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The Arctic is seasonally exposed to long periods of low temperatures and

complete darkness. Consequently, perennial primary producers have to apply

strategies to maximize energy efficiency. Global warming is occurring in the

Arctic faster than the rest of the globe. The highest amplitude of temperature rise

occurs during Polar Night. To determine the stress resistance of the ecosystem-

engineering kelp Laminaria digitata against Arctic winter warming, non-

meristematic discs of adult sporophytes from Porsangerfjorden (Finnmark,

Norway) were kept in total darkness at 0°C and 5°C over a period of three

months. Physiological variables, namely maximum quantum yield of

photosynthesis (Fv/Fm) and dry weight, as well as underlying biochemical

variables including pigments, storage carbohydrates, total carbon and total

nitrogen were monitored throughout the experiment. Although all samples

remained in generally good condition with Fv/Fm values above 0.6, L. digitata

performed better at 0°C than at 5°C. Depletion of metabolic products resulted in

a constant decrease of dry weight over time. A strong decrease in mannitol and

laminarin was observed, with greater reductions at 5°C than at 0°C. However, the

total carbon content did not change, indicating that the sporophytes were not

suffering from “starvation stress” during the long period of darkness. A decline

was also observed in the accessory pigments and the pool of xanthophyll cycle

pigments, particularly at 5°C. Our results indicate that L. digitata has amore active

metabolism, but a lower physiological and biochemical performance at higher

temperatures in the Arctic winter. Obviously, L. digitata is well adapted to Arctic

Polar Night conditions, regardless of having its distributional center at lower

latitudes. Despite a reduced vitality at higher temperatures, a serious decline in

Arctic populations of L. digitata due to winter warming is not expected for the

near future.
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1 Introduction

The Arctic is one of the regions that is changing most rapidly

due to climate factors, feedback mechanisms and changes in energy

transport towards the poles (Richter-Menge et al., 2017; Previdi

et al., 2021). This results in 3.8 times faster warming in the Arctic

than the global average (Rantanen et al., 2022), with the strongest

temperature rise detected during the winter months (Wang et al.,

2017; Maturilli et al., 2019). Generally, organisms populating the

Arctic must have the ability to survive extreme abiotic conditions

due to the strong seasonality (Zacher et al., 2009). For instance,

Arctic kelps have to endure extreme photoperiodic conditions

(Gattuso et al., 2020). In winter, they are exposed to very low

temperatures and months-long complete darkness (Polar Night).

Due to climate change, however, strong fluctuations in sea surface

temperature (SST) have occurred in recent decades. For example, in

Kongsfjorden, Svalbard, winter SST minima of −1.8°C were

measured, while the maximum SST reached ~5°C (Huang et al.,

2021; see Supplementary Material; Diehl et al., 2024).

Kelp forests are among the largest biogenic structures of marine

benthic habitats and are highly productive ecosystems with

structural complexity and phyletic diversity (Steneck et al., 2002;

Wernberg et al., 2019). By definition, they are formed by brown

algae of the order Laminariales, which dominate shallow rocky

shores of temperate and Arctic regions. As sedentary organisms,

kelps are particularly affected by changes in their environment and

rising temperatures result in shifts in distribution and abundance of

many species (Smale et al., 2019). On the one hand, new suitable

and ice-free habitats are expected to increasingly appear in the

future (Krause-Jensen et al., 2020; Castro de la Guardia et al., 2023).

Changes in kelp abundance have already been observed in High

Arctic regions (Bartsch et al., 2016; Düsedau et al., 2024). On the

other hand, elevated temperatures generally stimulate the metabolic

activity of organisms (Pörtner et al., 2005), and may therefore have

a negative impact on the dark survival of kelps (Gordillo et al.,

2022). Yet, the mechanisms of winter survival are still poorly

understood and only a few studies have investigated acclimation

of kelps to the Polar Night (Scheschonk et al., 2019; Gordillo et al.,

2022; Summers et al., 2023; Diehl et al., 2024).

Kelps have evolved various mechanisms to acclimatize to

abiotic variations in the environment (Hurd et al., 2014). Due to

the seasonal photoperiods in the Arctic, growth and reproduction of

most kelps species is limited to a short time in spring and summer,

while in winter they undergo a “starvation mode” due to the lack of

light for photosynthesis (Wiencke et al., 2009; Gordillo et al., 2022).

The vitality of kelps can be determined via fluorescence-based

measurements of the maximum quantum yield of photosystem II

(Fv/Fm), a common parameter for assessing the health and stress

level of photosynthetic organisms, including macroalgae (Dring

et al., 1996; Dring, 2006). As they are part of the cellular machinery

for photosynthesis, pigment contents in some seaweeds decrease

during Polar Night, when the metabolism of the organisms slows

down to survive this period of total darkness (Wiencke et al., 2009).

Moreover, the de-epoxidation state of the xanthophyll cycle

pigments (DPS), an intracellular stress response, is affected by

light and low temperatures (Fernández-Marıń et al., 2011; Li
Frontiers in Marine Science 02
et al., 2020; Monteiro et al., 2021). The carbohydrates mannitol

and laminarin play a crucial role in surviving the Polar Night.

Mannitol is the primary photosynthesis product and an important

short-term storage carbohydrate in brown algae (Yamaguchi et al.,

1966). In summer, when photosynthesis rates are high, mannitol is

converted into the polysaccharide laminarin, the long-term storage

carbohydrate (Johnston et al., 1977). In periods of darkness,

laminarin can be reconverted into mannitol to maintain

important metabolic functions (Yamaguchi et al., 1966; Johnston

et al., 1977; Küppers and Kremer, 1978). We hypothesize that

winter warming could accelerate the use of carbon reserves and

increase the decomposition of the biomass. Monitoring dry weight

and the total carbon content alongside quantifying mannitol and

laminarin provides information on the consumption of carbon-

containing metabolites as well as the storage carbohydrates.

Laminaria digitata (Hudson) J.V. Lamouroux is a broadly

distributed cold–temperate to Arctic North Atlantic kelp growing

on hard substrates in the sublittoral zone. In the East Atlantic, it is

present from Southern Brittany to Spitsbergen (Lüning, 1990), where

it survives up to four months of Polar Night. The species is described

to survive and grow at temperatures as low as 0°C, with a temperature

optimum at 10°C (Bolton and Lüning, 1982; tom Dieck (Bartsch),

1992). Recent studies showed a distinct decrease in digitate kelps

(including L. digitata) in Arctic fjords (Düsedau et al., 2024),

potentially in response to changes in the underwater light climate

as a consequence of increased meltwater run-off (Schlegel et al.,

2024). Liesner et al. (2020) showed that lower temperatures (5 vs. 15°

C) led to a higher phenotypic plasticity, as well as higher growth rates

of juvenile sporophytes, highlighting the importance of cold seasons

for the survival of L. digitata and potential threats of climate change.

Exposing L. digitata gametophytes to low temperatures (5 vs. 15°C)

also facilitated a positive growth response from subsequent juvenile

sporophytes at sub-optimal low (0°C) and warm (20°C) conditions

(Gauci et al., 2022).

The aim of this study was to determine the resistance of L.

digitata sporophytes to simulated temperature increases during the

Polar Night in the High Arctic. Therefore, we kept discs from L.

digitata sporophytes at temperatures of 0°C and 5°C in total

darkness for three months. Various physiological and biochemical

variables were monitored during the experiment. We hypothesized

that higher temperatures during Polar Night would lead to an

increased metabolism and therefore a reduced survival capacity of

L. digitata.
2 Material and methods

2.1 Sampling and experimental design

Twenty adult sporophytes (~75–200 cm) of Laminaria digitata

(Hudson) J.V. Lamouroux were collected at Porsangerfjorden

(N 70°24’, E 25°32’; N 70°29’, E 25°39’; N 70°30’, E 25°42’),

Finnmark in Northern Norway (Figure 1A). Individuals were

sampled on July 12, 2022 at depths of 3–5 m, and stored in

running seawater until July 20. Between 20 and 50 discs (ø 2.8

cm) per sporophyte were cut 10–40 cm above the meristem and
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kept moist, cool, and dark during transport. The experiment was

conducted at the Alfred Wegener Institute in Bremerhaven,

Germany. The samples arrived on July 22. After arrival, the discs

were cultivated in a climate chamber at 5°C (± 0.5°C) and constant

light (30 µmol photons m−2 s−1, l ~380–700 nm, ProfiLux 3 with

LED Mitras daylight 150, GHL Advanced Technology,

Kaiserslautern, Germany) over three days for recovery

(Figure 1B). After the recovery period, the subsamples from 12

sporophytes were distributed across the replicates, treatments and

time points. To do so, 20 healthy discs (Dring et al., 1996; Fv/Fm
>0.6 data not shown) from one individual each were used per

replicate and treatment (n = 6), e.g. 0°C Replicate A. First

biochemical sampling was conducted on August 01 (week 0 =

“w0”). Therefore, five discs per replicate were randomly selected

before the acclimation began, shock-frozen in liquid N2 and stored

at −80°C until further processing. Then, the samples were

maintained in two separate climate chambers (0°C and 5°C; ±

0.5°C) in the dark and the 0°C replicates were stepwise acclimated

from 5°C to 0°C. Over a period of three months, three more

biochemical samplings were conducted in the same way

(September 02: “w4”, September 30: “w8”, October 27: “w12”).

During the experiment, each replicate was kept in an aerated 2 L

clear plastic bottle containing 1/40 Provasoli-enriched seawater

[1/40 PES, 13.7 µmol NO3
− L−1; 0.55 µmol PO4

3− L−1] in total

darkness (0 µmol photons m−2 s−1), simulating Polar Night

conditions in this High Arctic fjord Kongsfjorden, Svalbard

(Bischof et al., 2019). Water was exchanged twice a week.
2.2 Species identification

As discrimination between digitate Laminaria digitata,

Hedophyllum nigripes and Laminaria hyperborea is difficult based
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on morphology alone (Longtin and Saunders, 2015; Dankworth

et al., 2020), we genetically identified the collected specimens.

Genomic DNA was extracted from subsamples, which were

stored in silica gel, using a plant genomic DNA extraction kit

(DP305, Tiangen Biotech, China) following the manufacturer’s

instructions. Species were identified according to the method of

Mauger et al. (2021), which involves amplifying a fragment of the

mitochondrial COI gene (COI-5P). In short, two PCR reactions

(PCR1 and PCR2) were conducted using a Taq Master Mix kit

(Accurate Biology, China) and a T-gradient thermocycler

(Biometra, Germany), with the primers and programs outlined in

Mauger et al. (2021). PCR products were separated by

electrophoresis, and then stained with GelRed and visualized

under UV light. The amplified fragment patterns were compared

with Mauger et al. (2021) to identify species.
2.3 Physiological response variables

Maximum in vivo chlorophyll-fluorescence of photosystem II

(Fv/Fm) was measured weekly, using a pulse-amplitude-modulated

fluorometer (Imaging-PAM, Walz GmbH Mess- und Regeltechnik,

Effeltrich, Germany) to assess algal vitality. The I-PAM was set up

to determine the initial amplitude of the fluorescence signal (Ft)

between 0.15 and 0.2 (Int. 4, Gain 4, Damp. 4, SP 8, Width 0.8 s).

Pictures of the samples were taken every two weeks against a

white background to exclude potential effects of the discs’ size on dry

weight (DW). A ruler was included in the pictures for reference. Areas

of the discs (cm2) were determined using ImageJ (Version 1.54d, Java

1.8.0_345, Wayne Rasband, National Institute of Health, USA). For

monitoring the DW (w0, w4, w8, w12), samples were freeze-dried

(Alpha 1–4 LO plus, Martin Christ Gefriertrocknungsanlagen GmbH,

Osterode am Harz, Germany) and then weighed.
FIGURE 1

(A) Map of Northern Norway and Porsangerfjorden (Finnmark). The orange dots mark the sampling locations of Laminaria digitata. (B) Experimental
setup. Week 0 (w0), w4, w8, and w12: Biochemical sampling during the experiment. Map was created with ggOceanMaps (Vihtakari, 2024).
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2.4 Biochemical response variables

Total carbon (Total C) and nitrogen (Total N) were analyzed

following the protocol of Graiff et al. (2015). 2–3 mg of freeze-dried

samples were weighed into tin cartridges and incinerated at 950°C

in an elemental analyzer (Vario EL III, Elementar). Acetanilide was

used as a standard (Verardo et al., 1990).

Mannitol content was determined following the methods of

Diehl et al. (2020). In short, 1 mL of 70% ethanol was added to

10–15 mg of freeze-dried samples and incubated at 70°C for three to

four hours in a water bath. The samples were then centrifuged for

5 min at 13,000 rpm. 800 mL of the supernatant was transferred and

evaporated to dryness. The pellets were re-dissolved in ultrapure

water (0.055 µS/cm) by vortexing and ultrasonication. Resuspended

samples were then centrifuged for 5 min at 13,000 rpm. Mannitol

content in the supernatants was determined following the protocol

of Karsten et al . (1991). A High Performance Liquid

Chromatography system (HPLC; Agilent Technologies 1200

series, Santa Clara, California, USA) was used with a guard

cartridge (Phenomenex, Carbo-Pb2+ 4 x 3.00 mm I.D.) and an

analytical Aminex Fast Carbohydrate Analysis Column (100 х

7.8 mm, 9 mm, BioRad, Munich, Germany) using ultrapure water

as mobile phase. Calibration standards contained 0.5, 1.0, 2.5, 5.0

and 10.0 mM mannitol. Initial (w0) values were set to 100% and

other samples to percentage of the initial.

Laminarin content was quantified following the methods of

Becker et al. (2017) and Becker and Hehemann (2018). Laminarin

was first extracted from 35–65 mg of freeze-dried material with 50

mM 3-(N-morpholino)propanesulfonic acid (MOPS) buffer (pH

7.0) at 4°C for 5 h (Scheschonk et al., 2019). Three recombinantly

expressed laminarinases (FbGH30, FaGH17A and FbGH17A) were

used to specifically hydrolyze laminarin to glucose (Becker et al.,

2017). The reducing ends of sugars were quantified via the

PAHBAH assay (Lever, 1972). The concentration of laminarin in

each sample was calculated by comparison to non-hydrolyzed

samples and calibration against a standard curve of Laminaria

digitata laminarin (Sigma-Aldrich) processed in the same way as

the extracts. Calibration concentrations were 7.8125, 15.625, 31.25,

62.5, 125, 250 and 500 µg mL−1. Concentrations were converted to

mg of laminarin per mg DW.

Pigments were analyzed following the methods of Koch et al.

(2015). 45–55 mg of freeze-dried samples were extracted in 1 mL

90% fridge-cold acetone at 4°C in darkness for 24 h. The

filtered supernatant was analyzed by HPLC (LaChromElite®

system, L-2200 cooled autosampler, DA-detector L-2450; VWR

Hitachi International). Pigments were separated on a Spherisorb®

ODS-2 (250 × 4.6 mm, 5 mm;Waters) column following the gradient

from Wright et al. (1991). Reference standards were laboratory

standard solutions (DHI Lab Products) of chlorophyll a (Chl a),

chlorophyll c2 (Chl c2), fucoxanthin (Fuco), violaxanthin (V),

antheraxanthin (A) and zeaxanthin (Z). The accessory pigment

pool (Acc; Chl c2 + Fuco) as well as the pool size of the

xanthophyll cycle pigments (VAZ; V+A+Z) were determined in

mg g−1 DW. The ratios of VAZ:Chla and Acc:Chla were calculated to

detect modulations in the photosynthetic apparatus. In addition, the
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de-epoxidation-state of the xanthophyll cycle (DPS), describing the

process of converting V via A to Z, which reduces intracellular stress

by dissipating excess energy (Wiencke and Bischof, 2012), was

calculated after Colombo-Pallotta et al. (2006).
2.4 Statistics

As initial Fv/Fm values (w0) differed significantly between 0°C

and 5°C, Fv/Fm and all other variables were displayed as “% of w0”.

“R” version 4.2.2 (R Core Team, 2022) was used for statistical

evaluation. First, extreme outliers (Bonferroni, p < 0.05) were

excluded. Normal distribution and homogeneity of variances were

checked for all datasets using a Shapiro-Wilk test (p > 0.05) and

Levene’s test (p > 0.05) respectively (Zuur et al., 2013). Data were

also checked visually for normal distribution. If data appeared

normally distributed, they were not transformed, regardless of the

Shapiro-Wilk test statistic. The F-statistic for small sampling sizes is

robust to a moderate deviation from the normal distribution

(Blanca et al., 2017). Variation in Fv/Fm and area of all discs were

examined using repeated unifactorial ANOVAs followed by post

hoc Tukey tests. All other variables measured for the subsampled

discs were assessed with two-factorial ANOVAs followed by post

hoc Sidak tests, due to multiple pairwise comparison. When

interpreting the data, it must be taken into account that the

samples were cultivated in two different climate chambers, so that

the temperature treatments contain a certain chamber effect. All

statistical evaluations of the physiological and biochemical response

variables are summarized in Supplementary Table S2.
3 Results

3.1 Species identification

Based on genetic data, the collected specimens were confirmed

to be Laminaria digitata (Hudson) J.V. Lamouroux (Supplementary

Figure S1).
3.2 Physiological response variables

The physiological vitality of Laminaria digitata, measured as

the maximum quantum yield of photosystem II (Fv/Fm as % of w0;

Figure 2 was strongly affected by the temperature treatments (0°C >

5°C, p < 0.001). Within each temperature treatment there were no

significant changes over time. Fv/Fm was similar at both

temperature treatments up to w6. From w8 onwards vitality of

samples at 0°C increased slightly, while a trend toward decreasing

vitality was observed for samples at 5°C. Throughout the entire

experiment, Fv/Fm (raw data as “absolute values”) in both

treatments remained above 0.6 (Supplementary Table S1).

Although dry weight (DW as % of w0; Figure 3A) of the freeze-

dried samples decreased significantly between w0 and w12 for pooled

0°C and 5°C (p < 0.01), no significant weight loss over time was
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determined for 0°C and 5°C when considered individually. Time-

integrated DW did not differ between the temperature treatments.
3.3 Biochemical response variables

The ratio between carbon and nitrogen (C:N as % of w0; Table 1)

in the samples was affected by the temperature treatments (p < 0.05),

decreasing significantly from w0 to w12 in samples at 5°C (p < 0.01)

but not in samples at 0°C. These changes reflect higher total nitrogen

contents (Total N) toward the end of the experiment. Total N (% of

w0; Table 1) increased significantly over time at 5°C (p < 0.01),

whereas no significant differences were measured for total carbon

content (Total C; Figure 3B) of the samples at both temperature

treatments. While not statistically significant, trend towards

decreasing Total C over time were observed for both temperature

treatments. Comparison of the raw data (absolute values) of C:N

(Supplementary Table S1) revealed that ratios were slightly above 20

at the beginning of the experiment and declined to 17.9 ± 1.9 (0°C,

p = 0.29) and 13.4 ± 0.6 (5°C, p < 0.01) at w12.

Mannitol content (% of w0; Figure 3C) decreased significantly

over time (0°C: p < 0.01; 5°C: p < 0.001) in both treatments. While

there was no significant difference between the two temperature

treatments, a trend was observed to lower mannitol concentrations

at 5°C compared to 0°C. Laminarin content (% of w0; Figure 3D)

differed significantly between the temperature treatments (p < 0.05),

with lower concentrations measured in samples at 5°C than at 0°C.

Significant changes over time were only found for samples at 5°C

(w0 > w12; p < 0.05).
Frontiers in Marine Science 05
Content of Chla, Acc and VAZ (% of w0; Figures 4A–C) in

samples decreased over time. Trends to higher concentrations in

samples at 0°C than in samples at 5°C were observed for all

pigments. Chla, depleted significantly from w0 to w12 of the

experiment when treatments were pooled (p < 0.05; Figure 4A).

when considering treatments individually there was no significant

decrease in Chla over time for either 0°C or 5°C. for a significant

reduction in Acc content (% of w0; Figure 4B) was only measured at

5°C (p < 0.05), resulting in significant differences between the

temperature treatments (p < 0.05). The greatest effects of

sampling time and temperature were detected for VAZ, which

was significantly depleted in samples from w0 to w12 at both

temperatures (p < 0.001; Figure 4C) and was significantly higher

in samples at 0°C than in samples at 5°C (p < 0.01). No significant

changes between w0 and w12 were observed in the relative (% of w0;

Figure 4D) or absolute (Supplementary Table S1) values of DPS.

While temperature had no significant effect on relative DPS,

absolute DPS values were significantly higher at 0°C than at 5°C

(p < 0.001) at the end of the experiment. Acc:Chla (% of w0;

Table 1) increased over time (p < 0.05) at 0°C, while VAZ:Chla (%

of w0; Table 1) decreased over time at both temperature treatments

(p < 0.001), with lower values at 5°C (p < 0.01).
4 Discussion

This study determined the impact of Arctic winter warming on

Laminaria digitata sporophytes in a simulation of High Arctic Polar

Nights. Over a period of three months in darkness, physiological
FIGURE 2

Vitality (maximum quantum yield of photosystem II; Fv/Fm) of Laminaria digitata, monitored weekly over three months under Polar Night conditions
at 0°C (blue) and 5°C (red). Values are given as % of week 0 (w0) and means ± SD (n = 6). Significances between temperatures are indicated by black
asterisks (p < 0.001***).
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variables and underlying biochemical metabolites were monitored

in samples maintained at 0°C and 5°C. The two temperature

treatments represented the mean and the maximum winter

temperatures that have already been measured in the High Arctic,

for example in Kongsfjorden, Svalbard (Huang et al., 2021; see

Supplementary Material; Diehl et al., 2024). From our results

(Figure 5), it can be deduced that L. digitata sporophytes from

Arctic regions are well adapted to prolonged darkness regardless of

temperature and do not reach the end of Polar Night with a

considerable lack of storage reserves and pigments.

Relative changes in vitality indicated that L. digitata performed

better at 0°C compared to 5°C. Yet, a certain chamber effect in

combination with the temperature treatments cannot be ruled out

as the samples were maintained in two different climate chambers.

Relative Fv/Fm values increased for samples at 0°C and decreased for

samples at 5°C from week 8 onwards. However, absolute Fv/Fm
values were never below 0.6, so all samples could be considered vital

for the duration of the experiment (Dring et al., 1996). Laminariales

have been observed to maintain a good vitality after long periods of

darkness before (Scheschonk et al., 2019; Gordillo et al., 2022;

Summers et al., 2023; Diehl et al., 2024).
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The degradation of metabolites during prolonged darkness was

reflected in a continuous loss in DW over time, as has also been

observed for other kelps (Gordillo et al., 2022). However, contrary

to previous data on Saccharina latissima and Alaria esculenta,

weight loss in L. digitata did not increase at enhanced

temperatures (3°C vs. 8°C; Gordillo et al., 2022). By visually

observing the discs and monitoring disc area every two weeks, we

were able to exclude any impact of decomposition on the DW

(Supplementary Table S1; Supplementary Figure S2).

During polar winter kelps rely on accumulated energy stores, and

must therefore be particularly energy efficient (Wiencke et al., 2009). In

times of prolonged darkness, kelp derive mannitol from stocks of

laminarin that they replenished during summer (Johnston et al., 1977;

Küppers and Kremer, 1978). Accordingly, mannitol can be considered

the main metabolite for respiration during the Polar Night. It must be

taken into account that the storage carbohydrate content varies

between the meristem and the distal part of the sporophyte

(Scheschonk et al., 2019). By conducting the experiment with

subsamples taken from the central part of the phylloid, we aimed to

eliminate any impact of these variations. Mannitol content of L.

digitata decreased by 37% (0°C) and 65% (5°C) over the three-
FIGURE 3

(A) Dry weight (DW) (B) Total carbon (Total C), (C) Mannitol and (D) Laminarin of Laminaria digitata, monitored every four weeks over three months
under Polar Night conditions at 0°C (blue) and 5°C (red). Values are given as % of week 0 (w0) and means ± SD (n = 6). Significances between
temperatures are indicated by black asterisks (p < 0.05*). Time-integrated significances between w0 and w12 within each temperature are marked
by blue and red asterisks (p < 0.01**, p < 0.001***).
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month experiment, while laminarin decreased by 40% and 90%

respectively. When comparing energy stocks in the cold–temperate

kelp S. latissima from Kongsfjorden (Svalbard), Scheschonk et al.

(2019) measured comparably high declines of mannitol and

laminarin between October and February. They concluded that the

strong reduction (>90%) of laminarin over the Polar Night maintains
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the metabolic functions of the kelp in that period. Additionally, lower

laminarin concentrations were measured in L. digitata at higher

temperatures during an experimental Polar Night treatment, as also

observed in S. latissima (Scheschonk et al., 2019). The faster

consumption of storage carbohydrates at higher temperatures

suggests an increased energy requirement of L. digitata at 5°C. An
TABLE 1 Biochemical variables of Laminaria digitata monitored over three months under Polar Night conditions at 0°C and 5°C.

Variable Temperature Week % of w0 Statistical comparison

C:N 0°C w0 100 ± 0 0°C > 5°C* w0 = w12

w4 87.3 ± 12.9

w8 90.9 ± 23.0

w12 84.6 ± 21.4

5°C w0 100 ± 0 w0 > w12**

w4 88.1 ± 20.8

w8 66.8 ± 11.7

w12 67.4 ± 17.0

Total N 0°C w0 100 ± 0 0°C < 5°C* w0 = w12

w4 102.3 ± 14.5

w8 111.9 ± 29.9

w12 115.1 ± 25.5

5°C w0 100 ± 0 w0 < w12**

w4 108.5 ± 9.8

w8 131.9 ± 6.3

w12 143.1 ± 33.8

Acc:Chla 0°C w0 100 ± 0 0°C > 5°C** w0 < w12*

w4 102.8 ± 5.3

w8 105.1 ± 4.4

w12 108.0 ± 5.0

5°C w0 100 ± 0 w0 = w12

w4 100.2 ± 3.0

w8 104.5 ± 4.2

w12 96.2 ± 4.7

VAZ:Chla 0°C w0 100 ± 0 0°C > 5°C** w0 > w12***

w4 84.8 ± 10.9

w8 69.0 ± 19.1

w12 68.0 ± 21.4

5°C w0 100 ± 0 w0 > w12***

w4 75.6 ± 8.3

w8 52.9 ± 7.4

w12 50.9 ± 8.6
C:N, carbon to nitrogen ratio; Total N, total nitrogen; VAZ:Chla, ratio of xanthophyll cycle pigment pool to chlorophyll a; Acc:Chla:, ratio of accessory pigments to chlorophyll a. Values are given
as % of week 0 (w0) and means ± SD (n = 6). Significances are indicated by asterisks: p < 0.05*, p < 0.01**, p < 0.001***.
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even stronger rise in winter temperatures in the future could

completely deplete L. digitata energy stocks before the end of the

Polar Night and thus might lead to starvation or extensive stress. A

faster consumption of storage carbohydrates with increasing

temperatures during Polar Night was not observed for Laminaria

hyperborea (Diehl et al., 2024). The different responses of Laminariales

to winter warming will presumably have an impact on seaweed

diversity and species abundance in the High Arctic in the future.

Nonetheless, despite the almost complete depletion of laminarin

stocks at 5°C, L. digitatawas not exposed to a “starvation stress” during

three months of total darkness, as seen in stable total carbon content

(Total C) over the three-month experiment. Although tendencies

towards decreasing Total C content were observed in the samples,

the degradation was less than 10% and independent from temperature.

Consequently, L. digitatamust have developed a strategy to preserve C

during the Polar Night period. For S. latissima, also no changes in Total

C were measured after four months of darkness (Gordillo et al., 2022).

We assume that at complete darkness similar processes take place in L.

digitata as have been described for the growth phase, when

Laminariales remobilize and utilize their storage carbohydrates for
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energy generation (Gómez and Huovinen, 2012). Laminarin is first

transformed into mannitol. Subsequently, mannitol is degraded

stepwise to generate cellular energy, releasing CO2 which can be

directly recovered by the enzyme phosphoenolpyruvate

carboxykinase (PEP-CK) (Gómez and Huovinen, 2012). Comparable

to the mechanism of dark carbon fixation (Wiencke et al., 2009), this

allows an efficient recycling of every available C molecule to the kelp.

Since we worked with non-meristematic tissues of L. digitata and the

total C content was unaffected throughout the experiment, we assume

that L. digitata uses the same strategy employed to restore C in times

when photosynthesis is not possible. Our samples were taken in July

during Polar Day, hence with almost “full carbohydrate stores” (Singh

et al., 2024). We conclude that the carbohydrate reserves accumulated

over the summer are sufficient to maintain the physiological functions

of L. digitata during Polar Nights in future warming scenarios, as

reflected in high Fv/Fm values at enhanced temperatures.

This conclusion is further supported by an observed increase in

total nitrogen content (Total N) during the experiment. High

environmental N availability in winter, which exceeds the N demand

for protein and amino acid synthesis, enables and regulates the
FIGURE 4

(A) Chlorophyll a (Chl a) (B) Accessory pigments (Acc) (C) Pool of xanthophyll cycle pigments (VAZ) and (D) De-epoxidation state of the xanthophyll
cycle pigments (DPS) of Laminaria digitata, monitored every four weeks over three months under Polar Night conditions at 0°C (blue) and 5°C (red).
Values are given as % of week 0 (w0) and means ± SD (n = 6). Significances between temperatures are indicated by black asterisks (p < 0.05*, p <
0.01**). Time-integrated significances between w0 and w12 within each temperature are marked by blue and red asterisks (p < 0.05*, p < 0.001***).
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remobilization of carbon stocks in Laminariales (Gómez and

Huovinen, 2012). We kept our samples under realistic Arctic winter

nutrient conditions (~14 µmol NO3
− L−1; Rokkan Iversen and Seuthe,

2011) and observed an increase in Total N over time, with significant

increases at 5°C of about 40%. Potentially, a higher metabolic and

enzymatic activity at 5°C enabled enhanced N uptake (Harrison and

Hurd, 2001). The stable Total C and increased Total N contents led to

C:N ratios below 20 towards the end of the experiment, showing that

the samples were not N-limited at both temperatures (Atkinson and

Smith, 1983).

The pigment content of seaweeds responds to metabolic

processes and light availability (Blain and Shears, 2019), while

metabolism and enzyme activity are in turn dependent on

temperature (Daniel et al., 2008). Polar red algae are known to

strongly adjust their pigments concentrations during the seasonal

cycle, degrading pigments during long dark exposure (Wiencke et al.,

2009). Pigment degradation during extended darkness is not yet

confirmed for kelps, e.g., in Arctic S. latissima populations

(Scheschonk et al., 2019; Gordillo et al., 2022). We observed that all

pigments in L. digitata tend to deplete over three months in the dark,

decreasing more at 5°C than at 0°C. Strongest reductions were

measured in the xanthophyll cycle pool (VAZ). Chla remained

almost stable and Acc only decreased significantly at 5°C. While
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Chla is the main photosynthetic pigment and Acc are important

antenna pigments, VAZ are not directly involved in the process of

photon harvesting, but act as photo-protective pigments (Falkowski

and Raven, 2007). Though VAZ content was highly depleted during

the experiment, the protective mechanism of the xanthophyll cycle

(DPS) was still active and slightly increased over time. DPS increases

during stress, such as dehydration or high and low temperatures, and

is known to be active in the dark (Fernández-Marıń et al., 2019; Li

et al., 2020; Monteiro et al., 2021). We assume that the pigments in L.

digitata were degraded to save energy or function as an additional

energy source to outlast the long period of the Polar Night, while still

keeping the photosynthetic machinery and photo-protective

mechanisms intact, as was shown by Summers et al. (2023).

Pigment reduction was enhanced at 5°C compared to 0°C, which

aligns with higher physiological activity in L. digitata at 5°C.

In summary, our study has shown that the cold–temperate to

Arctic kelp L. digitata is well adapted to Polar Night conditions in

the Arctic. Although it has a lower performance and reveals higher

biochemical activity levels at 5°C than at 0°C, our results indicate

that Arctic winter warming alone will not result in a serious decline

of Arctic L. digitata populations in the near future. Nevertheless,

interactions between warming and changing light conditions, e.g.

due to terrestrial or glacial run-off, have to be considered in studies
FIGURE 5

Summary of the biochemical acclimation strategies by Laminaria digitata sporophytes to Arctic winter warming during three months of Polar Night.
Picture of L. digitata by D. Liesner.
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on the prospective distribution of L. digitata in High Arctic regions

(Niedzwiedz and Bischof, 2023; Düsedau et al., 2024).
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