typically occurred by the end of May/June (Ger-
land et al. 1999, Hop et al. 2002, Svendsen et al. 2002).

In conclusion, we suggest that more emphasis
should be put on the evaluation of increasing winter
temperatures on carbohydrate metabolism in key-
stone species like kelp in future studies on the phys-
iological and ecological consequences of climate
change on Arctic fjord ecosystems.
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