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Abstract
Due to global rises in temperature, recent studies predict marine species 
shifting toward higher latitudes. We investigated the impact of interacting 
abiotic drivers on the distribution potential of the temperate kelp Laminaria 
hyperborea. The ecosystem engineering species is widespread along 
European coasts but has not yet been observed in the High Arctic, al-
though it can survive several months of low temperatures and darkness. To 
investigate its ability to extend northward in future, we conducted a long-
term multifactorial experiment with sporophytes from Porsangerfjorden, 
Norway—close to the species' documented northernmost distribution mar-
gin. The samples were exposed to three different photoperiods (PolarDay, 
LongDay, and PolarNight) at 0°C, 5°C, and 10°C for 3 months. Optimum 
quantum yield of photosynthesis (Fv/Fm), dry weight, pigments, phlorotan-
nins, and storage carbohydrates were monitored. Both physiological and 
biochemical parameters revealed that L. hyperborea was strongly influ-
enced by the different photoperiods and their interaction with temperature, 
while temperature alone exerted only minor effects. The Fv/Fm data were 
integrated into a species distribution model to project a possible northward 
expansion of L. hyperborea. The combination of extended day lengths and 
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INTRODUCTION

Global warming is a main driver of global biodiver-
sity loss and leads to the redistribution of species 
worldwide (Sunday et al., 2012; Wilson et al., 2019). 
Compared to the global average, Arctic regions 
have warmed nearly four times faster over the last 
four decades (Rantanen et  al.,  2022), with similar 
trends observed in air temperature and sea surface 
temperature (SST; Skogseth et al., 2020). The rapid 
temperature increase particularly threatens polar 
coastal ecosystems, which form an ecologically ex-
ceptional environment with a unique biological diver-
sity (Bringloe et al., 2020).

Changes in aquatic temperature regimes directly 
affect physiological and biochemical processes 
of organisms and have been identified as a main 
predictor of biogeographic patterns in seaweeds 
(Adey & Steneck,  2001; Fragkopoulou et  al.,  2022; 
Lüning,  1990). Consequently, temperature changes 
have drastic effects on the distribution of marine 
species worldwide, especially at their warm and cold 
distribution margins (Sunday et  al.,  2012, 2015). In 
the Arctic, warming leads to an increase in new sub-
strates and habitats for intertidal and subtidal species 
due to the associated fast sea ice melting and gla-
cier retreats (Krause-Jensen et al., 2020). Therefore, 
polar areas are of special interest to ecologists, to 
document and understand the effects of rapid tem-
perature changes on the redistribution of taxa (Assis 
et  al.,  2022; Bringloe et  al.,  2020 and Callaghan 
et  al.,  2004). Modeling studies provide an excellent 
approach to predict ongoing northward distributional 
shifts of temperate seaweeds as a result of increasing 
SSTs (Assis et al., 2022; Assis, Araújo, & Serrão, 2018; 
Krause-Jensen et  al.,  2020). It is assumed that the 
higher habitat availability in the Arctic (Krause-Jensen 
et al.,  2020) will favor the invasion of nonpolar spe-
cies, with consequences for the structure and function 
of Arctic communities (Wassmann et al., 2011); how-
ever, to date, we still lack knowledge about changes 
in seaweed abundance and their effects on the Arctic 
environment (Filbee-Dexter et  al.,  2019). Invasive 

seaweeds or changes in species' diversity can have 
extensive cascading consequences on the functioning 
of native ecosystems, such as biotic interactions be-
tween habitat formers and epiphytic biota (Thomsen 
et al., 2010). Thus, what the future brings is still “an 
uncertain path forward for the Arctic biome” (Bringloe 
et al., 2020, p. 22594).

Although temperature has progressively increased 
in polar environments, seasonal changes in light re-
gimes have remained unaltered, with months-long 
periods of polar night, and constant light conditions 
during polar day. The annual cycle of photoperiods 
dictate large-scale periodic changes in reproductive 
biology and productivity, as the latter is the prereq-
uisite for phototrophic carbon acquisition. Thus, light 
availability and photoperiod affect  primary produc-
tion and ecological processes at the very base of 
food webs in polar environments, including species 
composition and reproduction (Berge et  al.,  2015; 
Wiencke et  al.,  2009). In addition, SST also varies 
strongly over the year (see Table S1 in the Supporting 
Information). The fluctuating light and temperature 
conditions over the course of the year lead to adap-
tive responses in polar seaweeds, which adjust their 
life cycles to the specific polar conditions (Wiencke 
et al., 2009; Zacher et al., 2009).

The interaction of increasing temperatures under 
various photoperiodic light conditions has rarely been 
investigated (Lebrun et al., 2022; Roeber et al., 2021). 
Physiologically, the interplay of the light regime and 
temperature conditions is highly important in sea-
weeds. For example, high photon fluence rates during 
cold-temperature periods lead to damage at photosys-
tem II (Niedzwiedz et al., 2024), since enzymatic repair 
mechanisms are too slow to maintain a functioning pho-
tosynthetic apparatus under high light stress (Farrugia 
Drakard et al., 2023).

Seaweeds have developed various physiological 
and biochemical mechanisms to acclimate to changes 
in environmental conditions (Hurd et al., 2014; Wiencke 
& Bischof, 2012 and references therein). However, they 
lack mobile life cycle stages for long-distance migration 
and are, hence, particularly affected by ongoing ocean 

low temperatures appeared to be the limiting reason for northward spread 
of L. hyperborea until recently. However, with water temperatures reach-
ing 10°C in summer, this kelp will be able to thrive also in the High Arctic. 
Moreover, no evidence of stress to Arctic winter warming was observed. 
Consequently, L. hyperborea has a high potential for spreading northward 
with further warming which may significantly affect the structure and func-
tion of Arctic ecosystems.

K E Y W O R D S
Arctic, Fv/Fm, kelp, laminarin, mannitol, phlorotannins, pigments, polar day, polar night, 
species distribution model
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warming (Reed et al., 2016; Straub et al., 2019). As sed-
entary organisms, seaweeds depend on limited disper-
sal mechanisms, such as release of planktonic spores, 
transport through external vectors, or long-distance 
drifting (Hurd et al., 2014; Tronholm et al., 2012). Kelps 
typically have adaptive mechanisms that are too 
slow for rapid changes in the environment (Vranken 
et al., 2021).

Kelp forests provide numerous ecosystem functions 
to associated organisms, such as shelter and food; 
they also act as carbon sinks (Teagle et al., 2017) and 
are of high economic value (Eger et al., 2023). Despite 
their capability to acclimate to changing environmen-
tal conditions, strong declines of kelp forests have 
been reported at their warm-edge distribution limits, 
mainly as a consequence of SST increases (Filbee-
Dexter et al., 2020; Filbee-Dexter & Wernberg, 2018; 
Sorte et al., 2010). This situation has far-reaching con-
sequences for biodiversity and ecosystem functioning 
(Wernberg et al., 2024). Concurrently, changed abun-
dances of kelp species, such as Saccharina latissima 
and Alaria esculenta, have been observed in polar re-
gions (Bartsch et al., 2016; Düsedau et al. in revision; 
Fredriksen & Kile, 2012). It has also been observed, 
however, that warming winters can have negative 
consequences for kelps' physiological traits, such 
as photosynthesis and biomass formation (Gordillo 
et al., 2022; Scheschonk et al., 2019).

The target species for this study, the kelp Laminaria 
hyperborea (Phaeophyceae, Laminariales), is an im-
portant ecosystem engineer that forms highly produc-
tive ecosystems along rocky shorelines from temperate 
to polar regions (northern Norway; Teagle et al., 2017; 
Smale,  2020; Wernberg et  al.,  2019). It occurs along 
European coasts between 40° N and 71° N, that is, from 
Northern Portugal to Northern Norway (Lüning, 1985), 
with a north-easternmost distribution at the Murman 
coast of the Kola Peninsula, Russia (Schoschina, 1997). 
As a perennial kelp, it can live up to 18 years in north-
ern Norway (Sjøtun et al., 1993). It survives minimum 
temperatures of −1.5°C and maximum of 20°C (Bolton 
& Lüning, 1982; Lüning, 1986; tom Dieck, 1993), and it 
grows over the entire temperature range between 0°C 
and 20°C, with an optimum at 10°C–15°C (Bolton & 
Lüning, 1982, tom Dieck (Bartsch), 1992). Laminaria hy-
perborea generally reproduces from fall to mid-winter 
(Kain & Jones, 1975) and may also reproduce during 
darkness (Lüning, 1980). Moreover, the gametophytes 
survive and mature, albeit very slowly, down to a tem-
perature of 0°C (Sjøtun & Schoschina, 2002), with the 
optimum being between 5°C and 17°C (Kain, 1979). It 
is therefore surprising that this kelp has not yet been 
reported from the High Arctic (see Box  1 below). 
Lüning  (1986) indicated that long photoperiods in the 
High Arctic could be a limiting factor for the northern 
occurrence of L. hyperborea, as sporophytes thrive 

during short days and in complete darkness, and the 
formation of new lamina is decreasing with increasing 
day length and completely inhibited in summer (Bartsch 
et al., 2008; Lüning, 1986).

In studies on distribution changes of Laminaria hy-
perborea, the species was predicted to expand to 
Svalbard and further east in the White Sea until the 
end of the century (Assis et  al.,  2016; Assis, Araújo, 
& Serrão, 2018), with winter temperatures as the main 
driver for its distribution. However, experimental data 
are lacking, and the restricted capabilities of statis-
tical models limit such predictions (Fragkopoulou 
et al., 2022). Seasonality as a critical abiotic factor has 
not yet been considered in the models on seaweed dis-
tribution in the Arctic.

In this study, we evaluated for the first time the ef-
fects of photoperiod × temperature interaction by sim-
ulating seasonal variations in temperatures and the 
polar light regime in a 3-month multifactorial experi-
ment. Using Laminaria hyperborea as the case spe-
cies, we investigated how the interplay of both factors 
affects physiological and biochemical traits. Our study 
was guided by the hypothesis that long photoperiods 
might be a limiting factor for the further northward 
distribution of L. hyperborea, following Lüning (1986). 
Accordingly, the extended periods of long days and 

BOX 1 

Gbif.​org already lists an occurrence of 
“Laminaria hyperborea” for Spitsbergen as 
“human observation” (https://​www.​gbif.​org/​
occur​rence/​​23994​78326​). Individuals of 
“L. hyperborea” have also been reported from 
Isfjorden and Kongsfjorden (see Fredriksen 
et al., 2019 and references therein). However, 
it is important to note that L. hyperborea can 
be difficult to distinguish from Hedophyllum 
nigripes and L. digitata due to their simi-
lar morphological appearances (Dankworth 
et  al.,  2020; Longtin & Saunders,  2015). 
Both L. digitata and H. nigripes are observed 
widespread in the Arctic from the East 
(Spitsbergen) to the West (Canadian Arctic; 
Bartsch et al., 2016; Dankworth et al., 2020, 
Düsedau et  al. in revision). As L. hyperbo-
rea may have been misidentified formerly 
and, so far, there is no molecular evidence 
of L. hyperborea from Svalbard, we are con-
vinced that L. hyperborea has not yet spread 
throughout the High Arctic and that the ob-
servations from Spitsbergen are probably 
erroneous.
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the polar day in the High Arctic could limit the distribu-
tion of L. hyperborea in the low and subarctic regions. 
We then incorporated the physiological data into a 
geographical model to simulate the habitat suitabil-
ity along the latitudinal gradient under different SST 
scenarios.

This study was driven by two research questions:

1.	 How does Laminaria hyperborea respond physiolog-
ically and biochemically to simulated past, present, 
and future SST conditions during different seasons 
in the High Arctic?

2.	Will Laminaria hyperborea be able to spread through-
out the High Arctic under future climatic conditions?

MATERIALS AND METHODS

Sampling and species identification

SCUBA divers collected adult sporophytes of Laminaria 
hyperborea at ~8 m depth near the Holmfjorden 
Research Station at Porsangerfjorden (Finnmark, 
Norway; 70.2° N 25.3° E) in late June 2022. The spo-
rophytes were stored in a tank with fresh deep water 
throughflow (~10°C, SA 31) for 1 week and then, due to 
technical problems, hung in the shade from the pier 
until further processing (13.7 ± 0.9°C, SA 30.4 ± 0.8). In 
mid-July, non-meristematic discs (Ø 28 mm) from the 
central part (>10 cm above the meristem and >20 cm 
below the distal end) of 39 sporophytes (10–30 discs 
per sporophyte) were cut and transported moist, cool 
(<10°C), and dark to the Alfred Wegener Institute for 
Polar and Marine Research in Bremerhaven, Germany, 
where the experiment was conducted.

Due to difficulties in morphological identification for 
the digitate Laminariaceae (Longtin & Saunders, 2015), 
we screened all collected specimens genetically. For 
molecular identification of the individuals, subsamples 
of each collected sporophyte were preserved in silica 
gel. Genomic DNA was isolated using a plant genomic 
DNA extraction kit (DP305, Tiangen Biotech, China) 
according to the manufacturer's instructions. Species 
identification was conducted following the method de-
veloped by Mauger et al. (2021), which was based on 
amplification of a fragment of the mitochondrial COI 
gene (COI-5P). Briefly, two polymerase chain reactions 
(PCRs: PCR1 and PCR2) were conducted using a Taq 
Master Mix kit (Accurate Biology, China) and run on a T-
gradient thermocycler (Biometra, Germany). The PCR 
primers and programs were as described in Mauger 
et al. (2021). Polymerase chain reaction products were 
visualized under UV light after electrophoresis on aga-
rose gels stained with GelRed. Species were identi-
fied according to the patterns of amplified fragments in 
Mauger et al. (2021).

Experimental setup

For recovery, the samples were maintained in sea-
water at 5°C at 30–35 μmol photons · m−2 · s−1 (24:0 h 
light:dark, ProfiLux 3 with LED Mitras daylight 150, 
GHL Advanced Technology, Kaiserslautern, Germany) 
for a week (Figure 1). The applied photon fluence rate 
was based on measurements at a depth of ~7.5 m in 
Kongsfjorden, Svalbard (Niedzwiedz & Bischof, 2023a), 
since Kongsfjorden can be seen as a model ecosystem 
for the future of Arctic fjord systems (Bischof et al., 2019). 
After recovery, the samples were exposed to the pho-
toperiod treatments (24:0 h light:dark—PolarDay, 18:6 h 
light:dark—LongDay, 0:24 h light:dark—PolarNight) and 
gradually acclimated to the temperature treatments 
(0°C, 5°C, and 10°C) over 4 days. The three tempera-
ture setups were based on winter (December, January, 
and February) and summer (June, July, and August) 
SSTs measured at 0–20 m in Kongsfjorden, Svalbard 
between 1980 and 2022 (see Table S1).

Each replicate (n = 4) was set up containing 20 
“healthy” discs (Fv/Fm >0.6, data not shown; Dring 
et  al.,  1996) from 8 to 10 individuals, evenly distrib-
uted and avoiding pseudo-replication. The experi-
ment ran for 3 months. During the entire experiment, 
samples were kept in aerated 2-L clear plastic bottles 
in Provasoli-enriched artificial seawater (SA 31, 1/40 
PES, Provasoli,  1968; modifications: HEPES-buffer 
instead of Tris). The nutrient conditions of 1/40 PES 
(13.7 μmol NO3

− · L−1, 0.55 μmol PO4
3− · L−1) were based 

on realistic winter nutrient conditions in Kongsfjorden, 

F I G U R E  1   Experimental setup. Gray-dashed area: 
Maintenance of the field-collected sporophytes under recovery 
conditions in the laboratory. Week 0 (w0), w4, w8, and w12: 
Biochemical sampling during the experiment. Photoperiodic 
treatments: PolarDay = 24 h light:0 h dark, Long = 18 h light:6 h dark, 
PolarNight = 0 h light:24 h dark. d = days, w = week(s).
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Svalbard (Norway; Bischof et  al.,  2019). The water 
was changed twice a week. Experimental sampling 
was conducted after 3 days of recovery (w0), in week 
4 (w4), in week 8 (w8), and at the end of the experi-
ment (w12).

Physiological parameters

The physiological vitality of all samples was checked 
as photosynthetic activity every week by measuring 
the maximum quantum yield of photosystem II (in vivo 
chlorophyll-fluorescence of photosystem II; Fv/Fm) using 
a pulse-amplitude-modulated fluorometer (Imaging-
PAM, Walz GmbH, Effeltrich, Germany). The Imaging-
PAM was set up to an initial fluorescence signal (Ft) 
between 0.15 and 0.2.

Biomass (dry weight) of the samples was mon-
itored every 4 weeks (w0, w4, w8, and w12). For 
this purpose, sample discs were randomly picked 
and freeze-dried (Alpha 1–4 LO plus, Martin Christ 
Gefriertrocknungsanlagen GmbH, Osterode am 
Harz, Germany) before weighing (DW in g). In addi-
tion, all discs were photographed every 2 weeks with 
a 9 cm2 reference grid and their area (cm2) analyzed 
with ImageJ (Version 1.52a, Java 1.8.0_112, Wayne 
Rasband, National Institute of Health, USA).

Biochemical parameters

For the biochemical analyses, samples were shock-
frozen in liquid N2 and stored at −80°C until fur-
ther processing. The samples were freeze-dried 
before analyses (Alpha 1–4 LO plus, Martin Christ 
Gefriertrocknungsanlagen GmbH, Osterode am Harz, 
Germany).

Mannitol and laminarin are the main carbon stor-
age compounds in kelps. Mannitol was analyzed after 
Diehl et al. (2020), using the chromatographic method 
by Karsten et al. (1991). Laminarin was extracted from 
freeze-dried material with 50 mM MOPS buffer at 4°C 
for 5 h and measured following the method of Becker 
et al. (2017) and Becker and Hehemann (2018).

Pigment composition and photo-protective mech-
anisms, namely de-epoxidation state of the xantho-
phyll cycle pigments (DPS) and phlorotannins, were 
also monitored every 4 weeks. Absolute pigment con-
tent of chlorophyll a (Chl a), accessory pigments (Ac
c = Fucoxanthin + Chlorophyll c2 + β-Carotin), and the 
pool of the xanthophyll cycle pigments (VAZ = Violaxa
nthin + Antheraxanthin + Zeaxanthin) were determined 
following Diehl et al.  (2021). The DPS was calculated 
following Colombo-Pallotta et al.  (2006). The concen-
tration of phlorotannins was measured according to 
Cruces et al. (2012), following the protocol in Springer 
et al. (2017).

Geographic projection of experimental 
results

We projected Fv/Fm as response variable in a mecha-
nistic approach (Kearney & Porter,  2009). The effect 
sizes of photoperiod, temperature, and exposure time 
with and without their interaction terms on Fv/Fm were 
first estimated with a generalized linear model (GLM). 
We included weights to account for the unequal sample 
sizes over the course of the experiment. Inclusion of a 
random term for subsample-structure (i.e., aquariums 
as nested variable) as tested with a generalized linear 
mixed effect model (GLMM) was not significant and 
thus omitted (not shown). The best model was selected 
based on the Akaike information criterion (AIC). The pa-
rameter estimates for the environmental variables were 
then used to make projections of the algal vitality in 
response to temperature and photoperiodic conditions 
across the geographic area of interest to predict po-
tential suitable distribution ranges of the species under 
current and enhanced SSTs. We chose a conservative 
threshold of Fv/Fm ≤ 0.3, as continuous low Fv/Fm re-
sults in death for kelps. Thereby, our study focused on 
changes in habitat suitability along a latitudinal gradient 
from continental Europe to Svalbard, Norway.

Preparation of environmental layers

For geographic projection of the model results, we pre-
pared raster layers for daily photoperiod (day length) con-
ditions and daily SST with a resolution of 5 arcmin. For 
daily photoperiod layers, we made one raster layer for 
each day of the year with photoperiod in hours per pixel 
based on latitude with the daylength()-function from the 
geosphere package for R (Hijmans et al., 2022). For daily 
temperature, we first downloaded monthly means of SST 
averaged over the years 2000–2014 (corresponding to 
the time span covered by the widely used BioOracle v2 
data set; Assis, Tyberghein, et al., 2018) from the NOAA 
Optimum Interpolation (OI) SST V2 data set as provided 
by the NOAA PSL, Boulder, Colorado, from their web-
site at https://​psl.​noaa.​gov (downloaded November 28, 
2022; Reynolds et al., 2002). We then used a general-
ized additive model (GAM) to interpolate daily SST val-
ues per pixel for our projection raster layers. The period 
of 2000–2014 reflects the present scenario and baseline 
SST conditions. To simulate future warming scenarios, 
we used daily SST and photoperiod data for the year 
2023, which was the warmest recorded year in the North 
Atlantic since 1979 (Copernicus, 2023), and added 1°C.

Geographic projection of Fv/Fm

We used the final model to predict how Fv/Fm of 
Laminaria hyperborea will respond to environmental 
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6  |      DIEHL et al.

conditions over a prolonged time period (1 year) in 
the geographic region of interest. Fv/Fm best reflected 
the overall observed responses of L. hyperborea to 
the experimental treatments, although it is generally 
a rather dynamic parameter influenced by many ex-
ternal and internal factors (Diehl et  al.,  2024; Hurd 
et  al.,  2014 and references therein). Unlike under 
constant laboratory conditions, SST and photoperiod 
change over the course of the year with the seasons. 
Therefore, we iteratively predicted for every consecu-
tive day of the year how exposure to daily resolved 
conditions would affect the Fv/Fm. With the final ad-
justed model, we predicted Fv/Fm for each pixel j of the 
temperature and photoperiod layers for each day n of 
the year: FvFmn,j ~ FvFmn-1,j + β1 × timej,n + β2 × tempj,n 
+ β3 × photoperiodj,n + (interaction terms), resulting in 
a total number of 365 prediction layers per year. For 
daily predictions, time was set to the constant value 
of 1. We further replaced the original model intercept 
with the Fv/Fm value from the previous day (i.e., with 
FvFmn-1,j), except for n = 1, for which we used the orig-
inal intercept of the model. This was done because 
the original intercept of the model represented the 
Fv/Fm at the start of the laboratory experiment and, 
therefore, was equivalent to samples in perfect condi-
tion. For a final map, we summed for each pixel the 
total number of days per year with a predicted Fv/Fm 
below the chosen threshold of 0.3.

Laminaria hyperborea reproduces (i.e., releases 
spores) and grows during the fall and winter season, 
with the earliest and latest spore releases occurring be-
tween the middle of September and the middle of April, 
respectively (Kain,  1971; Lüning,  1986). Therefore, 
starting the year with January 1st as first day and the 
original intercept was feasible.

Statistical analyses and software

All statistical analyses were done with R version 4.2.2 
(R Core Team, 2022). The data sets of raw data as well 
as residuals of models were tested for normal distribu-
tion (Shapiro–Wilk test, p > 0.05) and homogeneity of 
variance (Levene's test, p > 0.05) and were checked vis-
ually with dot plots (Zuur et al., 2013). As the F-statistic 
is robust to a moderate deviation from the normal dis-
tribution for small sample sizes with respect to type I 
errors and no beneficial effects of the transformation 
were observed (Blanca et al., 2017), the non-normally 
distributed data sets were not transformed. Linear mod-
els were fit on the data sets, using the lm function and 
significant differences of the response variables to the 
interactive fixed-effects temperature (T), photoperiod 
(P), and sampling time (S) were assessed using a fit-
ted linear model using analyses of variances (ANOVA; 
Package: stats; R Core Team, 2022). For the parame-
ters Fv/Fm and area, repeated measures ANOVAs were 

applied. Pairwise comparisons were performed, using 
the emmeans function with Sidak correction (Package: 
emmeans; Lenth, 2024). The level of significance was 
set to p < 0.05. Statistical results are summarized in 
Table 1.

Correlations of the response parameters were tested 
using Spearman correlation (function: cor.test; R Core 
Team, 2022), after testing for normality. Data were vi-
sualized with the ggcor function (Package: GGally; 
Schloerke et al., 2024).

For all analyses and plotting of the species dis-
tribution model, we used R version 4.2.2 (R Core 
Team, 2022) with the packages terra (Hijmans, 2023), 
tidyr (Wickham et al., 2024), ggplot2 (Wickham, 2016), 
mgcv (Wood, 2023), tmap (Tennekes, 2018), and lme4 
(Bates et al., 2015).

RESULTS

All statistical results are summarized in Table 1 and are 
not given in the plots and the text for overview reasons.

Species identification

Based on our molecular-genetic data, 37 specimens were 
identified as Laminaria hyperborea while two specimens 
were determined as Laminaria digitata (Figure  S1a–c 
in the Supporting Information). Unfortunately, two out 
of 20 discs were assigned to L. digitata in all treatment 
replicates 2 and 3. These L. digitata discs could not be 
identified during the experiments and, hence, could not 
be excluded a priori, but with only 10% “contamination” 
by a wrong taxon, we are confident that the data are 
representative for the target species.

Physiology

The physiological vitality expressed as maximum 
quantum yield of photosystem II (Fv/Fm; Figure  2) of 
Laminaria hyperborea was highly affected by tempera-
ture (p < 0.001), photoperiod (p < 0.001), and their inter-
action (T × P; p < 0.001). The samples were particularly 
stressed when long photoperiods were paired with cold 
temperatures. Significant decreases in Fv/Fm were de-
termined already after 2 weeks (w2) at 0°C under Polar 
Day (=0-PolarDay) and under Long Day (=0-LongDay) 
conditions, while vitality of samples at the 5°C Polar 
Day treatment (=5-PolarDay) started to diminish only in 
w6. After 3 months (w12), the lowest Fv/Fm values were 
recorded at 0-PolarDay, with values of 0.34 ± 0.07. Both 
a shorter photoperiod in combination with very low 
temperatures of 0°C and higher temperatures under 
PolarDay conditions resulted in significantly higher 
Fv/Fm values (0-LongDay: 0.53 ± 0.06; 5-PolarDay: 
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      |  7ABIOTIC INTERACTIONS AFFECT KELP DISTRIBUTION

TA B L E  1   Statistics of the physiological and biochemical parameters of Laminaria hyperborea.

Parameters p-values Direct comparison

Fv/Fm

T <0.001 0°C < 5°C < 10°C

P <0.001 PD < LD < PN

S <0.001 w0 > w12 0-PD, 5-PD
0-LD

T × P <0.001 Strong interaction

DW

T 0.009 0°C ≤ (5°C = 10°C)

P <0.001 PD > LD > PN

S <0.001 w0 < w12 0-PD, 5-PD, 10-PD
0-LD, 5-LD, 10-LD

T × P 0.007 Moderate interaction

T × S 0.005 Increasing impact of T throughout the experiment

P × S <0.001 Increasing impact of P throughout the experiment

T × P × S 0.335

Chl a

T <0.001 (0°C = 5°C) < 10°C

P <0.001 (PD = LD) < PN

S <0.001 w0 > w12 0-PD, 5-PD, 10-PD
0-LD, 5-LD

T × P 0.057 No interaction

T × S 0.002 Increasing impact of T throughout the experiment

P × S 0.011 Increasing impact of P throughout the experiment

T × P × S 0.135

Acc

T <0.001 (0°C = 5°C) < 10°C

P <0.001 (PD = LD) < PN

S <0.001 w0 > w12 0-PD, 5-PD, 10-PD
0-LD, 5-LD

T × P 0.263 No interaction

T × S <0.001 Increasing impact of T throughout the experiment

P × S 0.004 Increasing impact of P throughout the experiment

T × P × S 0.228

VAZ

T 0.086 0°C = 5°C = 10°C

P 0.305 PD = LD = PN

S <0.001 w0 > w12 0-PD, 5-PD, 10-PD
0-LD, 5-LD

T × P 0.923 No interaction

T × S 0.003 Increasing impact of T throughout the experiment

P × S <0.001 Increasing impact of P throughout the experiment

T × P × S 0.029

DPS

T <0.001 0°C > 5°C > 10°C w12: no sign
w8: PD/LD ➔ 0°C > 5°C > 10°C
PN ➔ (0°C = 5°C) > 10°C

P <0.001 (PD = LD) > PN w12: no sign
w8: 0°C ➔ PD-LD (<0.001)
0°C ➔ PD-PN (<0.001)
5°C ➔ PD-PN (<0.001)

(Continues)
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8  |      DIEHL et al.

0.48 ± 0.05) in w12. All 10°C samples, as well as all 
PolarNight samples and the 5-LongDay treatment, re-
mained above Fv/Fm values of 0.6 during the entire pe-
riod, independently from the photoperiod.

Dry weight (DW in g; Figure 3) of the samples was 
mainly affected not only by the different photoperiods 
(p < 0.001) but also by temperature (p < 0.01). Although 
all samples weighed approximately the same at the be-
ginning of the experiment (w0, p > 0.05), significant in-
creases in DW were determined for PolarDay (p < 0.001) 
and LongDay (p < 0.001) over time (sampling [S]: 
p < 0.001). Further, particularly the interaction of longer 
photoperiods and higher temperatures resulted in the 
strongest weight gains with weights up to 184% ± 14% 
in the 10-PolarDay treatment (T × P; p < 0.01). Although 
PolarNight conditions had no significant effect on DW, 

a trend toward weight loss (0-PolarNight 87% ± 18%, 
5-PolarNight 90% ± 10%, 10-PolarNight 93% ± 7%) 
was observed after 3 months of PolarNight exposure. A 
change of DW due to growth or shrinking of the samples 
can be excluded since none of the treatments revealed a 
significant difference in area (cm2) between w0 and w12 
(data not shown here but uploaded to the PANGAEA 
database; see Data Availability Statement below).

Storage carbohydrates

Although larger differences in mannitol (mg · g−1 DW) 
and laminarin (mg · g−1 DW) content were measured 
in the samples in w0, none of the treatments differed 
significantly regarding either carbohydrate.

Parameters p-values Direct comparison

S <0.001 w0 = w12 But: w0 < w8

T × P <0.001 Strong interaction

T × S <0.001 Increasing impact of T throughout the experiment

P × S 0.001 Increasing impact of P throughout the experiment

T × P × S 0.016 Increasing impact of T × P throughout the experiment

Phlorotannins

T 0.319 0°C = 5°C = 10°C

P 0.416 PD = LD = PN

S 0.177 w0 = w12 Exception: 0-PN (w0 < w12 **)

T × P 0.054 No interaction

T × S 0.082

P × S 0.661

T × P × S 0.164

Mannitol

T 0.491 0°C = 5°C = 10°C

P <0.001 (PD = LD) > PN

S 0.006 w0 = w12 Exception: 10-PN (w0 > w12 ***)

T × P 0.483 No interaction

T × S 0.624

P × S <0.001 Increasing impact of P throughout the experiment

T × P × S 0.557

Laminarin

T <0.001 0°C < (5°C = 10°C)

P <0.001 (PD = LD) > PN

S <0.001 w0 < w12 5-PD, 10-PD
5-LD

T × P <0.001 Strong interaction

T × S <0.001 Increasing impact of T throughout the experiment

P × S <0.001 Increasing impact of P throughout the experiment

T × P × S 0.185

Note: Significances are highlighted in bold.

Abbreviations: Acc, accessory pigments; Chl a, chlorophyll a; DPS, de-epoxidation state of the xanthophyll cycle; T, temperature; DW, dry weight; Fv/Fm, 
maximum quantum yield of photosynthesis; LD, LongDay; P, photoperiod; PN, PolarNight; S, Sampling Time; PD, PolarDay; VAZ, pool of xanthophyll cycle 
pigments.

TA B L E  1   (Continued)
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      |  9ABIOTIC INTERACTIONS AFFECT KELP DISTRIBUTION

We did not measure significant changes in manni-
tol (Figure 4a) at PolarDay and LongDay, whereas the 
concentrations decreased at PolarNight, progressively 

more with increasing temperatures, while the opposite 
was determined for laminarin (Figure  4b). Its content 
remained the same for PolarNight, but increased sig-
nificantly at PolarDay and LongDay.

Mannitol was strongly affected by the different pho-
toperiods (p < 0.001), whereas neither temperature 
alone, nor T × P had a significant impact during the ex-
periment. Concentrations in the PolarDay and LongDay 
treatments remained the same (S: p > 0.05), while a 
decrease of mannitol in PolarNight samples was ob-
served over time. Although with ~−200 mg · g−1 DW, 
this decrease was only significant for 10-PolarNight 
(p < 0.001). A trend toward decreasing mannitol con-
centrations at 5-PolarNight was detectable (~−100 mg 
· g−1 DW). Yet, overall mannitol concentrations in the 
PolarDay and LongDay samples were significantly 

F I G U R E  2   Vitality (maximum quantum yield of photosystem 
II; Fv/Fm) of Laminaria hyperborea (L. hyperborea), monitored 
weekly over 3 months under different temperature and photoperiod 
combinations. Values are means ± SD (n = 4). The threshold for a 
“good” (viable) physiological status at 0.6 is marked by the black 
dotted line (Dring et al., 1996).

F I G U R E  3   Dry weight (DW) of L. hyperborea, monitored every 
4 weeks over 3 months under different temperature and photoperiod 
combinations. Values are means ± SD (n = 4).

F I G U R E  4   Storage carbohydrates of L. hyperborea, monitored 
every 4 weeks over 3 months under different temperature and 
photoperiod combinations. (a) Mannitol (b) Laminarin. Values are 
means ± SD (n = 4).
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10  |      DIEHL et al.

higher than in the PolarNight samples (p < 0.001). The 
significant decrease in the PolarNight treatments re-
sulted in a strong positive correlation with DW over time 
(Figure 5).

For laminarin, strong impacts of photoperiod 
(p < 0.001), temperature (p < 0.001), and T × P (p < 0.001) 
were determined. Contrary to mannitol, laminarin con-
centration did not decrease in the PolarNight treatments, 
but increased during LongDay and PolarDay. Significant 
increases of ~ 200–250 mg · g−1 DW over time were only 
detected in treatments combining long photoperiods 
and enhanced temperatures (S: 5-LongDay p < 0.001; 
5-PolarDay p < 0.01; 10-PolarDay; p < 0.001), resulting 
in significant lower laminarin concentration at 0°C than 
at 5°C (p < 0.001) and 10°C (p < 0.01). Accordingly, a 
very strong positive correlation between laminarin and 
DW was detected (Figure 5).

Light response parameters

Chlorophyll a (Chl a; μg · g−1 DW) and the acces-
sory pigments (Acc; μg · g−1 DW; Table 2) decreased 

significantly over time under PolarDay conditions and 
at 0-LongDay and 5-LongDay (p < 0.01–0.001), while 
the concentrations in PolarNight-treated samples re-
mained the same. Significant impacts of temperature 
were observed (p < 0.001), overall resulting in lower 
Chl a and Acc concentrations at 0°C and 5°C than at 
10°C. Although 0-PolarDay and 5-PolarDay resulted 
in concentrations of about one third of the respective 
PolarNight treatments, Chl a and Acc of 10-PolarDay 
reached over half the concentrations of 10-PolarNight. 
Still, significant effects of T × P were not detected for Chl 
a and Acc. The pool of the xanthophyll cycle pigments 
(VAZ; μg · g−1 DW; Table 2) revealed no significant dif-
ferences between the photoperiods or temperature, but 
also decreased exclusively in the PolarDay, 0-LongDay, 
and 5-LongDay treatments over time (p < 0.05–0.001). 
No significant T × P was detected. All three pigment 
groups revealed a strong positive correlation with Fv/Fm 
in the course of the experiment (Figure 5).

No significant difference of the de-epoxidation 
state of the xanthophyll cycle (DPS; Figure 6) was ob-
served in any of the treatments between w0 and w12, 
although significant increases were determined in w8 

F I G U R E  5   Correlation matrix of the physiological and the biochemical parameters in the course of the experiment. Acc, accessory 
pigments; Chl a, chlorophyll a; DPS, de-epoxidation state of the xanthophyll cycle; DW, dry weight; Fv/Fm, maximum quantum yield of 
photosynthesis; VAZ, pool of xanthophyll cycle pigments. The value of the correlation coefficient Spearsman's Rho (ρ) is represented 
by color/shading (dashed = negative correlation, dotted = positive correlation), shading and size of the circles (the darker and larger, the 
stronger the correlation). Significances: *p < 0.05, **p < 0.01, and ***p < 0.001.

 15298817, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jpy.13497 by Inka B

artsch - A
lfred W

egener Institut F. Polar- U
. M

eeresforschung A
w

i , W
iley O

nline L
ibrary on [14/10/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



      |  11ABIOTIC INTERACTIONS AFFECT KELP DISTRIBUTION

for 0-PolarDay (p < 0.001), 0-LongDay (p < 0.001), 
and 5-PolarDay (p < 0.01). In w8, both PolarDay and 
LongDay at 0°C showed significantly higher DPS than 
PolarNight (p < 0.001), while at 5°C only PolarDay 
differed significantly from PolarNight (p < 0.001). At 
10°C, no differences in the photoperiod treatments 
were observed, highlighting the strong impact of T × P 
on DPS (p < 0.001). In the first 8 weeks of the experi-
ment, lower temperatures in combination with longer 
photoperiods led to increased DPS, which, however, 

was compensated after 12 weeks. Nonetheless, the 
increased DPS resulted in a strong negative correla-
tion of DPS and Fv/Fm in the course of the experiment 
(Figure 5).

Concentrations of phlorotannins (mg · g−1 DW, 
Table 2) in all treatments remained the same over the 
entire experiments; accordingly, they were neither af-
fected by the treatment temperatures or photoperiods 
alone, nor by their interaction (T × P). No significant cor-
relation with Fv/Fm was detected (Figure 5).

TA B L E  2   Biochemical light responses of Laminaria hyperborea, monitored every 4 weeks over 3 months (w0, w4, w8, and w12).

Parameters Temperature (°C) Photoperiod w0 w4 w8 w12

Chla (μg · g−1 DW) 0 PolarDay 1236.4 ± 90.7 610.8 ± 153.1 371.6 ± 106.4 335.4 ± 101.7

LongDay 1286.6 ± 203.7 847.9 ± 220.2 644.4 ± 133.2 446.3 ± 62.2

PolarNight 1206.0 ± 177.4 826.3 ± 313.9 815.1 ± 202.5 902.1 ± 146.8

5 PolarDay 1049.6 ± 121.2 910.1 ± 76.5 519.1 ± 119.0 347.9 ± 58.0

LongDay 1112.6 ± 172.4 672.2 ± 444.2 606.3 ± 116.1 534.6 ± 92.9

PolarNight 1064.5 ± 194.4 955.9 ± 136.8 862.5 ± 269.7 959.4 ± 171.2

10 PolarDay 1114.7 ± 330.2 1049.5 ± 292.7 1217.8 ± 608.1 428.3 ± 140.1

LongDay 993.8 ± 357.7 1158.3 ± 134.4 936.4 ± 25.1 653.6 ± 89.8

PolarNight 1186.5 ± 156.1 1024.6 ± 200.4 868.1 ± 250.2 800.4 ± 203.4

Acc (μg · g−1 DW) 0 PolarDay 835.6 ± 83.9 346.3 ± 89.0 287.6 ± 65.8 263.4 ± 84.5

LongDay 819.6 ± 132.3 499.9 ± 140.9 455.7 ± 75.1 336.4 ± 47.3

PolarNight 788.1 ± 140.0 500.5 ± 212.3 518.9 ± 114.5 646.4 ± 70.5

5 PolarDay 661.3 ± 114.0 526.0 ± 51.8 319.2 ± 92.2 264.1 ± 56.8

LongDay 704.1 ± 135.2 380.9 ± 252.4 385.6 ± 75.2 360.6 ± 54.9

PolarNight 636.8 ± 133.1 536.2 ± 111.8 420.6 ± 115.5 600.6 ± 120.7

10 PolarDay 671.8 ± 213.3 586.8 ± 181.0 632.8 ± 99.8 326.2 ± 80.4

LongDay 580.7 ± 234.2 712.4 ± 84.0 607.5 ± 36.1 456.7 ± 58.5

PolarNight 712.5 ± 79.8 655.3 ± 124.6 549.5 ± 177.9 538.8 ± 162.6

VAZ (μg · g−1 DW) 0 PolarDay 98.5 ± 33.1 41.0 ± 15.3 31.6 ± 16.7 21.9 ± 7.3

LongDay 71.7 ± 20.6 55.7 ± 21.2 57.9 ± 14.8 26.4 ± 1.3

PolarNight 61.3 ± 20.0 28.6 ± 14.6 50.4 ± 19.4 55.3 ± 11.5

5 PolarDay 51.5 ± 15.0 58.0 ± 3.1 43.4 ± 12.0 21.3 ± 4.7

LongDay 65.7 ± 16.0 34.6 ± 24.1 45.9 ± 10.7 33.5 ± 8.9

PolarNight 42.1 ± 17.7 40.7 ± 5.7 46.6 ± 7.6 41.4 ± 6.7

10 PolarDay 58.3 ± 20.0 61.7 ± 18.2 47.4 ± 16.0 25.1 ± 7.3

LongDay 57.4 ± 11.2 66.6 ± 9.8 54.3 ± 5.7 38.4 ± 9.2

PolarNight 53.2 ± 8.5 54.1 ± 13.3 42.7 ± 13.5 41.5 ± 15.0

Phlorotannins (mg · g−1 DW) 0 PolarDay 11.6 ± 3.1 11.4 ± 3.5 12.0 ± 7.4 10.7 ± 6.3

LongDay 10.8 ± 6.2 12.5 ± 2.4 9.6 ± 5.0 15.3 ± 6.7

PolarNight 11.5 ± 4.8 12.9 ± 7.3 16.5 ± 6.6 24.5 ± 11.9

5 PolarDay 13.4 ± 2.0 7.9 ± 1.2 12.2 ± 8.5 11.6 ± 4.9

LongDay 13.2 ± 3.0 10.0 ± 1.8 13.3 ± 5.4 12.7 ± 4.8

PolarNight 14.8 ± 3.9 11.0 ± 4.8 7.8 ± 3.6 11.9 ± 6.4

10 PolarDay 13.8 ± 4.5 11.6 ± 2.1 18.1 ± 7.4 16.4 ± 8.5

LongDay 12.7 ± 6.9 12.8 ± 3.7 12.2 ± 4.8 8.0 ± 4.4

PolarNight 19.4 ± 6.1 8.0 ± 4.2 13.1 ± 3.8 9.4 ± 5.6

Note: Values are means ± SD (n = 4).

Abbreviations: Acc, accessory pigments; Chl a, chlorophyll a; VAZ, pool of xanthophyll cycle pigments.
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12  |      DIEHL et al.

Modeling of future distribution

The best model-fit was achieved with Fv/Fm ~ time × pho-
toperiod + time × temperature × photoperiod. None of 

the variables alone had a significant effect on Fv/Fm, 
but the interaction terms of time × photoperiod and 
time × temperature × photoperiod and the intercept 
were highly significant with p < 0.0001 (β-estimate 
for time × photoperiod = −0.0001390, and β-estimate 
for time × temp × photoperiod = 0.0000193, inter-
cept = 0.68, Table S2 in the Supporting Information).

The geographic projections of the final model 
show distinctly different results for the two tempera-
ture scenarios. For scenario 1 (daily SST averaged 
over the years 2000–2014, Figure 7a), the area of the 
Spitsbergen Archipelago is predicted to exhibit envi-
ronmental conditions under which Fv/Fm is expected 
to be ≤0.3 for over 289–337 days per year. The Fv/Fm 
threshold was set to 200 days below 0.3, which rep-
resents the present-day distribution limit. A continu-
ous Fv/Fm of <0.3 would mean death for kelps. Most 
of the known distributional range is in areas which 
experience such conditions for 0 days per year, ex-
cept for populations from northern Iceland and in 
northernmost Norway, where populations might be 
exposed for up to 134 and 110 days, respectively. 
Under scenario 2 (daily SST in 2023 + 1°C, Figure 7b), 
the isoclines shift northward and eastward, following 
increasing temperatures and indicating less adverse 
conditions. The isocline of 200 days with predicted 
Fv/Fm ≤ 0.3 per year now reaches the western coast 
of the Spitsbergen Archipelago. Here, the number of 
days with Fv/Fm ≤ 0.3 per year now ranges from 177 
to 337 days. For Iceland, northernmost Norway, and 
the Russian coast, the environmental conditions are 

F I G U R E  6   De-epoxidation state of the xanthophyll cycle 
pigments (DPS) of Laminaria hyperborea, monitored every 4 weeks 
over 3 months under different temperature and photoperiod 
combinations. Values are means ± SD (n = 4).

F I G U R E  7   Species distribution model of Laminaria hyperborea modeling temperature × photoperiod interactions. Model used for 
predictions: FvFmn,j ~ FvFmj,n-1 − 0.0001390 * timen,j × photoperiodn,j + 0.0000193 * timen,j × tempn,j × photoperiodn,j, with n = day of year and 
j = pixel. Black dots show the current distribution of L. hyperborea in this region as obtained from www.​gbif.​org excluding the record for 
Spitsbergen (see Introduction) (https://​doi.​org/​10.​15468/​​dl.​jhppyr, November 2022; Mikhaylova, 2010; pers. comm. T.A. Mikhaylova). The 
arrows mark the sampling location at Porsangerfjorden, Norway (Finnmark). (a) Map shows sum of days per year with predicted Fv/Fm ≤ 0.3 
(survival limit for kelps), daily SST averaged over the period 2000–2014. The dotted line marks the Fv/Fm threshold of 200 days below 0.3, 
which represents the present-day distribution limit. (b) Map shows future prediction for sum of days per year with Fv/Fm ≤ 0.3, daily SST for 
2023 + 1°C. The dotted line is shifted under elevated SST.
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predicted to cause less days of physiological stress 
per year.

DISCUSSION

This study emphasizes the importance of studying the 
combined effects of abiotic variables on seaweeds and 
their distribution potential. Our results clearly show that 
the interaction of photoperiods and temperatures had 
a greater influence on Laminaria hyperborea than ei-
ther factor alone and that elevated temperatures lead 
to an increase in habitat suitability of High Arctic en-
vironments for L. hyperborea. In fact, increasing tem-
peratures counteracted impairing photoperiodical 
effects. We showed that photoperiods must especially 
be included when it comes to predicting distributions 
of seaweeds and other primary producers under polar 
conditions.

Warming of the High Arctic—Curse or 
blessing for Laminaria hyperborea?

Although Laminaria hyperborea survives within the 
temperature ranges of the High Arctic and could, in 
principle, also grow and reproduce (i.e., gametogen-
esis, sporogenesis; Bolton & Lüning, 1982, tom Dieck 
(Bartsch),  1992, Sjøtun & Schoschina,  2002), the 
species has not yet been observed at such high lati-
tudes (Bartsch et al., 2016, Düsedau et al. in revision). 
Lüning (1986) suggested that the extended periods of 
long days in High Arctic regions might be a limiting fac-
tor for its distribution, as day lengths of 16 h or more 
inhibited the formation of new fronds. However, the 
interactive effects of prolonged light availability with 
rising temperature have not been tested in the latter 
study. Hence, it remained uncertain whether global 
warming will lead to an opening of the High Arctic for 
L. hyperborea.

We observed a diminished physiological vitality 
(Fv/Fm < 0.6; Figure 2) of Laminaria hyperborea at longer 
photoperiods, ≥18 h, confirming our leading hypothesis 
that long photoperiods act as stressors. Additionally, 
the photoperiodical stress was intensified by low tem-
peratures (0°C PolarDay: Fv/Fm ~ 0.3, 0°C LongDay: 
Fv/Fm ~ 0.5, 5°C PolarDay: Fv/Fm ~ 0.5). However, ris-
ing temperatures counteracted the impairing effects of 
extended day length. Temperatures of 5°C and 10°C 
at LongDay resulted in Fv/Fm values >0.6 reflecting 
“healthy” conditions (Dring et al., 1996), while at 10°C 
L. hyperborea was unaffected even under PolarDay 
conditions. In this context, it is important to point out 
that all treatment temperatures were below the species' 
optimum of 15°C (Bolton & Lüning, 1982).

The strong impact by the interaction of photoperiod 
and temperature was also observed in the monitored 

DW of Laminaria hyperborea. Samples exposed to ≥18 h 
of daylight significantly gained weight, with greater in-
creases measured at ≥5°C. For the treatments, any po-
tential effect of growth on DW can be excluded, as the 
discs' surface area did not change throughout the ex-
periment. Accordingly, L. hyperborea must have altered 
and stored metabolic products causing the weight gain. 
Since we observed a significant increase in the long-
term carbohydrate reserve laminarin at long photope-
riods, which was also amplified ≥5°C, we can assume 
that the gain in DW was mainly caused by the additional 
storage of laminarin. Laminarin concentration increased 
strongly by ~200% when light was available, while man-
nitol as the primary product of photosynthesis and short-
term storage carbohydrate did not rise. These results 
confirmed that L. hyperborea was still able to photo-
synthesize efficiently and convert mannitol to laminarin 
(Graiff et al., 2018; Yamaguchi et al., 1966), although it 
was physiologically stressed during long photoperiods.

The beneficial effects of rising temperatures during 
conditions of ≥18 h of daylight were also reflected in ad-
justments of the photosynthetic apparatus. At the end 
of the experiment, significantly higher concentrations 
of Chl a and Acc were detected at 10°C compared to 
0°C and 5°C. Moreover, the content of Chl a, Acc, and 
VAZ decreased significantly over time during PolarDay 
and cold LongDay conditions. Comparable patterns 
with reduced Chl a concentration under high light con-
ditions and increased concentrations with enhanced 
temperatures have also been observed for kelps from 
Greenland (Niedzwiedz et al., 2024). Higher plants re-
duce their pigment content under the combined effect 
of high light and low temperature to reduce excitation 
pressure and avoid freezing damage (Lütz,  1996). 
Accordingly, we assume that the reduced pigment con-
centrations in Laminaria hyperborea and other Arctic 
kelps at low temperatures and light stress served as a 
photo-protective and anti-freezing mechanism.

The photo-protective mechanism DPS significantly 
increased up to w8 under low temperature and long 
photoperiodic conditions. In contrast, at 10°C a de-
crease in DPS was observed. Yet, the strong dispar-
ities between the treatments weakened considerably 
by w12. This effect might be an indication for an ac-
climation of Laminaria hyperborea to light stress after 
prolonged exposure. Considering that the antioxidant 
phlorotannins also act as photo-protectants under 
prolonged PAR (photosynthetically active radiation) 
conditions (Steinhoff et  al.,  2012), it is surprising that 
we did not observe any response of phlorotannins to 
the long photoperiods. With means of 8–24 mg · g−1 
DW, L. hyperborea generally contained high concen-
trations of phlorotannins compared to other kelps col-
lected in the High Arctic (1 and 3.5 mg · g−1 DW; Diehl 
& Bischof, 2021; Diehl et al., 2023), which most prob-
ably already provided sufficient protection against the 
intense light exposure during polar day.
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Under PolarNight conditions, Fv/Fm of Laminaria hy-
perborea was completely unaffected and independent 
of temperature. As in the case of the kelp Saccharina 
latissima (Gordillo et  al.,  2022), which has a similar 
southern distribution limit as L. hyperborea (Araújo 
et  al.,  2016), all samples of L. hyperborea remained 
in “healthy” conditions throughout the experiment at 
PolarNight (Fv/Fm > 0.6; Dring et al., 1996). Also regard-
ing DW, no significant changes were observed after 
3 months of total darkness in L. hyperborea. Contrary 
to other kelp species such as Alaria esculenta, S. latis-
sima, and L. solidungula lost weight during long peri-
ods of total darkness and under conditions of increasing 
temperatures during polar night (Gordillo et  al.,  2022; 
Scheschonk et  al.,  2019). Throughout the long polar 
night in the Arctic, mannitol and laminarin in L. solidun-
gula and S. latissima strongly decreased (Scheschonk 
et al., 2019), which, however, could not be confirmed for 
L. hyperborea in this study, as it kept laminarin and pref-
erentially utilized mannitol. In contradiction to the find-
ings by Scheschonk et al.  (2019), higher temperatures 
at PolarNight did not result in an enhanced consump-
tion of the storage carbohydrates. Laminaria hyperborea 
was presumably not affected by prolonged polar night 
conditions, as the species can be considered a “season 
anticipator” (Wiencke et al., 2009), as evidenced by its 
growth only under photoperiods <12 h (Lüning, 1986).

We did not detect any changes after 3 months of 
PolarNight or due to the different temperature treatments, 
which is in accordance with the in situ observations by 
Scheschonk et al. (2019) on Laminaria solidungula and 
Saccharina latissima before and after the polar night 
period in Kongsfjorden (Svalbard). The fact that we ad-
ditionally observed no differences in the temperature 
treatments at PolarNight, could be caused by a lack of 
need of further protection against excitation pressure at 
low temperatures in total darkness (Lütz, 1996).

Past and current seasonal Arctic environmental con-
ditions have limited, so far, the spread of Laminaria hy-
perborea sporophytes to higher latitudes (see Box 1). 
However, our experiment clearly indicated that higher 
SSTs enable this kelp also to cope with so far unfavor-
able photoperiods ≥18 h, while present and future polar 
night conditions neither impaired nor promoted L. hy-
perborea. Consequently, the physiological and bio-
chemical results of our long-term experiment suggest 
a possible northward expansion of L. hyperborea as a 
result of climate change in the Arctic.

Heading northward?

Various model studies predicted a strong migration and 
increase in abundance for many seaweeds northward 
in the Arctic, including Laminaria hyperborea (Assis 
et  al.,  2022; Assis, Araújo, & Serrão,  2018; Frigstad 
et  al.,  2020). However, Arctic photoperiods have not 
been integrated in such seaweed distribution models.

Clear beneficial effects of increasing tempera-
tures during long photoperiods on the physiological 
or biochemical status of Laminaria hyperborea were 
observed, and this kelp proved to be well adapted to 
current and future High Arctic winter conditions. The 
Fv/Fm data set can be treated as an integrated indi-
cator of overall fitness and survival. Therefore, we 
used these data in a mechanistic species distribu-
tion model, since inclusion of physiological data can 
improve the predictive power of species distribution 
models (Kearney & Porter, 2009, Laeseke et al., 2020; 
Martínez et  al., 2015). Our model confirmed the as-
sumptions of the experiments: L. hyperborea will be 
able to spread into the High Arctic if SST continues to 
increase. When modeling the potential distribution of 
L. hyperborea under the warming scenario, the SST 
during the year was high enough for the species to 
spread throughout western Svalbard, albeit with ex-
tended photoperiods. However, for the present-day 
scenario (2000–2014), SST in the High Arctic was not 
suitable for the colonization of L. hyperborea on the 
coasts of Svalbard, as physiological performance was 
impaired during polar days.

Nevertheless, there are some limitations in our 
study that need further exploration. We cannot ex-
clude the possibility that there are other factors limiting 
the northward expansion of Laminaria hyperborea. At 
low temperatures (0°C), for example, gametogenesis, 
germination of spores, and growth of primary cells of 
L. hyperborea were observed, but development and 
growth were slow (tom Dieck (Bartsch), 1992, Sjøtun & 
Schoschina, 2002). Sjøtun and Schoschina (2002) as-
sumed that the strongly delayed development of game-
tophytes during cold winters and the high mortality risk 
could be the limiting factor for the spread of L. hyper-
borea in the High Arctic. The development of spores 
and gametophytes, as well a response of young sporo-
phytes, must therefore be tested under the same exper-
imental conditions to assess the viability of the different 
life-history stages under High Arctic conditions.

In addition, environmental conditions might fur-
ther alter habitat suitability for Laminaria hyperborea. 
Sediment inputs lead to changes in underwater light 
climate along the Arctic coastal regions (Gattuso 
et al., 2020; Konik et al., 2021) and kelp canopies them-
selves drastically change the light availability inside 
kelp communities (Laeseke et al., 2019). Both effects 
have considerable impact not only on Arctic kelps, as 
they reduce incident radiation and thus weaken light 
stress, but also on primary production and maximum 
depth distribution (Laeseke et  al.,  2019; Niedzwiedz 
& Bischof, 2023b). Accordingly, it is possible that de-
creased light availability further reduces photoperiodic 
stress for L. hyperborea in the High Arctic, leading to 
a higher habitat suitability. Our model further suffers 
from a lack of data on recovery of L. hyperborea after 
exposure to unfavorable conditions. Thus, it remains 
unknown whether L. hyperborea can recover from long 
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photoperiods throughout the year. Both these effects 
must be investigated and considered in the future.

Ecological implications

Arctic coastal ecosystems form an exceptional environ-
ment with a unique biodiversity that is under high risk 
due to rapid warming (Bringloe et al., 2020). Warming 
and consequential loss of sea ice will result in a gain 
of suitable habitats for intertidal and subtidal species 
in polar areas (Krause-Jensen et al., 2020), which, in 
turn, can lead to an invasion of nonpolar species and 
to a reorganization of species composition of ecologi-
cal communities (Wassmann et al., 2011). New species 
or changes in species' diversity and abundance can 
have multiple consequences on the functioning of ma-
rine ecosystems, such as changes in the carbon cycle 
(Vilas et al., 2020), shifts in biotic interactions (Gilson 
et al., 2021), or changes in the habitat function (Christie 
et al., 2022; Gouraguine et al., 2024; Smale et al., 2015). 
Laminaria hyperborea is a strong competitor that dis-
places other kelp species, as has been observed in 
the Northeast Atlantic (Lüning,  1990). Contrary to 
other structurally similar kelps which are abundant in 
the High Arctic, such as L. digitata, the stipe of L. hy-
perborea is rich in epibiont assemblages, including 
Rhodophyta, Bryozoa, Polychaeta, and many more 
(Christie et al., 2003, 2009; Schultze et al., 1990). The 
epibiotic community in turn acts, for example, as food 
source for associated mobile species, such as fish and 
sea urchins (King et al., 2021; Norderhaug et al., 2005). 
Hence, the spread of L. hyperborea in the High Arctic 
might have cascading effects on the entire ecosystem.
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SUPPORTING INFORMATION
Additional supporting information can be found online 
in the Supporting Information section at the end of this 
article.
Figure S1. For species identification of all 39 samples, 
the amplified fragment patterns of PCR1 and PCR2 were 
compared to those of Mauger et al. (2021). Thirty-seven 
specimens were identified as Laminaria hyperborea 
(Gunnerus) Foslie, while two specimens were identified 
as Laminaria digitata (Hudson) J.V. Lamouroux. Samples 
number 11–20 were part of another experiment and are 
therefore not included here.
Table S1. Minimum, maximum, and mean sea surface 
temperatures (SST) between 0 and 20 m depth 
measured in Kongsfjorden between 1980/1982 and 
2018/2022. Data downloaded from http://​choc.​imev-​mer.​
fr/​shiny/​​dataA​ccess/​​ (for references see reference list).
Table S2. Parameter estimates (β) and corresponding 
p-values for the included variables from the final 
generalized linear model.
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