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Summary 

In coastal ecosystems, large brown macroalgae are important foundation species, growing on 

rocky shores from temperate to polar regions. They form marine forests, also known as kelp 

forests, which are among the most productive coastal marine ecosystems in the world. 

Kelps –  in the strict sense only including species within the order of the Laminariales – are of 

high ecological and economic value. For instance, they function as natural coastal protection, 

provide habitat for many organisms, and contribute to carbon sequestration. However, they 

also have high commercial benefits regarding aquaculture and biochemical compounds. Cli-

mate change poses a great threat to marine forests, as macroalgal community composition 

and distribution are largely governed by temperature. Thus, warming has vast implications 

on marine forests and their global biogeographic patterns. Importantly, also other drivers af-

fect kelps and strong interactive effects are observed. The aim of this study was to gain a 

deeper understanding of the inter- and intraspecific acclimation processes of kelp species to 

abiotic conditions along large spatial and environmental gradients.  

The thermal tolerance of the broadly distributed kelp Saccharina latissima towards marine 

summer heatwaves across latitudes was investigated (publication I). Field sporophytes were 

collected from five locations with different temperature regimes along the North East Atlantic 

coast and exposed to simulated heatwaves, by applying the respective mean summer temper-

ature (Δ±0 °C) and enhanced temperatures of Δ+2 – 6 °C. Pronounced site-specific variability 

of the response patterns implied high phenotypic plasticity in European S. latissima. Moreo-

ver, the impact of realistic summer temperature increases did not differ based on potential 

temperature ecotypes. Exclusively isolates from warmer regions were impaired by simulated 

marine heatwaves, while samples from the central and expanding-edge populations exhibited 

rather neutral responses. Still, the successive increase in temperature in the experiment al-

lowed specimens collected from rear-edge populations to survive considerably higher tem-

peratures as reported in prior studies.  

To reveal seasonal and inter-annual differences in the susceptibility of S. latissima towards 

marine heatwaves in summer, field sporophytes from Helgoland were collected in August 

2018 and 2019 (publication II). The samples were exposed to the same temperature treat-

ments as the individuals from Helgoland in publication I and results were compared to June 

2018. Additionally, local sea surface temperatures between April and September 2018 and 

2019 were analyzed. The upper temperature tolerance of S. latissima differed between sea-

sons and years, and variation in the temperature history throughout the year was found to 
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alter the thermal susceptibility of the species. Consequently, warmer years and intensive ma-

rine heatwaves increase kelp mortality. 

In the Arctic, increasing temperature is often followed by increased meltwater and nutrient 

input. Therefore, the impact of potential interactions of marine heatwaves in summer paired 

with hyposalinity or enhanced nutrient availability was investigated on S. latissima (publica-

tion III). Although co-existing drivers had been reported to affect synergistically or antago-

nistically resilience, this was not the case in Arctic field sporophytes of S. latissima. The ap-

plied realistic fluctuations in abiotic drivers neither compromised nor significantly promoted 

the specimens’ physiological and biochemical status. Yet, enhanced nutrient conditions might 

support growth and vitality of S. latissima populations in Arctic habitats to a certain extent. 

Publication IV focused on the biochemical and morphological variability of S. latissima 

across its entire distribution range in Europe. Sporophytes were collected from 16 different 

locations along the European Atlantic coast and the Baltic Sea, and links between morphology, 

biochemical composition, and genetic diversity were investigated. Dependency of morpho-

logical and biochemical traits on local abiotic conditions was detected, however, no distinct 

attribution to the geographical origin could be determined in the phenotypical profiles and 

genetics of European S. latissima. This indicates that 1) the impact of ambient abiotic condi-

tions is diversified and complex, and 2) the species has not reached equilibrium levels in ge-

netic differentiation yet and, thus, is in an ongoing process of intraspecific separation. 

The combined effect of different temperatures and salinities on physiological and biochemical 

response variables was also investigated in young Laminaria solidungula sporophytes (pub-

lication V). The resilience of this Arctic endemic kelp species was affected – both positively 

and negatively – by the complex interaction of temperature increase and hyposalinity, imped-

ing future prognoses of its responses towards climate change.  

In conclusion, this thesis presents important information on the functional variability of two 

kelp species with different distributional ranges in Europe. Both studied species exhibit dif-

ferent sensitivity towards drivers related to environmental change. Furthermore, intraspe-

cific variation must not be underestimated. The observed changes in the kelp populations of 

Europe, thus, cannot exclusively be ascribed to temperature variation but to an interplay of 

various abiotic and biotic factors. These findings contribute further knowledge to support fu-

ture approaches to the conservation of marine forests. 
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Zusammenfassung 

Entlang der Felsküsten gemäßigter und polarer Breiten wachsen große Braunalgen in soge-

nannten Kelpwäldern und formen hier eines der wichtigsten marinen Küstenökosysteme der 

Welt. Kelp – im engeren Sinne nur Arten der Ordnung Laminariales – sind von großer ökolo-

gischer sowie ökonomischer Bedeutung, da sie beispielsweise als natürlicher Küstenschutz 

fungieren, Habitate für viele Organismen schaffen und zur globalen Kohlenstoffbindung bei-

tragen. Des Weiteren haben sie einen großen kommerziellen Wert für die Aquakultur und 

durch die Nutzung ihrer biochemischen Inhaltsstoffe. Die geographische Verteilung und 

Diversität von Makroalgenlebensgemeinschaften wird vor allem durch Temperatur gesteu-

ert. Somit sind Kelpwälder durch Klimawandel und insbesondere durch den damit einherge-

henden Temperaturanstieg stark betroffen. Zusätzlich wirken auch weitere Faktoren auf Kelp 

ein, wobei vielfältige Interaktionen verschiedener Faktoren beobachtet wurden. Die vorge-

legte Studie zielte darauf ab, inter- und intraspezifische Anpassungsmechanismen von Kel-

parten an verschiedene Umweltverhältnisse entlang großer räumlicher und ökologischer 

Gradienten besser zu verstehen.  

Die weitverbreitete Kelpart Saccharina latissima wurde auf ihre Temperaturtoleranz gegen-

über marinen Hitzewellen entlang des latitudinalen Gradienten untersucht (Publikation I). 

An fünf Probenahmestandorten entlang der Küste des Nord-Ost-Atlantiks wurden Sporophy-

ten gesammelt und diese anschließend simulierten Hitzewellen ausgesetzt, bei denen die je-

weilige Durchschnittstemperatur im Sommer (Δ±0 °C) um Δ+2 bis Δ+6 °C erhöht wurde. Aus-

geprägte ortspezifische Unterschiede innerhalb der gemessenen Parameter deuten auf eine 

hohe phänotypische Plastizität in S. latissima hin. Außerdem wurde nachgewiesen, dass der 

Einfluss realistischer Temperaturerhöhungen im Sommer sich aufgrund potentieller Tempe-

raturökotypen nicht unterscheidet. Ausschließlich Individuen aus wärmeren Gebieten wie-

sen Beeinträchtigungen durch die simulierten Hitzewellen auf, wohingegen Proben aus zent-

ralen und nördlichen Populationen neutral reagierten. Der schrittweise Temperaturanstieg 

während des Versuchs ermöglichte es den Exemplaren aus südlichen Randpopulationen je-

doch, erheblich höhere Temperaturen zu überdauern als in vorherigen Studien beschrieben 

wurde.  

Zur Aufklärung saisonaler und zwischenjährlicher Unterschiede in der Anfälligkeit von S. la-

tissima gegenüber marinen Hitzewellen im Sommer wurden Sporophyten im August 2018 

und 2019 rund um Helgoland gesammelt (Publikation II). Diese Proben wurden der gleichen 
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Temperaturbehandlung wie die Individuen aus Helgoland in Publikation I ausgesetzt und 

mit den Proben vom Juni 2018 verglichen. Zusätzlich wurden die lokalen Oberflächenwasser-

temperaturen zwischen April und September in den Jahren 2018 und 2019 ausgewertet. Die 

obere Temperaturtoleranz von S. latissima unterschied sich sowohl zwischen den Jahreszei-

ten als auch zwischen den Jahren. Diese Unterschiede basierten auf Schwankungen der Tem-

peraturen im Jahresverlauf, welche die allgemeine Temperaturempfindlichkeit der Art ver-

änderten. Folglich ist die Kelpsterblichkeit in wärmeren Jahren und nach intensiven Hitze-

wellen erhöht. 

In der Arktis sind marine Hitzewellen im Sommer nicht nur mit Temperaturanstieg, sondern 

auch mit erhöhtem Schmelzwasser- und Nährstoffeintrag verbunden. Um mögliche Interakti-

onen zwischen den Parametern zu ermitteln, wurden arktische S. latissima mit verringerter 

Salinität oder erhöhter Nährstoffverfügbarkeit in Kombination mit Temperaturanstieg inku-

biert (Publikation III). Obwohl verschiedentlich berichtet wurde, dass gleichzeitig auftre-

tende Faktoren möglicherweise die Widerstandsfähigkeit synergistisch oder antagonistisch 

beeinflussen, konnte dies hier bei adulten arktischen S. latissima nicht nachgewiesen werden. 

Die Sporophyten waren nach realistischen Veränderungen der abiotischen Umwelteinflüsse 

weder physiologisch noch biochemisch beeinträchtigt. Erhöhte Nährstoffkonzentrationen 

könnten allerdings das Wachstum und die Vitalität arktischer Populationen von S. latissima 

geringfügig verbessern.  

Die morphologische und biochemische Vielfalt von S. latissima über ihr gesamtes Verbrei-

tungsgebiet in Europa wurde in Publikation IV untersucht. Sporophyten wurden an 16 ver-

schiedenen Probenahmestellen entlang der europäischen Atlantikküste und der Ostsee ge-

sammelt und Zusammenhänge zwischen Morphologie, biochemischer Zusammensetzung und 

genetischer Variabilität untersucht. Morphologische sowie biochemische Merkmale von S. la-

tissima wurden nachweislich von lokalen abiotischen Faktoren beeinflusst, jedoch konnten 

weder die phänotypischen Profile noch die genetische Differenzierung präzise der geographi-

schen Herkunft in Europa zugeordnet werden. Daraus resultiert, dass 1) der Einfluss der ört-

lichen Umwelteinflüsse vielfältig und komplex ist und 2) die Art noch kein fixiertes Äquilib-

rium in der genetischen Differenzierung erreicht hat und sich folglich in einem noch fortlau-

fenden innerartlichen Separierungsprozess befindet.  

Der Einfluss der Wechselwirkung verschiedener Temperaturen und Salzgehalte auf physio-

logische und biochemische Parameter wurde auch an jungen Sporophyten von Laminaria so-
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lidungula untersucht (Publikation V). Die Widerstandsfähigkeit dieser in der Arktis endemi-

schen Kelpart wurde durch die komplexen Einwirkungen von Temperaturanstieg und Hypo-

salinität sowohl positiv als auch negativ beeinflusst. Dies erschwert zukünftige Prognosen ih-

rer Reaktionen auf den Klimawandel.  

Die vorgelegte Dissertation fasst wichtige Erkenntnisse zur funktionellen Variabilität von 

zwei Kelparten unterschiedlicher Verbreitung in Europa zusammen. Die beiden untersuchten 

Arten weisen unterschiedliche Empfindlichkeit gegenüber schwankenden Umwelteinflüssen 

auf, und auch intraspezifische Unterschiedene dürfen nicht unterschätzt werden. Die schon 

zu beobachteten Veränderungen in Kelppopulationen in Europa können also nicht aus-

schließlich auf Temperaturschwankungen zurückgeführt werden, sondern beruhen auf Inter-

aktionen verschiedener abiotischer und biotischer Faktoren. Diese Erkenntnisse sind wichti-

ger Bestandteil für zukünftige Ansätze im Umweltschutz zur Erhaltung von Kelpwäldern.  
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Abbreviations 

A   Antheraxanthin 

Acc   Accessory pigment pool 

ANOVA  Analysis of variance 

bp   Base pair 

C    Carbon 

Car   Carotene 

C:N ratio  Carbon to nitrogen ratio 

Chl    Chlorophyll 

CO2   Carbon dioxide 

COI   Cytochrome-c-oxidase I 

DNA   Deoxyribonucleic acid 

DPS   De-epoxidation of the xanthophyll cycle 

DW   Dry weight 

Fv/Fm    Optimum / Maximum quantum yield of photosystem II 

Fuc   Fucoxanthin 

GLM   Generalized linear models 

HPLC    High performance liquid chromatography 

LD   Light:dark 

MHW   Marine heatwave 

N   Nitrogen 

NO3
-   Nitrate 

PAM    Pulse amplitude modulated fluorometer 

PAR   Photosynthetically active radiation 

PCA   Principal component analysis 

PCR   Polymerase chain reactions 

PES   Provasoli enriched seawater 

PO4
3-   Phosphate 

ROS   Reactive oxygen species 

SA   Absolute salinity 

SD   Standard deviation 

SST    Sea surface temperature 

SW   Seawater 
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SW+N+P  Seawater + nitrate + phosphate 

UV radiation  Ultraviolet radiation 

V   Violaxanthin 

VAZ   Xanthophyll pigment pool        

Z   Zeaxanthin Δ   Delta 
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1.1. Marine forests 

Marine forests, also known as kelp forests, are among the most productive coastal marine 

ecosystems, characterized by canopy-forming large brown seaweed species (Phaeophyceae) 

of the orders Laminariales, Fucales and Tilopteridales (Teagle et al. 2017, Wernberg & 

Filbee-Dexter 2019). They are found on rocky shores from temperate to polar regions and are 

distributed along about 25 % of the world’s coastlines (Krumhansl et al. 2016, Smale 2020). 

Even though the term ‘kelp’ is commonly used for almost any large, brown macroalga, in the 

strict taxonomical sense, it refers exclusively to species within the order of Laminariales 

(Dayton 1985, Fraser 2012). Kelp species are among the largest seaweeds in the world and 

their three-dimensional structures alter physical, chemical and biological conditions in the 

environment (Krause-Jensen & Duarte 2014, Teagle et al. 2017, Pfister et al. 2019, Wernberg 

et al. 2019). As ecosystem engineers, kelps provide food, shelter and nursery grounds for a 

huge variety of associated organisms (Christie et al. 2009, Krause-Jensen & Duarte 2014, 

Bennett et al. 2016) (see Fig. 1.1) but also act as a natural coastal defense by modifying water 

velocity or causing wave damping (Løvås & Tørum 2001).  

 

Kelps greatly contribute to the global carbon cycle. They are among the most productive pri-

mary producers in the world (Mann 1973, Wernberg et al. 2019) and also act as an important 

carbon sink (Krause-Jensen & Duarte 2016). Not only does the appearance of kelp forests re-

semble their terrestrial counterparts, but also their primary productivity rivals temperate 

and tropical forests (Lüning 1990, Filbee-Dexter 2020). The capacity of seaweeds as carbon 

sink eventually supports mitigation of climate change since about 10 % of their global net 

Fig. 1.1:Marine forests in Europe. The three-dimensional structure of kelps, such as Laminaria hyperborea, provides a 

habitat for many associated organisms. Left: ©Uli Kunz, Submaris. Right: ©Calum Duncan, Marine Conservation Society. 
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primary production is estimated to be sequestered (Krause-Jensen & Duarte 2016). Just re-

cently, kelp biomass was reported to be extensively exported to the deep sea 

(3,000 – 4,000 m) mainly as particulate organic matter and thereby is blocked from exchang-

ing with the atmosphere and, resulting in carbon burial over large timescales (Ortega et al. 

2019). Consequently, there are auspicious approaches to bind anthropogenic CO2 via 

macroalgae, so-called ‘blue carbon’ strategies (Nellemann et al. 2009, Chung et al. 2011, 

Duarte et al. 2017, Froehlich et al. 2019).  

However, ‘blue carbon’ is just one part representing the high value of ecosystem services pro-

vided by kelp forest ecosystems. Besides their important ecological function, kelps are of high 

socio-economic relevance. Humans already benefitted from kelps several thousand years ago 

(Erlandson et al. 2007, Dillehay et al. 2008). Historically, they were used as food and medicine, 

and today their utilization is manifold (Dillehay et al. 2008, Kim et al. 2017). Pigments, lipids, 

phenolics and polysaccharides, and other biochemical compounds serve commercially as e.g. 

fertilizers, animal feed, biofuels, cosmetics or pharmaceuticals (Vásquez 2008, Stengel et al. 

2011, Hafting et al. 2015, Camus et al. 2016). Kelp aquacultures and wild harvesting globally 

exceeded more than 8 million tons with a value of about US$ 1.4 billion in 2014, and kelp pro-

duction in western countries has become one of the fastest-growing industries (Kim et al. 

2017). In Europe, the majority (99 %) of the harvested seaweed biomass is from wild stocks 

(Mac Monagail et al. 2017). Kelp harvesting in Norway accounts for > 50 % of European 

macroalgal biomass (Stévant et al. 2017). However, not only the products of kelps are of great 

value. Kelp forest ecosystems also contribute to the economy by providing jobs in commercial 

fishing, retail and reef-related tourism (Bennett et al. 2016). The ‘Great Southern Reef’ along 

the southern coast of Australia alone generates AU$ 10 billion per year only by fishing and 

tourism (Bennett et al. 2016). Overall, the total value of kelp forests has been currently esti-

mated at US$ 0.5 – 1 million per year and per kilometer of coastline (Filbee-Dexter & 

Wernberg 2018). Consequently, changes in the global abundance of kelp forests have far-

reaching impacts on ecosystem services and economic value. 
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1.2. Climate change – The impact of ocean warming and other drivers 

Global climate change has profound implications on all ecosystems on the planet (Parmesan 

2006) since environmental changes compromise the survival of species and the associated 

ecosystem functions (Harley et al. 2012). In this context, particularly increasing temperatures 

were reported to be a great threat to coastal marine ecosystems (Harley et al. 2006, Pörtner 

& Farrell 2008, IPCC 2019, Smale 2020). Global sea surface temperature (SST) has increased 

by > 0.6 °C since the mid-19th century and current models predict it will further increase by 

at least 1.6 – 4 °C until the end of the 21st century (IPCC 2019). The North East Atlantic is one 

of the hotspots of global warming, where SST has risen between 0.3 – 0.8 °C per decade since 

1980 (Lima & Wethey 2012). In addition to long-term ocean warming, marine heatwave 

(MHW) events are projected to increase in intensity and frequency (Frölicher et al. 2018). 

MHWs describe short-term increases of SST by 3 – 5 °C above the long-term mean (Meehl & 

Tebaldi 2004, Hobday et al. 2016). Between 1925 and 2016, the annual duration of MHWs has 

already increased by 54 % worldwide (Oliver et al. 2018). 

Temperature is a major factor controlling global biogeographic patterns of marine benthic 

algal communities. Thus, changes in temperature are driving redistribution of species on 

global scales (Lüning 1990, Adey & Steneck 2001, Wernberg et al. 2015, Harris et al. 2018, 

Smale 2020). In the last five decades, marine forests have undergone big changes in abun-

dance and distribution. Krumhansl et al. (2016) reported a decline in kelp populations in 38 % 

of the examined regions but also an increase or stabilization of communities in 68 %. The 

impact of ocean warming and MHWs on kelps and other foundation seaweeds are well studied 

(e.g. Bennett et al. 2015, Burdett et al. 2019, Nepper-Davidsen et al. 2019, Saha et al. 2020, 

Supratya et al. 2020), and declines of marine forests have been reported from all over the 

world (e.g. Bekkby & Moy 2011, Voerman et al. 2013, Filbee-Dexter et al. 2019, 2020, 

Thomsen et al. 2019, Wernberg et al. 2019). Until 2100, further shifts and extinctions of dif-

ferent seaweed populations were projected in model studies (Müller et al. 2009, Assis et al. 

2018). The loss of marine forests is often followed by an ecosystem shift to ephemeral, fila-

mentous turf algae communities (Eriksson et al. 2002, Moy & Christie 2012, Filbee-Dexter & 

Wernberg 2018, Christie et al. 2019a). 

However, not only temperature influences the distribution of marine forests. The variation in 

many other abiotic drivers, both at a global and local scale, greatly affects kelp species on 

physiological and biochemical level. Ocean acidification caused by increased CO2 levels in the 

atmosphere (Olischläger et al. 2012, Roleda et al. 2012, Fernández et al. 2015, Britton et al. 
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2016) and changes in UV radiation due to ozone depletion or seasons (Hanelt et al. 2001, 

Bischof et al. 2002) have an impact on large scales, whereas variations in irradiance through-

out the water column (Bischof et al. 1998, Wiencke et al. 2006, Laeseke et al. 2019), eutroph-

ication after increased nutrient input (Gerard 1997, Pfister & Van Alstyne 2003, Gordillo et al. 

2006, Fernández et al. 2020) or fluctuations in salinity (Peteiro & Sánchez 2012, Springer et 

al. 2017, Li et al. 2020, Monteiro et al. 2021) occur locally and affect kelp populations on 

smaller scales.  

Further threats impairing marine forests are, for instance, overgrazing by sea urchins (Hart 

& Scheibling 1988, Filbee-Dexter & Scheibling 2014), storm-generated destructions and sed-

iment deposition (Seymour et al. 1989, Gaylord et al. 2008, Roleda & Dethleff 2011), turbidity 

resulting from increased sedimentation and particle load (Bischof et al. 2019) or commercial 

harvesting (Christie et al. 1998, 2009).  

Strong interactive effects between different drivers were observed, revealing both synergistic 

and antagonistic impacts on kelps (e.g. Roleda et al. 2008, Roleda 2009, Rothäusler et al. 2011, 

Heinrich et al. 2015, Martins et al. 2017, Olischläger et al. 2017, King et al. 2018b, Li et al. 

2020). Additionally, the impact of climate change is not uniform around the globe and intra-

specific local adaptation across latitudes can result in site-specific responses to abiotic stress-

ors (King et al. 2018a, IPCC 2019). Thus, it is of great importance to consider the diversity and 

complexity of the different drivers to enable reliable prognoses on future developments of 

marine forests and subsequent conservation strategies.  

 

1.2.1. Kongsfjorden – A natural laboratory in the Arctic 

The strongest regional warming over the last 30 years was detected in the polar regions, 

where the temperature in the atmosphere increased more than twice as fast as the global av-

erage (Maturilli et al. 2013, Meredith et al. 2019), with far-reaching consequences for Arctic 

marine ecosystems.  

Elevated air and ocean temperatures result in the melting of glaciers and sea ice, and in an 

increased terrestrial freshwater run-off from snowfields (Sundfjord et al. 2017, Filbee-Dexter 

et al. 2019). The total freshwater inflow into the Arctic Ocean increased by ~ 7 % from 1936 

to 1999 (Bluhm & Gradinger 2008) and by 40 % from 2003 to 2007 in the Beaufort Gyre 

(Meredith et al. 2019). Further warming and an increased frequency of heatwave events were 

predicted for the long term, likely resulting in accelerated reduction of ice coverage in the 
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Arctic (Müller et al. 2009, Walczowski et al. 2012, Oliver et al. 2018). The consequences of 

glacial and terrestrial discharge are increased sediment load in coastal environments, varia-

tions in nutrient availability, and the transient generation of hyposaline conditions in fjord 

systems. The latter has been explained by limited seawater exchange and stratification 

(Svendsen et al. 2002, Spurkland & Iken 2011a, Krause-Jensen et al. 2012, Bischof et al. 2019).  

Kongsfjorden, on the west coast of Svalbard, is particularly affected by warm off-shore Atlan-

tic waters and is considered to be a ‘hot spot’ of climate change in polar regions (Sundfjord et 

al. 2017). This notion, together with its scientific infrastructure and year-round accessibility, 

makes Kongsfjorden an ideal model system for studying climate change impacts on Arctic 

fjord systems (Bischof et al. 2019). Current mean winter air temperatures have increased by 

at least 8 °C compared to 20 years ago (Maturilli et al. 2013). In the period from 1996 to 2000, 

mean summer SST of 4 °C were measured (Svendsen et al. 2002), between 2006 to 2011 the 

SST exceeded 6 °C (Dalpadado et al. 2016), and SST maxima of almost 8 °C were measured in 

summer 2019 (Alfred Wegener Institute 2019). In Kongsfjorden, the surface salinity fre-

quently drops from SA 34 to 28 during summer (Svendsen et al. 2002). However, temporary 

freshwater inflow can result in hyposaline conditions of SA < 23 down to 20 m water depth, 

after vertical mixing by wave and wind action (Hanelt et al. 2001, Karsten et al. 2003, Karsten 

2007). The increasing air and water temperatures have frequently precluded winter sea-ice 

formation in the fjord (Cottier et al. 2005, 2007). In contrast to Antarctic regions, strong sea-

sonality in nutrient availability was monitored in Arctic waters (Aguilera et al. 2002, Bischof 

et al. 2019). Nutrient concentrations in Kongsfjorden are relatively high in winter and early 

spring (NO3
-: 7 – 10 μM, PO4

3-: 0.5 − 0.7 μM). This is followed by nutrient depletion between 

spring and fall (NO3
-: < 0.05 μM, PO4

3-: ~ 0.1 μM) as a result of phytoplankton blooms, which 

occur as soon as enough light is available and waters are ice-free (Rokkan Iversen & Seuthe 

2011, Bischof et al. 2019). At Kongsfjorden, the polar night lasts from the end of October to 

mid-February (Bischof et al. 2019). The decline of sea ice enables light to transmit earlier, 

deeper, and with higher irradiance into the water column, resulting in an earlier start of the 

spring season which affects all phototrophic organisms, i.e. also seaweeds (Krause-Jensen et 

al. 2012, Bischof et al. 2019). Increases in biomass of kelps and decrease in their depth exten-

sion have already been reported for Kongsfjorden (Bartsch et al. 2016), and further changes 

in benthic community structure are expected with progressing changes in the environment 

(Müller et al. 2009, Krause-Jensen & Duarte 2014). 
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1.3. Kelp along the European coast 

The order Laminariales, including 105 species in 30 genera, is distributed along the coasts of 

the entire Northern Hemisphere (Bolton 2010). It originated in the northern Pacific about 

25 million years ago, before its species crossed the Bering Strait ~ 5.3 million years ago 

(Bolton 2010, Rothman et al. 2017). Kelp species are widespread throughout temperate and 

polar regions of the North Atlantic coast, where they grow at subtidal shallow rocky coasts 

down to 30 m (Araújo et al. 2016). The European coastline is dominated by the genera Alaria, 

Laminaria and Saccharina (Bolton 2010, Araújo et al. 2016).  

Kelps are characterized by a haplo-diplotic heteromorphic life cycle (Hurd et al. 2014) with 

microscopic, haploid (n) gametophytes and macroscopic, diploid (2n) sporophytes (Fig. 1.2). 

The present study, however, only focuses on kelp sporophytes. Sporophyte thalli are complex 

and divided into holdfast (rhizoid), stipe (cauloid) and blade (phylloid, lamina) (van den Hoek 

et al. 1995).  

 

 

(Visch et al. 2019)  

Fig. 1.2: Schematic illustration of the life cycle of kelps (Visch et al. 2019). Note: Not at scale; gametophytes are in the 

range of a few millimeters, while sporophytes can grow up to a size of several meters. 
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1.3.1. Saccharina latissima 

The sugar kelp Saccharina latissima (Linnaeus) C.E. Lane, C. Mayes, Druehl & G.W. Saunders 

(Lane et al. 2006), formerly known as Laminaria saccharina, is a boreal-temperate species 

with a wide latitudinal range in the Northern Hemisphere, reaching from polar to temperate 

regions (Bolton & Lüning 1982, Araújo et al. 2016). Even though the Iberian Coast at ~ 40°N 

is the southernmost distribution of S. latissima in Europe, it does not necessarily represent 

the warmest region of occurrence due to frequent upwelling of cold deep water (Lourenço et 

al. 2016). The highest sea surface temperatures are regularly measured in southern Brittany 

and around Helgoland (Giovanni Satellite: Acker & Leptoukh 2007). Stable populations of 

S. latissima are monitored in the Baltic Sea (Araújo et al. 2016), where absolute salinity (SA) 

strongly declines to around SA 10 in the southwest (Kautsky & Kautsky 2000). Pronounced 

separation in distinct populations with a high degree of inter-population differentiation but 

no significant variation in genetic diversity with latitude was determined for S. latissima from 

Europe (Guzinski et al. 2016, 2020, Nielsen et al. 2016, Luttikhuizen et al. 2018). 

 

Saccharina latissima grows on rocky shores in the upper subtidal to depths of 15 – 30 m 

(Wiencke et al. 2004, Pehlke & Bartsch 2008, Bekkby & Moy 2011, Bischof et al. 2019) and 

prefers sheltered conditions (Lüning 1990). The dominant sporophyte (Fig. 1.3) typically 

forms narrow fronds and solid cauloids under medium wave exposure, possessing basal mer-

istematic growth (Lüning 1990, van den Hoek et al. 1995). The phylloid is elongated, undi-

vided, without a midrib but with a wrinkled surface (bullations) and wavy margins (White & 

Marshall 2007). The adult sporophyte can reach lengths of up to 4 m and attaches to hard 

substrate with a branching claw-like holdfast (White & Marshall 2007).  

Fig. 1.3: Left: Sporophyte of Saccharina latissima. Illustration by William H. Harvey (1846). Right: Adult sporophytes 

collected nearby Locmariaquer (Brittany, France). The white scale represents 2 m. Photo by Nora Diehl. 
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Overall, the species tolerates strong variations in environmental conditions. It survives tem-

peratures from 0 – 23 °C for shorter periods, but mortality rate highly increases > 20 °C 

(Fortes & Lüning 1980, Bolton & Lüning 1982, Lüning 1984, 1990). Gametophytes of Lami-

nariales were reported to generally exhibit a higher upper thermal tolerance of 3 – 4 °C above 

their sporophytes (tom Dieck 1993). The optimum growth temperature of sporophytes is be-

tween 10 and 15 °C (Bolton & Lüning 1982). With regard to salinity, the highest growth activ-

ity of S. latissima has been recorded between SA 23 and 31, with a strong reduction in growth 

below SA 16 and a strongly increasing mortality at SA < 8 (Gerard et al. 1987, Karsten 2007). 

Another recent work, studying S. latissima in the context of cultivation methods, however, has 

reported optimum growth at salinities up to SA 35 and at temperatures down to 5 °C (Kerrison 

et al. 2015). Saccharina latissima tolerates oligotrophic conditions, but their optimum nitrate 

concentration is around 10 µM (Chapman et al. 1978, Bartsch et al. 2008, Kerrison et al. 2015). 

Massive alterations – both expansions and declines – regarding abundance and depth distri-

bution of S. latissima populations have been reported from all over Europe (Sweden: Eriksson 

et al. 2002, Helgoland: Pehlke & Bartsch 2008, Norway: Bekkby & Moy 2011, Moy & Christie 

2012, Iberian Coast: Casado-Amezúa et al. 2019). In Kongsfjorden (Spitsbergen, Norway), 

S. latissima also experienced a slight increase in biomass and a slight reduction in depth ex-

tension between 1996/1998 and 2012/2013 (Bartsch et al. 2016). Species distribution mod-

els project an ongoing northward shift in the entire distributional range of S. latissima until 

2100 with consequential disappearance at the southern distribution boundary and further 

expansion into the Arctic (Müller et al. 2009, Assis et al. 2018, Westmeijer et al. 2019).  

 

1.3.2. Laminaria solidungula 

Laminaria solidungula J. Agardh is the only truly endemic Arctic kelp species, growing in the 

Canadian, Alaskan and Russian High Arctic and along the coasts of Greenland and Svalbard at 

latitudes > 75°N (Lüning 1990, Belseth 2012, Wilce & Dunton 2014, Filbee-Dexter et al. 2019). 

It is found on hard substrate in the lower sublittoral zone at depths of 2 – 20 m (Wiencke et 

al. 2004). The sporophytes (Fig. 1.4) have a single blade with annual bands, which are de-

scribed as heart- or circular-shaped and which represent the gain in the phylloid area during 

one growth season (Lüning 1990, Belseth 2012). Individuals can grow up to 2.5 m in length 

but are normally about 1 m long. 
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Gametophytes of L. solidungula survive temperatures between −1.5 and 20 °C for shorter pe-

riods, while sporophytes have a lethal temperature limit of 16 °C and optimum growth be-

tween 5 and 10 °C (tom Dieck [Bartsch] 1992, tom Dieck 1993). The species is extremely well 

adapted to low solar irradiation and can withstand long periods of total darkness (Dunton et 

al. 1982, tom Dieck 1993, Henley & Dunton 1997, Roleda 2016) by respiring its storage car-

bohydrates (Dunton & Schell 1986, Henley & Dunton 1995, Scheschonk et al. 2019). As a so-called ‘season anticipator’ L. solidungula predominantly grows in winter and early spring, while ‘season responders’, such as S. latissima, exhibit the highest growth activity when irra-

diance and temperature are optimal (Chapman & Lindley 1980, Dunton 1985, Kain [Jones] 

1989, Wiencke et al. 2009). During the short light period in the Arctic, L. solidungula fixes car-

bon which is necessary for metabolism, growth and reproduction (Chapman & Lindley 1980, 

Dunton et al. 1982). It is also characterized as a ‘storage specialist’ for nitrate uptake (Korb & 

Gerard 2000). Thereby, L. solidungula can prevent nutrient competition with other photo-

trophic organisms (Bartsch et al. 2008). Comparable to S. latissima, the species can be consid-

ered stenohaline (Karsten 2007). Populations of L. solidungula are projected to extend further 

northward until the end of this century and to retreat at their southern distributional range, 

i.e. disappearing from southern Spitsbergen (Müller et al. 2009, Assis et al. 2018). 

 

(Wilce & Dunton 2014, Filbee-Dexter et al. 2019)  

Fig. 1.4: Left: Sporophytes of Laminaria solidungula with the typical heart-shaped blades (Filbee-Dexter et al. 2019). 

Right: L. solidungula population, with associated biota (Wilce & Dunton 2014). 
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1.4. Adaptation and acclimation of kelp 

1.4.1. Definitions 

Generally, species respond to changes in the environment through migration, acclimation or 

adaptation, although these adjustments are not mutually exclusive. 

(Churchill 1974, Leroi et al. 1994, Conner & Hartl 2004, Hampe & Petit 2005, Holderegger et 

al. 2006, Morgan-Kiss et al. 2006, Orr 2009, Nicotra et al. 2010, King et al. 2018a)  

Acclimation = fast and reversible (short-term) physiological adjustments of an individual 

in response to transitory changes in environmental conditions; expression of phenotypic 

plasticity (Leroi et al. 1994, Morgan-Kiss et al. 2006). 

Adaptation = process of genetic changes (long-term) that occurs over many generations in response to an organism’s specific environmental niche (Morgan-Kiss et al. 2006). 

Adaptive plasticity = phenotypic plasticity that increases the global fitness of a genotype 

(Nicotra et al. 2010). 

Ecotype = locally adapted populations that are phenotypically and genetically differenti-

ated for adaptive traits; emerged by long-term exposure to different selective environ-

mental pressures (Conner & Hartl 2004, Nicotra et al. 2010). 

Fitness = the ability of an organism – or population – to survive and reproduce in its        

prevailing environment (Holderegger et al. 2006, Orr 2009). 

Genotype = the entire genomic sequence (genetic composition) of an organism (Church-

ill 1974, Nicotra et al. 2010). 

Phenotype = outward appearance, including chemical, structural and behavioral traits of 

a genotype resulting from both genetic and environmental influences (Churchill 1974, 

Holde-regger et al. 2006, Nicotra et al. 2010). 

Phenotypic plasticity = the ability of a single genotype to modify its phenotype in               

response to changing conditions; the range of phenotypes a genotype can express as a 

function of its environment; within-population plasticity (Nicotra et al. 2010, King et al. 

2018a). 

 

Rear edge = trailing edge = populations at the low-latitude limit of species distribution 

(Hampe & Petit 2005). 

Expanding edge = leading edge = populations at the high-latitude limit of species distri-

bution (Hampe & Petit 2005). 
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1.4.2. Response mechanisms to environmental conditions 

As sessile organisms, kelps cannot escape local stressors and constantly need to cope with 

varying environmental circumstances. They adjust their growth activity to seasons, fertility 

stage and latitudinal distribution (e.g. Fortes & Lüning 1980, Lüning 1988, Sjøtun 1993) and 

acclimate their photosynthetic efficiency to maximize performance (Hurd et al. 2014). How-

ever, the supply of nitrogen is considered to be the limiting factor for macroalgal productivity, 

particularly in summer (Roleda & Hurd 2019). In Laminariales, significant reduction in 

growth, photosynthetic performance and pigment content are observed under nutrient de-

pletion (Bartsch et al. 2008). In contrast, enhanced nutrient concentrations have supportive 

effects on kelps (Gerard 1997, Henley & Dunton 1997, Bischof et al. 1998, Bartsch et al. 2008, 

Gao et al. 2016, Fernández et al. 2020). The nutrient status in macroalgae can be surveyed by 

determining the carbon (C) to nitrogen (N) ratio (Atkinson & Smith 1983). Low C:N ratios 

(< 20) in the algal tissue represent sufficient N supply (Atkinson & Smith 1983, Wiencke & 

Bischof 2012). However, the C:N ratio can also deviate from available seawater nutrient con-

centration. Correlation with seasons as well as morphology has been reported for kelps 

(Henley & Dunton 1995, Gevaert et al. 2001, Peters et al. 2005). Other factors affecting nitro-

gen uptake are enzymatic activity, which varies with different environmental conditions, such 

as temperature and salinity (Gordillo et al. 2002, Mandal et al. 2015, Roleda & Hurd 2019). 

The total C content constitutes the amount of all carbohydrates, i.e. alginate, cellulose and 

other polysaccharides (Peters et al. 2005, Amsler 2008), and C assimilation and storage are 

interlinked with growth activity (Wiencke & Bischof 2012).  

Kelps and other seaweeds have also developed a wide range of biochemical mechanisms to 

adjust to environmental changes, i.e. in response to light as the main trigger, kelps adjust their 

pigment content and composition (Wiencke & Bischof 2012, Hurd et al. 2014). Apart from 

providing energy to photosynthesis, irradiance, including UV radiation, can also be an inten-

sive stressor and varies with water depth, latitude and season and impairing effects of excess 

irradiance on kelps were reported in many studies (e.g. Franklin & Forster 1997, Müller et al. 

2012, Laeseke et al. 2019). For example, high light stress induces the formation of reactive 

oxygen species (ROS), which then causes intracellular strain (Dring 2006). As a protection 

measure, excessive energy is dissipated by (chemically) reducing violaxanthin to antheraxan-

thin and further to zeaxanthin (de-epoxidation state of the xanthophyll cycle; DPS) (Goss & 

Jakob 2010). Present ROS are scavenged by phlorotannins, which act as antioxidants and 
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therefore are important photoprotective compounds (Amsler 2008, Gómez et al. 2016). More-

over, phlorotannins are multifunctional polyphenols and are also involved in antifouling bio-

activity, feeding deterrence and wound healing, among others (Amsler 2008, Stengel et al. 

2011).  

Salinity variation and desiccation lead to osmotic stress in seaweeds with consequences, e.g. 

on growth (Gerard et al. 1987, Lüning 1990), photosynthetic performance (Karsten 2007, 

Gylle et al. 2009) or nutrient uptake (Jiménez & Niell 1991, Gordillo et al. 2002). Additionally, 

changes in phenolic concentrations, phycobiliproteins (pigments) and general protein level 

were reported (Stengel et al. 2011). Short-term adjustment to salinity change can be achieved 

via ion transfer (Kirst 1989), but with increasing and prolonged osmotic pressure, seaweeds 

synthesize and accumulate organic osmolytes. These act as ‘compatible solutes’ (Brown & 

Simpson 1972) to conserve intracellular homeostasis and maintain cellular function (Kirst 

1989). Phaeophyta synthesize the polyol mannitol, which is interconverted with the long-

term C storage product laminarin (Yamaguchi et al. 1966, Kirst 1989, Iwamoto & Shiraiwa 

2005, Karsten 2012, Graiff et al. 2016). Besides its function as an osmolyte, mannitol was also 

confirmed as an anti-freezing compound (Monteiro et al. 2021) and antioxidant (Shen et al. 

1997, Jennings et al. 1998).  

Temperature is considered to be the most important factor determining biogeographic distri-

bution (Adey & Steneck 2001), ultimately by controlling the physiology and biochemical sta-

tus of seaweeds. Thus, several diversified stress responses are applied by kelps to changes in 

temperature. Overall effects on metabolism and enzymatic activity, growth and photosynthe-

sis are long known (Davison 1987, Davison & Davison 1987, Lüning 1990, Davison et al. 1991, 

Daniel et al. 1996). More recent studies have shown that temperature stress also triggers the 

formation of ROS (Zhou et al. 2010), and can result in structural weakening of kelp tissue 

(Simonson et al. 2015b), changes in pigment composition (Andersen et al. 2013, Fernandes et 

al. 2016) or C:N ratio (Peters et al. 2005).  

Many studies have focused on the response patterns of kelps to one abiotic driver (e.g. 

Davison & Davison 1987, Pfister & Van Alstyne 2003, Karsten 2007, Simonson et al. 2015a, b, 

Nepper-Davidsen et al. 2019), while considerably fewer studies investigated the interactive 

effects of different abiotic or biotic drivers (Henley & Dunton 1997, Fredersdorf et al. 2009, 

Heinrich et al. 2015, Zacher et al. 2016, Endo et al. 2017, Martins et al. 2017, Provost et al. 

2017, Christie et al. 2019b, Li et al. 2020, Monteiro et al. 2021). Even though multiple-factor 

approaches are of high ecological relevance, the impact of interacting factors on kelps still 
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remains understudied (Mineur et al. 2015). Interaction of different stressors can have both 

synergistic or antagonistic effects for organisms, or can even result in cross-acclimation to 

abiotic conditions (Leshem & Kuiper 1996, Lotze & Worm 2002, Moy & Christie 2012, 

Springer et al. 2017, Fernández et al. 2020). Therefore, a fundamental understanding of phys-

iological and biochemical response mechanisms is important to assess how foundation spe-

cies and ecosystem engineers will respond to climate change. 

Species generally respond to environmental change by phenotypic plasticity or by adaptive 

modifications. Organisms thrive in distinct environmental ranges and exhibit different spe-

cific limits in survival, growth and reproduction (Lüning 1990, Sunday et al. 2015). Thereby, 

the temperature is of primary importance for benthic marine algae. In general, margin popu-

lations are more affected than range center populations (Thomas 2010, Mota et al. 2015, King 

et al. 2019), as for example shown for rear-edge populations, which often live close to their 

upper thermal limits (Hampe & Petit 2005). Once the temperature exceeds thermal tolerance, 

physiology and fitness are impaired and may result in increased mortality and, eventually, 

local extinction of populations (Hampe & Petit 2005, Bennett et al. 2015). Species with a wide 

distribution are considered more tolerant than narrow-ranging species (Wiencke et al. 1994, 

Kelly et al. 2012, Sunday et al. 2015). However, local adaptation and phenotypic plasticity can 

result in intraspecific variability in thermal tolerance and performance to temperature. Long-

term exposure to different selective environmental pressures eventually causes the emer-

gence of locally adapted ecotypes (Nicotra et al. 2010). Consequently, population loss might 

not only occur at distributional rear edges (Bartsch et al. 2013, King et al. 2018a). 
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1.5. Aim of the study 

The overarching aim of this study is to gain a deeper understanding of the inter- and intra-

specific acclimation processes of kelps to abiotic conditions on large spatial scales. The study 

focuses on the biochemical characterization of kelps and their physiological and biochemical 

response mechanisms to short-term temperature increases in summer and potential interac-

tions with salinity or nutrients. Saccharina latissima (boreal-temperate) and Laminaria soli-

dungula (Arctic endemic) were chosen as representatives to study responses in kelps with 

different distributional ranges. Especially, the investigation of S. latissima across its entire dis-

tribution range in Europe allows achieving a better understanding of the impact of respective 

local conditions on the stress tolerance and the biochemical profile of different populations. 

This study provides valuable information on the functional variability and dynamics of ma-

rine forests facing climate change. The obtained results will add to the knowledge required 

for reliable prediction of future distribution patterns of these two important kelp species in 

response to environmental changes and may allow for the design and adaptation of required 

conservation strategies.  

 

1.6. Thesis outline and research questions 

Temperature as the main factor controlling global biogeographic patterns of marine benthic 

algal communities has been studied for many decades (e.g. Bolton & Lüning 1982, Lüning 

1984, 1990, Adey & Steneck 2001, Wiencke & Bischof 2012). Today, with the emerging un-

derstanding of the consequences of climate change, the research on marine heatwaves 

(MHWs) is of utmost significance (e.g. Frölicher et al. 2018, Oliver et al. 2018, 2021, Smale et 

al. 2019, Hayashida et al. 2020), and their general impact on kelps and other foundation spe-

cies was studied in detail over the last years (e.g. Winters et al. 2011, Bennett et al. 2015, 

Burdett et al. 2019, Nepper-Davidsen et al. 2019, Thomsen et al. 2019, Filbee-Dexter et al. 

2020, Saha et al. 2020). 

Different seaweed populations are often regarded as one single homogeneous physiological 

unit, assuming that a single species exhibits similar thermal tolerances, independent of its 

growth site (Reed et al. 2011). Consequentially, populations at the range center are proposed 

to be less vulnerable than rear-edge populations, which already live in their upper thermal 

limit (Thomas 2010, Mota et al. 2015, King et al. 2019). Local adaptation and phenotypic plas-

ticity eventually result in differentiation into thermal characteristics and fitness of different 
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populations (Reed et al. 2011, King et al. 2018a), although adaptive modifications and result-

ing ecotypes can be subtle (Liesner 2020, Martins et al. 2020). Models assuming uniform cli-

matic envelopes may underestimate local acclimation and adaptations of broadly distributed 

species (Kelly et al. 2012, Filbee-Dexter et al. 2020). To date, only little is known about com-

mon acclimation responses of different seaweed populations along large latitudinal gradients 

(e.g. Pereira et al. 2015, Wernberg et al. 2016, Liesner et al. 2020). It is still unknown to what 

extent the respective local environmental conditions matter for the thermal tolerance and the 

biochemical characteristics of populations on large distributional scales.  

 

Hypothesis I: The geographical origin of Saccharina latissima is reflected in      

different phenotypes, and sporophytes exhibit habitat-specific 

signatures. 

 

Hypothesis II:  The seasonal thermal history determines the tolerance of Saccha-

rina latissima to marine heatwaves. 

 

In this context, it was proposed that reduced population resilience contributes to kelp mor-

tality after exposure to suboptimal temperatures (Wernberg et al. 2010, Andersen et al. 2013, 

Provost et al. 2017), but it is unknown to what extent different abiotic factors contribute to 

the thermal tolerances of different kelp species. As reported for the interdependency of hy-

posalinity and UV susceptibility in Alaria esculenta (Springer et al. 2017) and of nitrogen suf-

ficiency and heat tolerance in Macrocystis pyrifera (Fernández et al. 2020), one stressor might 

in fact also improve the tolerance of the algae to a second stressor. 

Since S. latissima is broadly distributed, it has to cope with great variability of diverse envi-

ronmental conditions and potential interactive effects. Profound patterns with genetically 

distinct populations are reported for S. latissima within Europe (Guzinski et al. 2016, 2020). 

Northern populations at the expanding edge in the Arctic have to face, for example, very low 

temperatures and periods of complete darkness. Rear-edge populations at the low-latitudinal 

distribution limit, in contrast, are exposed to comparatively high temperatures and strong 

irradiance. Besides these large-scale patterns, anomalies in temperature, salinity and nutri-

ents can also occur on smaller scales. In the Baltic Sea, for example, the alga experiences a 

significant decrease in salinity from West to East (Kautsky & Kautsky 2000), and along the 

Iberian Coast, upwelling events drastically change local conditions (Lourenço et al. 2016). 

Furthermore, S. latissima is exposed to long-term changes, such as ocean warming or ozone 
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depletion, and short-term events, e.g. MHWs, snow and sea ice melting (United Nations 

Environment Programme 2014, IPCC 2019). The widespread distribution and high degree of 

physiological responses and polymorphism (reviewed by Bartsch et al. 2008) speak for the 

existence of ecotypes, postulated in several studies (Lüning 1975, Gerard & Du Bois 1988, 

Müller et al. 2008, Spurkland & Iken 2012, Olischläger et al. 2014, 2017). However, whether 

S. latissima exhibits ecotypes is still not fully resolved as other studies did not find evidence 

for ecotypic differentiation and rather suggest high phenotypic plasticity (Bolton & Lüning 

1982, Spurkland & Iken 2011b).  

In comparison, much less is known about Laminaria solidungula and contrary to S. latissima, 

it only exhibits a very limited distribution range. As an endemic species, it has adapted per-

fectly to Arctic conditions regarding temperature, light availability and nutrients (tom Dieck 

1993, Henley & Dunton 1997, Korb & Gerard 2000, Roleda 2016). Future northward expan-

sion and southern extinction were proposed for L. solidungula (Müller et al. 2009, Assis et al. 

2018). However, the effects of potential interactions of abiotic drivers are still poorly under-

stood.  

 

Hypothesis III: Hyposalinity and nutrient enrichment affect the thermal suscepti-

bility of kelps from the Arctic. 

 

In order to shed light on the complexity of adaptive responses to interacting abiotic drivers 

in kelps along large spatial and environmental gradients, the following research questions 

have been addressed: 
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Research question I: 

Do populations of European Saccharina latissima reveal different thermal tolerances 

to marine heatwaves in summer across its latitudinal distribution gradient? 

For publication I, meristematic discs of field sporophytes were collected in summer 2018, 

2019 and 2020 from five different locations along the European Atlantic coast: Spitsbergen, 

Norway (79°N), Bodø, Norway (67°N), Bergen, Norway (60°N), Helgoland, Germany (54°N) 

and Locmariaquer, France (47°N). In the experimental set-up, each respective local mean summer temperature (control, Δ±0 °C) was increased up by Δ+2, Δ+4 and Δ+6 °C. Physiolog-

ical performance was monitored by survival, growth and optimum quantum yield of the sam-

ples during the temperature-amplitude treatments. Mannitol, C:N, pigment content and phlo-

rotannins were analyzed after the experiment to reveal local differentiation in biochemical 

stress responses of S. latissima to relative marine heatwave events in summer over a large 

geographical scale. 

 

 

 

Research question II: 

Do seasonal and inter-annual differences in thermal history affect stress responses of     

Saccharina latissima to marine heatwaves in summer? 

For publication II, field sporophytes from Helgoland (54°N) collected in August 2018 and 

2019 were treated exactly like the samples from Helgoland in publication I, applying abso-

lute temperatures of 18, 20, 22 and 24 °C. Survival, growth, optimum quantum yield and pig-

ment content were evaluated. Additionally, water temperatures (provided by COSYNA sys-

tem) around Helgoland were analyzed from April – September 2018 and 2019. The stress 

responses in August 2018 were compared with the ones in June 2018 (see publication I) to 

reveal seasonal differences. For revealing inter-annual differences, results from August 2018 

and August 2019 were compared.  
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Research question III: 

Does the interaction of marine summer heatwaves and hyposalinity or nutrient en-

richment affect the thermal susceptibility of Arctic Saccharina latissima? 

For publication III, two short-term two-factorial experiments (temperature × salinity, tem-

perature × nutrients) were conducted with field sporophytes from Kongsfjorden, Svalbard 

(N 78°55.50’, E 11°55.11’) collected in summer 2019. Temperature treatments for both ex-
periments were set to 4, 6, 8 and 10 °C to mimic realistic Arctic marine heatwave scenarios in 

summer. The hyposalinity treatment was based on the minimum salinity measured in Kongs-

fjorden over the summer and nutrient treatments were based on the highest yearly concen-

trations (winter). Growth and optimum quantum yield were analyzed every second day to 

monitor the physiological performance of the samples. As biochemical parameters, mannitol, 

C:N, pigment content and phlorotannins were analyzed before and after the experiment to 

identify different acclimation processes and potential interacting effects of the abiotic factors.  

 

 

 

Research question IV: 

Do Saccharina latissima populations in Europe reveal distinct patterns regarding 

morphology and biochemical composition? 

For publication IV, meristematic parts from sporophytes of Saccharina latissima were col-

lected from 16 different locations in the Arctic, North Sea, North East Atlantic and Baltic Sea 

in the summer periods of 2018, 2019 and 2020. The intraspecific variability along a latitudinal 

and a salinity gradient was investigated by analyzing links between morphology (length, 

width), biochemical composition (mannitol, C:N, phlorotannins) and genetic diversity (COI 

haplotype network). 
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Research question V: 

How does the Arctic endemic species Laminaria solidungula acclimate to interacting 

environmental stressors? 

For publication V, young sporophytes were exposed to a short-term two-factorial stress ex-

periment (temperature × salinity). The experimental temperatures (0, 5, 10, 15 °C) were based on the sporophytes’ thermal survival range and hyposalinity on the minimum salinity 

frequently measured in Kongsfjorden, Svalbard. Sporophytes were raised from a gameto-

phyte strain of L. solidungula (as stock culture: AWI culture number 3130) from Spitsbergen. 

Photosynthetic performance was monitored during the experiment. At the end of the experi-

ment, mannitol, C:N, pigments and phlorotannins were analyzed to investigate acclimation 

processes to different temperatures and hyposalinity and to identify potential interaction be-

tween the two factors. 
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Abstract 

Kelps are important foundation species in coastal ecosystems experiencing severe declines 

worldwide associated with ocean warming. Reduced population resilience can contribute to 

kelp habitat loss, hence, understanding intraspecific variation in ecophysiology across its lat-

itudinal distribution is crucial for its conservation. To investigate potential local adaptations 

of the broadly distributed species Saccharina latissima to marine heatwaves in summer, we 

collected sporophytes from five locations in Europe (Spitsbergen, Bodø, Bergen, Helgoland, 

Locmariaquer), including coldest and warmest local temperature regimes. Meristem tissue 

from these sporophytes was subjected to increasing temperatures of Δ+2, Δ+4 and Δ+6 °C of 

the respective mean summer temperatures (Δ±0 °C). Survival and corresponding physiologi-

cal and biochemical traits were analyzed. Vitality (optimum quantum yield, Fv/Fm) and 

growth were monitored over time and biochemical responses were measured after the ex-

periment. Growth activity was highest in northern and lowest in southern populations. Over-

all, samples from Spitsbergen, Bodø and Bergen were mostly unaffected by increasing sum-

mer temperatures, but the isolates from Helgoland and Locmariaquer were markedly 

stressed at Δ+6 °C: survival decreased, Fv/Fm was diminished, the de-epoxidation state of the 

xanthophyll cycle (DPS) strongly increased and the chlorophyll a to xanthophyll pool ratio 

(Chla:VAZ) slightly decreased. Phlorotannins, mannitol and C:N revealed local differentiation 

independent of latitude. Pronounced site-specific variability of response patterns imply high 

phenotypic plasticity in European S. latissima, which are, however, not sufficient to buffer 

temperature stress in summer at their rear edge distribution. 
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Introduction 

Kelps are large canopy-forming brown algae of the order Laminariales (Bartsch et al. 2008). 

They are important primary producers and foundation species in coastal ecosystems provid-

ing habitat, nurseries and food for many associated organisms (Dayton 1985, Bartsch et al. 

2008). Strong declines of kelp forests have been reported from all over the world, including 

Europe (Moy & Christie 2012, Tuya et al. 2012, Voerman et al. 2013, Wernberg et al. 2015, 

Thomsen et al. 2019, Arafeh-Dalmau et al. 2020, Filbee-Dexter et al. 2020). Model data project 

a northward shift of European kelps and their disappearance at the southern distribution 

boundary, where drastic loss is already taking place (Müller et al. 2009, Voerman et al. 2013, 

Assis et al. 2018, Filbee-Dexter et al. 2020). 

One widely distributed kelp along the European Atlantic is the boreal-temperate species Sac-

charina latissima, which is found from polar to temperate regions (Araújo et al. 2016). The 

sporophytes survive temperatures to 23 °C for a shorter period, but the mortality rate is high 

above 20 °C (Fortes & Lüning 1980, Bolton & Lüning 1982, Lüning 1984). The optimum 

growth temperature of sporophytes is between 10 and 15 °C (Bolton & Lüning 1982). Saccha-

rina latissima exhibits a high degree of polymorphism and physiological plasticity, and is re-

garded to inherit an opportunistic growth strategy (reviewed by Bartsch et al. 2008). Never-

theless, Casado-Amezúa et al. (2019) report a decline of S. latissima along the northwestern 

Iberian Coast during the last three decades, and currently, individuals are only barely found 

in the North of Portugal (F. Arenas, pers. comm.). Even though the Iberian Coast represents 

the southernmost distribution limit of S. latissima in Europe, it is not the warmest location 

due to deep water upwelling (Lourenço et al. 2016). The highest temperatures are frequently 

measured in southern Brittany (Giovanni Satellite: Acker & Leptoukh 2007). Massive altera-

tions in S. latissima populations have not only been recorded at their southern geographical 

distribution, but abundance and depth distribution has already decreased at more northern 

locations of Europe (Helgoland: Pehlke & Bartsch 2008, Skagerrak [southern Norway]: 

Bekkby & Moy 2011, southern/western Norway: Moy & Christie 2012, southern Norway and 

eastern USA: Filbee-Dexter et al. 2020).  

Exposure to high but sublethal temperatures may result in biomass loss of S. latissima, e.g. 

due to reduced growth, which was strongly correlated with reduced carbon acquisition or due 

to damages in the cellular structure, such as the splitting of the medulla (Simonson et al. 

2015b). High temperatures also cause changes in pigment composition and damages to the 
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photosynthetic apparatus (Andersen et al. 2013). Photosynthesis may, however, also be ham-

pered by low temperatures by e.g. reducing the photosynthetic efficiency (Karsten 2007). 

Similarly, growth is suboptimal at low temperatures (Bolton & Lüning 1982). Consequently, 

we hypothesize that increasing summer temperatures will have differential effects in popula-

tions from regions with different temperature environments, while in warm regions, the le-

thal limits might already be surpassed or physiological responses become hampered, in 

colder regions, a temperature increase may support and stimulate physiological performance 

and growth (Davison 1987, Rautenberger & Bischof 2006, Diehl & Bischof 2021). 

Saccharina latissima and other kelps use different biochemical protective and adjusting mech-

anisms to acclimate to temperature variations. Both high- and low-temperature stress may 

induce the formation of reactive oxygen species (ROS), causing intracellular strain (Collén & 

Davison 2001, Dring 2006, Wang et al. 2009, Zhou et al. 2010). ROS are either scavenged by 

antioxidants, such as the polyphenolic phlorotannins, or their formation is minimized by en-

ergy dissipation via adjustments in the xanthophyll cycle (de-epoxidation, DPS) (Amsler 

2008, Wiencke & Bischof 2012 and references therein).  

The effects of temperature on pigment content and composition were reported to be very 

complex (e.g. Machalek et al. 1996, Fernandes et al. 2016). For instance, reductions in chloro-

phyll a concentration and its ratio to chlorophyll c were found with warmer in situ tempera-

tures in brown macroalgal species from Australia (Staehr & Wernberg 2009, Wernberg et al. 

2016), while Andersen et al. (2013) detected contrary behavior of pigment composition in 

S. latissima with increasing temperatures (20 °C) in Europe. The total concentration of chlo-

rophyll a, chlorophyll c and fucoxanthin increased significantly between 0 and 20 °C in S. la-

tissima (Davison 1987). The polyol mannitol is the main photoassimilatory product in brown 

algae (Reed et al. 1985) and also functions as a ‘compatible solute’ and antioxidant (Shen et 

al. 1997, Jennings et al. 1998, Iwamoto & Shiraiwa 2005, Yancey 2005). C:N is a proxy for 

nutrient uptake (Atkinson & Smith 1983). Regardless of nutrient supply, uptake in seaweeds 

is affected by temperature (Roleda & Hurd 2019) and, thus, tissue C:N can deviate from sea-

water nutrient concentration. Decreasing C:N ratios at suboptimal temperatures (Liesner et 

al. 2020a, Diehl & Bischof 2021) and its correlation with seasons (Gevaert et al. 2001) has 

been reported for kelps in previous studies.  

Overall, temperature is a major factor controlling global biogeographic patterns of marine 

benthic algal species (Lüning 1990, Adey & Steneck 2001, Wiencke & Bischof 2012). Hence, 

changes in temperature regimes, such as an increase in frequency and amplitude of marine 
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heatwaves (MHWs), often impair primary production or even survival, with the likely conse-

quence of decline or even loss of important foundation communities as well as the shift into a 

novel ecosystem status (Frölicher et al. 2018, Harris et al. 2018, Smale et al. 2019 and refer-

ences therein). Sea surface temperature (SST) has increased by 0.63 °C globally in the period 

1850 – 1900 compared to 1986 – 2005 (IPCC 2019a). Under different climate change scenar-

ios, the global mean SST is likely to increase by 1.6 °C up to more than 4 °C until the end of 

this century and MHWs are expected to become more severe (Frölicher et al. 2018, IPCC 

2019a). MHWs are defined as periods of SST increases of 3 – 5 °C above the long-term mean, 

which can last from a few days to months (Meehl & Tebaldi 2004, Hobday et al. 2016). World-

wide, the annual duration of MHWs has already increased by 54 % between 1925 and 2016 

(Oliver et al. 2018). 

Thus, global warming frequently induces shifts in the distribution of species (King et al. 2018). 

Regarding temperature tolerance limits, species with a wide distribution are more tolerant 

than narrow-ranging species (Wiencke et al. 1994, Kelly et al. 2012, Sunday et al. 2015). In 

trees, species with a temperate to Arctic distribution will respond neutrally or even positively 

to future warming near their cold-range edge (Reich et al. 2015). This behavior might also 

apply to broadly distributed macroalgal species. In previous studies, different macroalgal 

populations are often treated as a single homogenous physiological unit, irrespective of their 

distribution (Reed et al. 2011). Though, local adaptation and phenotypic plasticity can result 

in intraspecific differences of thermal tolerance and performance to temperature, and popu-

lation loss might not only occur at thermal rear edges (Bartsch et al. 2013, King et al. 2018). 

Recently, studies on Laminaria digitata, however, revealed that despite considerable plastic-

ity at intermediate temperatures, plasticity at the upper survival limit was low (Liesner et al. 

2020a,b). Thus, models assuming a uniform climatic envelope for wide-ranging species, par-

ticularly the local temperature threshold for survival, may underestimate local adaptation 

and extinction (Kelly et al. 2012, Filbee-Dexter et al. 2020).  

The general impact of MHWs on kelps and other foundation seaweeds have been intensely 

studied recently (Bennett et al. 2015, Burdett et al. 2019, Nepper-Davidsen et al. 2019, Saha 

et al. 2020), showing increased mortality as soon as the lethal threshold of specimens is 

crossed with temperature anomalies (Filbee-Dexter et al. 2020). While the latter is self-evi-

dent, the understanding of thermal plasticity of species across their latitudinal distribution is 

still less developed (Winters et al. 2011, Jueterbock et al. 2014, Pereira et al. 2015, Wernberg 

et al. 2016, Liesner et al. 2020a). For instance, Wernberg et al. (2016) showed in a common 
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garden experiment that independent from their latitudinal distribution, the optimum photo-

synthetic temperature remained the same in different seaweeds in Australia, while Q10-values 

for photosynthesis and respiration and also chlorophyll a concentrations decreased from 

cooler to warmer locations. Until now, most experimental studies on temperature stress 

across latitudes did not consider the different respective local temperatures. It is suggested 

that reduced population resilience, e.g. to potential external stressors, contributes to kelp 

mortality after exposure to suboptimal temperatures (Wernberg et al. 2010, Andersen et al. 

2013). Bennett et al. (2019) and Filbee-Dexter et al. (2020) emphasized the relevance of un-

derstanding intraspecific variations in ecology. In this context, the underlying physiological 

and biochemical mechanisms are critical.  

To reveal the responses of S. latissima to MHWs, we run a short-term experiment with field-

grown sporophytes from five locations along the European Atlantic coast (Spitsbergen, Bodø, 

Bergen, Helgoland, Locmariaquer). We explored whether corresponding summer MHWs will 

have differential effects or if S. latissima will equally respond to increasing temperature am-

plitudes across all latitudes. We increased the respective local mean summer temperature (control, Δ±0 °C) in a mechanistic experimental set-up by Δ+2, Δ+4 and Δ+6 °C to investigate 

the relative responses to MHWs over a large geographical scale. 

We hypothesized that the tolerance of European S. latissima to periods of summer MHWs, comprising Δ+2 – 6 °C, is related to the mean summer temperature experienced in situ. Since 

the maximum temperature during summer is lower than their physiological limit (Bolton & 

Lüning 1982, Lüning 1984), we expected that northern populations at their expanding edge 

will benefit or will not be affected (neutral response) by the temperature-amplitude treat-

ments. Contrary, rear-edge populations at the southern limit will suffer from the temperature 

increase, at least after surpassing the lethal limit determined for S. latissima (Bolton & Lüning 

1982, Lüning 1984).  
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Material and methods 

Sampling and experimental design  

Sporophytes (> 1 m) of Saccharina latissima (Linnaeus) C.E. Lane, C. Mayes, Druehl & G.W. 

Saunders were collected in Spitsbergen (Ny-Ålesund, Norway), Bodø (North Norway), Bergen 

(South Norway), Helgoland (German Bight, Germany) and Locmariaquer (Brittany, France) in 

June 2018, 2019 and early July 2020 (Fig. 2.1a, Table 2.1). The map (data copyrights: Euro-

Geographics for the administrative boundaries) was generated using QGIS 3.8.2-Zanzibar 

software (QGIS Development Team 2019). 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

Meristematic discs (Ø 22 – 24 mm) from 20 – 25 non-fertile sporophytes were cut at a dis-

tance of 2 – 10 cm from the stipe. Samples from Bodø, Bergen, Helgoland and Locmariaquer 

were transported moist, cool (< 15 °C) and dark (Table 2.1). All the experiments, except for 

the Spitsbergen material, were conducted at the Alfred Wegener Institute for Polar and Ma-

rine Research in Bremerhaven, Germany. The Spitsbergen samples were processed locally at 

Ny-Ålesund and no transportation of the samples was necessary. For recovery and wound 

healing (pre-acclimation phase, Fig. 2.2), the samples were maintained in the control sea-

water temperature (Table 2.1). Due to logistic issues, the pre-acclimation phase varied be-

tween the sampling sites (Spitsbergen: 2 days, Bodø: 13 days, Bergen: 3 days, Helgoland: 

3 days, Locmariaquer: 3 days). 

Fig. 2.1a: Sampling locations of Saccharina latissima (map data: ©EuroGeographics for the administrative boundaries). 
b: Mean summer (June – August) sea surface temperature (SST) from 2016 – 2020 at each sampling location based on 
satellite-obtained mean monthly SST data-sets (Giovanni Satellite: Acker & Leptoukh 2007). 

a b 
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Table 2.1: Summary of sampling of Saccharina latissima: population, North-East coordinates, in situ SST measured while collecting on sampling day, duration of sample transportation, 
duration and temperature of pre-acclimation phase, satellite-obtained mean summer SST (2016 – 2020) and respective absolute temperatures of the temperature-amplitude treat-
ments. 

a Data from 12 m depth, provided by the COSYNA system (Baschek et al. 2017), since they were not measured during sampling. b Giovanni Satellite (Acker & Leptoukh 2007). 

 

 

 

 

 

 

 

 

 

 

 

  

population 

coordinates 
sampling 

date 

in situ 

SST 

transpor- 

tation 

pre-acclimation 

phase 

mean 

summer SSTb 

temperature-amplitude treatments 

N E 
control 

(Δ±0 °C) 
Δ+2 °C Δ+4 °C Δ+6 °C 

Spitsbergen 78°55.496' 011°55.108' 18.06.2019 5.7 °C 0 days 2 days at 6 °C 5.5 °C 6 °C 8 °C 10 °C 12 °C 
Bodø 67°16.591' 014°34.480' 17.06.2018 9.8 °C 3 days 13 days at 10 °C 11.5 °C 12 °C 14 °C 16 °C 18 °C 
Bergen 60°13.615' 005°17.207' 28.06.2018 14.6 °C 2 days 3 days at 14.5 °C 15.9 °C 16 °C 18 °C 20 °C 22 °C 
Helgoland 54°10.748' 007°55.068' 26.06.2018 ~15 °Ca 1 day 3 days at 15 °C 17.5 °C 18 °C 20 °C 22 °C 24 °C 
Locmariaquer 47°33.515' 002°55.468' 05.07.2020 19.6 °C 3 days 3 days at 19.5 °C 18.7 °C 19 °C 21 °C 23 °C 25 °C 

Fig. 2.2: Set-up of the temperature-amplitude experiment with Saccharina latissima. Pre-acclimation phase varied between the sampling sites due to logistic constraints (Spitsber-
gen: 2 days, Bodø: 13 days, Bergen: 3 days, Helgoland: 3 days, Locmariaquer: 3 days). During the acclimation phase, the control temperature (Δ±0 °C) was increased by 2 °C every 
second day to reach the temperature-amplitude treatments (Δ+2 – 6 °C). Sampling for biochemical analyses was conducted on day 8 of the temperature-amplitude treatments. 
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During the pre-acclimation phase, four pools of discs were prepared in separate flasks to rep-

resent the four replicates. Each pool consisted of ten meristematic discs excised from five dis-

tinct sporophytes, this means, twenty distinct sporophytes were used to ensure the independ-

ence of each replicate when subsequent sampling harvested representative discs from each 

pool to measure respective response variables. 

In the acclimation phase (Fig. 2.2), the discs were successively acclimated to different tem-perature amplitudes (Δ+2, Δ+4, Δ+6 °C) with an increase of 2 °C every second day. We based 

the different absolute temperatures on the averaged mean summer sea surface temperatures 

(SST) at each sampling site (Table 2.1), using the respective mean summer SST as control (Δ±0 °C). Figure 2.1b displays the satellite-obtained mean summer (June – August) SST be-

tween 2016 and 2020 with a resolution of 4 × 4 km at each sampling site (Giovanni Satellite: 

Acker & Leptoukh 2007).  

During the entire cultivation, acclimation and temperature exposure, samples were kept in 

aerated 2-L clear plastic bottles at 30 – 35 µmol photons m-2 s-1 (16:8 LD, ProfiLux 3 with LED 

Mitras daylight 150, GHL Advanced Technology, Kaiserslautern, Germany and Econlux, Solar-Stringer LED SunStrip ‘daylight’, Cologne, Germany) and in ½ Provasoli-enriched seawater 

(½ PES, Provasoli 1968, modifications: HEPES-buffer instead of Tris, double concentration of 

Na2glycerophosphate, iodine enrichment after Tatewaki 1966). Water was exchanged twice 

a week. 

All replicate discs were used to monitor survival, vitality and growth during the temperature-

amplitude treatments. After the acclimation phase, first sampling was conducted (day 1, data 

not shown). Five discs were kept for the temperature-amplitude treatments which then run 

for one week (day 1 – 8, Fig. 2.2). For biochemical analyses samples were shock frozen in 

liquid N2, stored at −80 °C, and freeze-dried (Alpha 1–4 LO plus, Martin Christ Gefriertrock-

nungsanlagen GmbH, Osterode am Harz, Germany). Statistical evaluation did not reveal any 

relevant significant differences in the biochemical response parameters between day 1 and 

day 8 (data not shown). Therefore, this study exclusively presents biochemical results after 

the temperature-amplitude treatments (day 8).  
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Physiological response variables 

Growth and vitality of the samples was monitored as physiological response variables and the 

survival of the discs was observed. 

All discs were counted at the end of the experiment for calculating the survival of the discs 

between day 1 and day 8 in % (Fig. 2.2). The algal discs were categorized as ‘dead’ when they 

started to decompose (supplement Fig. S2.1). 

For growth analysis, the discs were photographed and their size analyzed with ImageJ (Ver-

sion 1.52a, Java 1.8.0_112, Wayne Rasband, National Institute of Health, USA), using a 3 × 3 cm 

square as a size reference. As the samples grew with different rates prior to the temperature-

amplitude treatments, the initial size of the replicates was adjusted to 100 % and the increase 

in size calculated as % of initial for a better comparison of algal growth.  

As proxy for photosynthetic performance and, hence, of algal vitality, the in vivo chlorophyll 

fluorescence of photosystem II (optimum quantum yield, Fv/Fm) was measured after 5 min of 

dark acclimation using an pulse-amplitude-modulated fluorometer (Imaging-PAM, Walz 

GmbH Mess- und Regeltechnik, Effeltrich, Germany), which was set up to determine the am-

plitude of the initial fluorescence signal (Ft) between 0.15 and 0.2 (SP intensity = 8, SP dura-

tion = 3 s), as recommended in the manual (Imaging-PAM M-Series Chlorophyll Fluorometer, 

Heinz Walz GmbH, Effeltrich, Germany). Fv/Fm was monitored in all stages of visible stress, 

even until the tissue was completely decomposed. 

 

Biochemical response variables 

Pigments 

Photosynthetic and accessory pigments were extracted and analyzed following Koch et 

al. (2015), applying little modifications as follows: 50 – 150 mg of freeze-dried and ground 

samples were extracted in 1 mL 90 % aqueous acetone (v/v) in darkness at 4 °C for 24 h. Af-

terwards, the samples were centrifuged (13,000 g; 5 min, 4 °C), the supernatant filtered. Pig-

ments were separated by a Spherisorb® ODS-2 column (250 × 4.6 mm, 5 µm, Waters, Milford, 

MA, USA) with a HPLC (LaChromElite® system, L-2200 autosampler [chilled], DA-detector 

L-2450, VWR-Hitachi International GmbH, Darmstadt, Germany), applying a gradient accord-

ing to Wright et al. (1991). Standards of chlorophyll a (Chl a), chlorophyll c2, fucoxanthin, 

violaxanthin (V), antheraxanthin (A) and zeaxanthin (Z) (DHI Lab Products, Hørsholm, Den-mark) were used to identify and quantify the peaks at λ 440 nm (software: EZChrom Elite, 
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Agilent Technologies, Santa Clara, CA, USA, Version 3.1.3., 2004). Chl a and the accessory pig-

ment pool (Acc) are expressed in mg g-1 dry weight (DW), the pool size of the xantho-

phylls (VAZ) in µg g-1 DW. To determine differentiations in the photosynthetic apparatus, the 

ratios Chla:Acc and Chla:VAZ were calculated. The de-epoxidation state of the xanthophyll 

cycle (DPS) was calculated after Colombo-Pallotta et al. (2006): 

𝐷𝑃𝑆 =  𝑍 + 0.5𝐴𝑉 + 𝐴 + 𝑍 

 

Phlorotannins 

The total phlorotannin content was determined using the Folin-Ciocalteu method described 

by Cruces et al. (2012), following Springer et al. (2017). For this, 10 – 15 mg of freeze-dried 

and ground samples were extracted in 1 mL of 70 % aqueous acetone (v/v) for 24 h in dark-

ness at 4 °C and with constant shaking. After centrifugation (2,500 g; 10 min), 250 µL dH2O, 

200 µL 20 % sodium carbonate (Na2CO3) and 100 µL 2N Folin-Ciocalteu reagent (Sigma-Al-

drich, Seelze, Germany) were added to 50 µL of each supernatant. After 45 min of incubation 

in darkness, the absorbance at λ 730 nm was read in a microplate reader (FLUOstar OPTIMA, 

BMG Labtech). Purified phloroglucinol (C6H6O3, Sigma-Aldrich, Seelze, Germany) was used for 

calibration and the total soluble phlorotannin concentrations of the samples were normalized 

to mg g-1 DW. 

 

Mannitol 

The mannitol concentration was determined after Diehl et al. (2020), using the method de-

scribed in Karsten et al. (1991). Approx. 15 mg of freeze-dried and ground sample were ex-

tracted in 1 mL 70 % aqueous ethanol (v/v) and incubated in a water bath at 70 °C for 3 – 4 h. 

After centrifugation (13,000 g; 5 min), 800 µL of the supernatant were evaporated to dryness 

(Alpha 1–4 LSCplus and RVC 2–25 CDplus, Martin Christ Gefriertrocknungsanlagen GmbH, 

Osterode am Harz, Germany) and the pellets re-dissolved in 800 µL HPLC grade water. The 

samples were then centrifuged for another 5 min (13,000 g) and the obtained supernatant 

analyzed in an HPLC (Agilent Technologies system 1200 Series, RI-Detector (35 °C), Santa 

Clara, California, USA) with an Aminex Fast Carbohydrate Analysis Column HPAP 

(100 × 7.8 mm, 9 µm, BioRad, Munich, Germany), protected by a guard cartridge (Phenom-

enex, Carbo-Pb-2+ 4 × 3.00 mm i.d., Aschaffenburg, Germany). The flow rate of the mobile 

phase (100 % dH2O) was adjusted to 1 mL min-1 at 10 – 100 bar and 70 °C. Purified D-manni-

tol (C6H14O6, Roth) was used as standard. Mannitol contents were expressed in mg g-1 DW. 
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C:N ratio, carbon and nitrogen 

Total carbon (C), total nitrogen (N) content and the C:N ratio were analyzed following the 

protocol of Graiff et al. (2015). 2 – 3 mg of lyophilized and ground samples were weighed into 

tin cartridges (6 × 6 × 12 mm) and combusted at 950 °C. An elemental analyzer (Vario EL III, 

Elementar, Langenselbold, Germany) automatically quantified the absolute content of C and 

N, using acetanilide (C8H9NO) as standard (Verardo et al. 1990). Total C and total N content 

were expressed in mg g-1 DW. 

 

Statistics 

All data-sets were tested for normal distribution (Shapiro-Wilk test, p > 0.05) and homogene-ity of variance (Levene’s test, p > 0.05) and transformed if required. Outliers (R-Studio Bon-

ferroni, p < 0.05) were excluded from further analyzes. The increase of size over time was 

analyzed with repeated measures two-way ANOVA (population × temperature-amplitude) 

followed by a post hoc Tukey’s test. Since the Fv/Fm data-set was non-parametric, it was ana-

lyzed using Friedman test followed by a post hoc Wilcoxon signed-rank test. The impact of 

sampling locations (populations) and temperature-amplitudes on survival and the biochemi-

cal response variables at the end of the experiment were tested with two-way ANOVAs fol-

lowed by post hoc Tukey’s tests. For non-parametric data, the data-sets were split, and after-

wards, the impact of different populations or temperature-amplitudes were tested individu-

ally by one-way ANOVA with a post hoc Tukey’s test (parametric) or Kruskal-Wallis tests with 

the Dunn-Bonferroni’s post hoc test (non-parametric). The level of significance was set to 

p < 0.05. Significances are marked by different letters; lowercase letters mark within-subjects 

effects and uppercase letters between-subjects effects. All statistical analyzes were conducted 

with RStudio (Version 1.3.1073, 2020, Boston, MA, USA). Details from statistical analyzes are 

presented in the electronic supplement (Table S2.2 – 2.7). Pearson correlations between de-

pendent parameters, as well as between all parameters and the absolute temperatures, were 

calculated and interpreted after Cohen (1988). The statistical results are summarized in Ta-

ble 2.2. 
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Table 2.2: Pearson correlations between dependent parameters of Saccharina latissima and between each parameter 
and absolute temperatures at the end of the temperature-amplitude experiment. p < 0.05 *; p < 0.01 **; p < 0.001 ***. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Results 

Survival among different populations from the species northern to southern distribution 

range did not significantly vary in response to increasing temperature amplitudes (Table 2.3, 

Kruskal-Wallis test: p = 0.022, reject H0 if p ≤ alpha/2, alpha = 0.05), but decreased survival at 

higher absolute temperatures was determined (r = −0.40, p < 0.001). Samples from Spitsber-

gen showed survival of 100 % (absolute temperatures 6 – 12 °C) and samples from Bodø 

(12 – 18 °C) and Bergen (16 – 22 °C) of 95 – 100 %, while samples collected at the locations 

with highest mean summer temperatures – Helgoland and Locmariaquer – died and decom-posed at the Δ+6 °C (Helgoland: 24 °C, 70 % survival; Locmariaquer: 25 °C, 65 % survival) 

(Kruskal-Wallis test: pHelgoland = 0.078, pLocmariaquer = 0.016, reject H0 if p ≤ alpha/2). 

correlated factors r df t     p 

abs. temp – survival -0.403 78 -3.890 < 0.001*** 

abs. temp – increase size (day 8) -0.796 78 -11.595 < 0.001*** 

abs. temp – Fv/Fm (day 8) -0.445 78 -4.395 < 0.001*** 

abs. temp – Chl a -0.058 78 -0.512    0.610 

abs. temp – Acc -0.124 78 -1.103    0.274 

abs. temp – VAZ 0.175 78 1.571    0.120 

abs. temp – DPS 0.435 78 4.267 < 0.001*** 

abs. temp – Chla:Acc 0.090 78 0.796    0.428 

abs. temp – Chla:VAZ -0.177 78 -1.591    0.116 

abs. temp – phlorotannins 0.605 78 6.712 < 0.001*** 

abs. temp – mannitol -0.145 78 -1.295    0.199 

abs. temp – C:N 0.279 77 1.522    0.013* 

abs. temp – C 0.347 76 2.352    0.002** 

abs. temp – N 0.017 76 0.092    0.885 

Fv/Fm – survival (both day 8) 0.669 78 7.945 < 0.001*** 

Fv/Fm –  increase size (both day 8) 0.233 78 2.112    0.038* 

C:N – C 0.270 76 2.441    0.017* 

C:N – N -0.729 76 -9.273 < 0.001*** 

C – phlorotannins 0.365 76 3.421    0.001** 

C – mannitol  0.040 76 0.348    0.729 
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Table 2.3: Survival (%), chlorophyll a (Chl a; mg g-1 dry weight [DW]), pool size of accessory pigments (Acc; mg g-1 DW) and pool size of xanthophylls (VAZ; µg g-1 DW), mannitol             
(mg g-1 DW) and C:N ratio of Saccharina latissima across latitudes in Europe after the temperature-amplitude experiment. Experimental set-up: temperature-amplitude treatment (Δ°C) 
and respective absolute temperature (°C). Values are means ± SD (n = 4). Significant differences between the temperature treatments within each population are marked by different 
lowercase letters and between the populations by different uppercase letters (parametric data: two-way ANOVA with post hoc Tukey’s test; non-parametric data: one-way ANOVA with 
post hoc Tukey’s test or Kruskal-Wallis test with post hoc Dunn-Bonferroni’s test; p < 0.05). 

 

 

population 
treatment 

(Δ°C) 

abs. temp. 

(°C) 

survival 

(%) 

Chl a 

(mg g-1 DW) 

Acc 

(mg g-1 DW) 

VAZ 

(µg g-1 DW) 
C:N 

mannitol 

(mg g-1 DW) 

Spitsbergen 

±0 6 100 a 

A 

0.69 ± 0.12 a 

A 

0.57 ± 0.07 a 

A 

  66.6 ± 14.2 a 

A 

232.8 ± 65.5 a 

AB 

17.6 ± 3.8 a 

A 
+2 8 100 a 0.81 ± 0.20 a 0.67 ± 0.14 a   88.0 ± 23.3 a 145.5 ± 51.6 a 14.9 ± 1.0 a 
+4 10 100 a 0.73 ± 0.41 a 0.59 ± 0.31 a   69.6 ± 41.0 a   80.7 ± 54.2 a 15.0 ± 1.4 a 
+6 12 100 a 0.93 ± 0.28 a 0.71 ± 0.11 a   71.2 ±   7.6 a 155.8 ± 57.6 a 16.0 ± 1.4 a 

Bodø 

±0 12 100 a 

A 

1.53 ± 0.25 a 

B 

1.40 ± 0.18 a 

B 

  49.5 ±   6.5 a 

B 

251.5 ± 34.4 a 

AC 

18.0 ± 1.0 a 

AB 
+2 14 100 a 1.57 ± 0.25 a 1.37 ± 0.17 a   58.2 ±   3.9 a 235.9 ± 35.7 a 17.5 ± 1.7 a 
+4 16 95 a 1.28 ± 0.36 a 1.17 ± 0.15 a   42.5 ± 12.5 a 209.3 ± 30.0 a 17.6 ± 1.1 a 
+6 18 100 a 1.51 ± 0.15 a 1.29 ± 0.19 a   55.1 ±   6.0 a 156.1 ± 39.7 a 16.7 ± 0.9 a 

Bergen 

±0 16 100 a 

A 

1.11 ± 0.23 a 

C 

0.91 ± 0.12 a 

C 

  82.6 ± 19.9 a 

A 

173.5 ± 50.0 a 

BD 

14.3 ± 1.5 a 

A 
+2 18 95 a 1.20 ± 0.33 a 0.94 ± 0.17 a   84.5 ± 21.7 a 202.1 ± 39.4 a 13.0 ± 1.7 a 
+4 20 100 a 1.04 ± 0.13 a 0.81 ± 0.06 a   82.7 ± 17.3 a 109.9 ± 25.6 a 15.5 ± 1.6 a 
+6 22 100 a 1.22 ± 0.27 a 0.92 ± 0.16 a   98.7 ± 21.7 a   90.6 ± 37.1 a 14.2 ± 5.0 a 

Helgoland 

±0 18 100 a 

A 

1.25 ± 0.21 a 

C 

0.92 ± 0.16 a 

C 

  67.6 ± 16.1 a 

A 

210.4 ± 49.8 a 

C 

22.6 ± 3.5 a 

B 
+2 20 95 a 1.21 ± 0.18 a 0.85 ± 0.11 a   63.5 ±   7.5 a 261.2 ± 71.3 a 22.0 ± 3.2 a 
+4 22 95 a 1.25 ± 0.08 a 0.84 ± 0.07 a   75.8 ±   5.1 a 158.4 ± 80.6 a 21.1 ± 4.1 a 
+6 24 70 a 0.96 ± 0.28 a 0.63 ± 0.14 a 108.3 ± 27.5 a 210.1 ± 74.0 a 22.8 ± 3.0 a 

Locmariaquer 

±0 19 100 a 

A 

0.71 ± 0.19 a 

A 

0.55 ± 0.14 a 

A 

  54.8 ± 15.7 a 

AB 

  95.2 ± 28.1 a 

D 

16.0 ± 2.4 a 

A 
+2 21 100 a 0.58 ± 0.38 a 0.46 ± 0.22 a   50.7 ± 25.0 a 158.2 ± 33.7 a 18.3 ± 1.1 a 
+4 23 100 a 0.72 ± 0.26 a 0.56 ± 0.18 a   61.0 ± 12.6 a 162.5 ± 43.5 a 18.7 ± 1.6 a 
+6 25 65 a 0.42 ± 0.27 a 0.60 ± 0.20 a   89.7 ± 29.8 a   27.6 ± 53.7 a 15.3 ± 2.9 a 
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For all five populations, size of the discs (Fig. 2.3) increased over time (p < 0.001). There were 

significant differences in growth between the populations (P) (p < 0.001) and a strong nega-

tive correlation with absolute temperature (r = −0.80, p < 0.001). While Spitsbergen samples 

grew considerably reaching 160 – 200 % of their initial size, samples from all other popula-

tions exhibited considerably reduced growth activity (< 130 %), being lowest in Helgoland 

and Locmariaquer. Differences between samples from Bodø and Bergen were low and non-

significant. Even though statistical significances were also detected for the temperature-am-

plitude treatments (TA) (p < 0.001) and P×TA interaction (p < 0.001), these could not be as-signed to temperature increase per se, as for instance, growth in Spitsbergen Δ+2 °C was sig-nificantly higher than Δ+6 °C, whereas Δ±0 and Δ+6 °C did not differ significantly. 

 

 

 

 

 

 

 

 

 

 

 

 

  
Fig. 2.3: Size (% of initial) of meristematic discs of Saccharina latissima across latitudes in Europe during the tem-
perature-amplitude experiment. Experimental set-up: mean summer SST (control, Δ±0 °C) and temperature stress treatments: Δ+2, Δ+4, Δ+6 °C. Values are means ± SD (n = 4). Significant differences are marked by different letters; 
lowercase letters mark within-subjects effects and uppercase letters between-subjects effects (two-way ANOVA with 
post hoc Tukey’s test; p < 0.05). 
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We measured significant differences in optimum quantum yield (Fv/Fm) over time between 

the five populations (p < 0.001) (Fig. 2.4). The data-set could not be tested for P×TA interac-

tion. Survival and growth (increase in size) responses are supported by Fv/Fm measurements 

on day 8 (rsurvival = 0.67, psurvival < 0.001, rgrowth = 0.23, pgrowth < 0.05). However, all samples from 

Spitsbergen, Bodø and Bergen (6 – 22 °C), and the Δ±0, Δ+2 and Δ+4 °C treatments from Hel-

goland (18 – 22 °C) and Locmariaquer (19 – 23 °C) revealed Fv/Fm values > 0.6 throughout 

the experiment, whereas significant decreases in optimum quantum yield were detected al-

ready after the temperature acclimation phase (day 1) in samples from Helgoland and Locmariaquer at Δ+6 °C (> 24 °C) (p < 0.05). A 

significant impact of TA was determined in all 

populations (p < 0.001). Higher Fv/Fm values 

were detected in the samples from Spitsber-gen with increasing temperatures of Δ+6 °C 

(p < 0.05). Contrary, S. latissima from Bergen, 

Helgoland and Locmariaquer were negatively 

affected by all TA as those samples revealed 

lower Fv/Fm values with increasing tempera-tures between Δ±0 and Δ+6 °C (p < 0.05). The 

optimum quantum yield on day 8 decreased 

with increasing absolute temperatures 

(r = −0.45, p < 0.001), leading to an intensified 

negative effect of TA on Fv/Fm values with de-

creasing latitudes: Quantum yield in samples from Bergen only diminished at Δ+6 (22 °C) and not at Δ+4 (20 °C) and Δ+2 °C (18 °C), 

while samples from Helgoland already signifi-cantly decreased at Δ+2/Δ+4 °C (20/22 °C, 

non-significant to each other) with a strong significant decline at Δ+6 °C (24 °C). A con-

spicuous pattern of decreasing Fv/Fm values, 

with significant differences between all treat-ments from Δ±0 °C to Δ+6 °C (19 – 25 °C) was 

determined in samples from Locmariaquer.  

Fig. 2.4: Optimum quantum yield of photosystem II 
(Fv/Fm) of Saccharina latissima across latitudes in Europe 
during the temperature-amplitude experiment. Experi-
mental set-up: mean summer SST (control, Δ±0 °C) and 
temperature stress treatments: Δ+2, Δ+4, Δ+6 °C. Values 
are means ± SD (n = 4). Significant differences are marked 
by different letters; lowercase letters mark within-sub-
jects effects and uppercase letters between-subjects ef-
fects (Friedman test with post hoc Wilcoxon signed rank 
test; p < 0.05). 
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The absolute pigment contents (Chl a, Acc) sampled on day 8 did not reveal any trends as-

signing to absolute temperatures or the latitudinal distribution of S. latissima (Table 2.3). 

There also was no significant impact of TA and no P×TA interaction. The TA, in general, had 

no significant effect on VAZ, DPS, Chla:Acc or Chla:VAZ (Fig. 2.5, Table 2.3). Data-sets could not be tested for interaction. Still, a trend to higher VAZ concentrations in the Δ+6 °C treat-

ments from Helgoland and Locmariaquer (> 24 °C) was observed (Table 2.3).   

Fig. 2.5a: De-epoxidation state of the xanthophyll cycle (DPS), b: chlorophyll a : pool size of xanthophylls (Chla:VAZ) 
and c: chlorophyll a : accessory pigments ratio (Chla:Acc) of Saccharina latissima across latitudes in Europe after the 
temperature-amplitude experiment. Experimental set-up: mean summer SST (control, Δ±0 °C) and temperature stress 
treatments: Δ+2, Δ+4, Δ+6 °C (n = 4). The bottom line of the box represents the 25th percentile, the center line of the 
box the median and the top line of the box the 75th percentile. The lower and upper whiskers represent the lowest and 
the highest values in the data. Significant differences are marked by different letters; lowercase letters mark within-
subjects effects and uppercase letters between-subjects effects (one-way ANOVA with post hoc Tukey’s test or Kruskal-
Wallis test with post hoc Dunn-Bonferroni’s test; p < 0.05). 

a b c

^
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The de-epoxidation state of the xanthophyll cycle (DPS, Fig. 2.5a) of the samples from Helgo-land and Locmariaquer both increased significantly at Δ+6 °C (p < 0.05) and a positive corre-

lation between DPS and absolute temperatures was detected (r = 0.44, p < 0.001). Even 

though absolute Chl a and VAZ content were both not affected during the experiment (Ta-

ble 2.3), the ratio of Chla:VAZ (Fig. 2.5b) significantly decreased at Δ+6 °C in the samples 

from Helgoland and Locmariaquer (p < 0.001) and was significantly higher in all samples from 

Bodø (p < 0.001). Further major changes in the photosynthetic pigment settings under the TA 

or a correlation with absolute temperatures were not apparent, even so in the Chla:Acc ratio 

(Fig. 2.5c). Though, Chla:Acc of the Helgoland samples was significantly higher after the ex-

periment than of samples from the other populations (p < 0.001).  

None of the other biochemical response variables – mannitol, C:N ratio, phlorotannins – were 

significantly affected by the TA (Fig. 2.6, Table 2.3), but significant differences were present 

between samples from the five locations in all three parameters (p < 0.001), however, without 

meaningful correlation to the sampling latitude. Regarding phlorotannins (Fig. 2.6), the low-

est concentrations were found in the samples from Spitsbergen and highest in the samples 

from Bergen and Locmariaquer. Generally, the phlorotannin content was higher at higher ab-

solute temperatures (r = 0.61, p < 0.001). Overall, mannitol concentrations (Table 2.3) were 

similar in all populations, though the samples from Locmariaquer exhibited the lowest con-

centrations, no correlation to absolute temperatures was determined. Saccharina latissima 

from Helgoland exceeded C:N ratios above 20, while samples from all other populations had 

values of about 13 – 19, independently of the TA (Table 2.2). These differences were mainly 

based on significantly lower nitrogen (N) concentrations in the Helgoland samples and not on 

variations in total carbon (C) (Supplement Tables S2.1 and S2.5). Total C had only little im-

pact on C:N (r = −0.27, p < 0.05), while total N revealed strong correlation (r = −0.73, 

p < 0.001). C:N ratio and total C, however, both increased with higher temperatures 

(rC:N = 0.28, pC:N < 0.05, rC = 0.35, pC < 0.01). Positive correlation was detected between total C 

and phlorotannins (r = 0.37, p < 0.01), but not mannitol. 
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Fig. 2.6: Phlorotannin concentration (mg g-1 dry weight [DW]) of Saccharina latissima across latitudes in Europe after 
the temperature-amplitude experiment. Experimental set-up: mean summer SST (control, Δ±0 °C) and temperature stress treatments: Δ+2, Δ+4, Δ+6 °C (n = 4). The bottom line of the box represents the 25th percentile, the center line 
of the box the median and the top line of the box the 75th percentile. The lower and upper whiskers represent the 
lowest and the highest values in the data. Significant differences are marked by different letters; lowercase letters 
mark within-subjects effects and uppercase letters between-subjects effects (two-way ANOVA with post hoc Tukey’s 
test; p < 0.05). 
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Discussion 

Impacts of short-term temperature increase on Saccharina latissima across latitudes 

This is the first study revealing the performance of Saccharina latissima along its north-south 

distribution gradient to relative marine heatwaves (MHWs) in summer. We simulated heat stress by applying temperature amplitudes of Δ+2 – 6 °C on top of local mean summer sea surface temperature (SST) (Δ±0 °C). It became evident that S. latissima reveals intraspecific 

differences in physiological and biochemical levels to temperature increase across latitudes. 

However, we did not detect homogenous effects of the temperature amplitudes, meaning none of the parameters tested responded in the same way to an increase of Δ+2, Δ+4 or Δ+6 °C 

in the different populations. We detected harmful impacts of increasing temperatures on 

physiology and biochemical status exclusively in the southernmost samples of S. latissima, for 

which the temperature-amplitude treatments exceeded 20 °C. Northern isolates overall were 

not negatively affected. Nevertheless, we also found strong site-specific differences, which 

were especially prominent in growth and phlorotannin content. 

Survival of S. latissima across latitudes was not significantly affected by a temperature in-crease of Δ+2 – 6 °C. Increased mortality of S. latissima sporophytes was already reported for 

temperatures above 20 °C (Fortes & Lüning 1980, Bolton & Lüning 1982, Lüning 1984) and 

blade tissue of S. latissima from Nova Scotia was severely damaged and decomposed after 

one-week exposure to high temperatures (18 and 21 °C) (Simonson et al. 2015b). Contrary to 

these studies, samples from Helgoland and Locmariaquer in our experiment survived a tem-perature increase by Δ+2 to Δ+4 °C (absolute temperatures up to 23 °C) and revealed high mortality only in the Δ+6 °C treatment (≥ 24 °C) after 8 days of treatment. Thus, S. latissima 

from these two locations showed extraordinary resilience to MHWs in summer, although the 

chosen methodology of temperature increase might have influenced the results: The stepwise 

increase of temperature as conducted in our experimental set-up, which should simulate the 

situation in nature, allowing for a stepwise acclimation and, hence probably helped to survive 

unfavorable conditions (Terblanche et al. 2007). Thus, the published upper survival temper-

atures derived from experiments without pre-acclimation phase (Fortes & Lüning 1980, 

Bolton & Lüning 1982, Lüning 1984, Simonson et al. 2015a) and constant temperatures may 

not reveal the actual resilience present in nature where kelps are normally subjected to slowly 

increasing temperature amplitudes. Hence, we can conclude that S. latissima at their warm-

edge distribution can withstand short periods of summer MHWs up to 25 °C, although mor-

tality extensively increases at > 23 °C. We monitored survival only using meristematic discs, 
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although kelp thalli under heat stress usually start degenerating from the tip (Franke 2019, 

I. Bartsch pers. comm.). Furthermore, adult meristematic field tissue might be more resilient 

than laboratory cultures or young meristems (Hanelt et al. 1997, Heinrich et al. 2016).  

Along the entire latitudinal range, the growth of the samples was not affected by temperature 

amplitudes but differed between the populations. In contrast to previous studies working 

within comparable temperature ranges, we did not detect enhanced growth with warmer 

temperatures in the Arctic samples (Olischläger et al. 2017 [4 and 10 °C], Li et al. 2020 [0, 8 

and 15 °C], Diehl & Bischof 2021 [4, 6, 8 and 10 °C]), since Δ±0 °C (absolute temperature 6 °C) and Δ+6 °C (12 °C) revealed no significant differences. However, Olischläger et al. (2017) and 

Li et al. (2020) worked with juvenile laboratory-grown sporophytes, which are most likely 

more sensitive to environmental variations (Hanelt et al. 1997, Heinrich et al. 2016). Strong 

site-specific differences in growth became evident in our study with overall diminished 

growth at higher temperatures. Growth activity in samples from Spitsbergen was highest by far, even though the control temperature (Δ±0 °C, absolute temperature 6 °C) and the Δ+2 °C 

treatment (8 °C) were below the temperature range of 10 – 15 °C which was reported as op-

timum growth temperature for S. latissima (Bolton & Lüning 1982). Growth was significantly 

lower in samples from Helgoland (18 – 24 °C), which were exposed to temperatures highly 

exceeding the optimum growth temperature of the species, than from Bodø (12 – 18 °C) and 

Bergen (16 – 22 °C). Isolates from Locmariaquer (19 – 25 °C), which were exposed to slightly 

higher temperatures than the Helgoland population, exhibited the lowest growth activity and 

thereby are in accordance with expectations from published evidence (Bolton & Lüning 

1982). Growth of S. latissima generally is initiated in late winter after the termination of the 

fertile season resulting in rapid growth in early spring (Bartsch et al. 2008). This has been 

followed specifically from Helgoland and Norway (Helgoland: Lüning 1979, Norway 

[mainland]: Sjøtun 1993, Norway [Spitsbergen]: I. Bartsch pers. comm.). Over summer, 

growth of S. latissima is substantially reduced, as was observed at Helgoland, though it does 

not completely cease (Lüning 1979). Growth of S. latissima is closely dependent on light avail-

ability (Dunton 1985), resulting in higher growth rates during longer days (Fortes & Lüning 

1980) and is sensitive to the onset of short day length, which lead to an immediate reduction 

in growth and initiation of fertility (Lüning 1988). As we collected all samples in summer in 

day lengths > 15 hours, all meristems should have been in a general mode of some growth 

activity. Spurkland & Iken (2011, 2012) suggest that S. latissima exhibits growth plasticity 

within a genetically fixed seasonal growth window that might be an advantage in locations 

with high environmental variability, such as the Arctic. The particular irradiance conditions 
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in the Arctic may have promoted the extraordinary growth activity of the Spitsbergen popu-

lation. Consequently, observed growth activity might have been more dependent on internal 

seasonal growth patterns than on their exposure temperatures during the experiment, result-

ing in S. latissima from the Arctic growing most and from Locmariaquer least in summer. 

Temperature increase affected the optimum quantum yield of S. latissima, even though the 

effects were not consistent with the amplitudes but with the absolute temperatures. While 

samples from Spitsbergen were even stimulated at relatively higher summer temperatures of Δ+6 °C (absolute temperature of 12 °C), the samples from warmer locations clearly suffered from Δ+6 °C treatments (> 20 °C), and this negative effect of temperature increase intensified 

with decreasing latitudes. Several studies already detected an increase in optimum quantum 

yield of Arctic S. latissima with increasing temperatures up to 10 °C (Iñiguez et al. 2016, Diehl 

& Bischof 2021), but a decrease at temperatures above 20 °C as investigated in southern Nor-

wegian and Danish populations (Andersen et al. 2013, Nepper-Davidsen et al. 2019). In con-

trast, independent from their origin, our samples exhibited Fv/Fm values of > 0.6 at tempera-

tures up to 20 °C and even higher, which indicates a good physiological status (Dring et al. 

1996) and thus a good capacity to withstand short-term SST increases even during summer 

at all locations. It is striking that S. latissima from Locmariaquer revealed better photosyn-

thetic quantum yields than the Helgoland population, although both were kept at comparable 

high temperatures. Locmariaquer samples remained good physiological status at 23 °C 

(> 0.6), while Fv/Fm values already declined at 22 °C in samples from Helgoland, similar to the 

observed survival in our study. 

The tested temperature amplitudes had no effect on pigment concentrations and composi-tion, except for Helgoland and Locmariaquer, for which Δ+6 °C (> 24 °C) surpassed sublethal 

thresholds imposing considerable stress (Bolton & Lüning 1982, Lüning 1984). Even though 

chlorophyll a (Chl a) and the pool size of the xanthophyll cycle (VAZ) did not significantly 

change with amplitudes, the Chla:VAZ ratio decreased at Δ+6 °C in samples from Helgoland 

and Locmariaquer due to slightly lower Chl a and higher VAZ concentrations. Chl a is reported 

to decrease at suboptimal temperatures resulting in changes of the photosynthetic apparatus 

and consequential reduced photosynthetic activity under warmer temperatures (Wernberg 

et al. 2016, Nepper-Davidsen et al. 2019). By interconversion of violaxanthin to zeaxanthin 

(de-epoxidation state, DPS), the xanthophyll cycle acts as precursory protective mechanisms 

for dissipation of excessive energy, thereby preventing the generation of reactive oxygen spe-

cies (ROS) (Goss & Jakob 2010). Comparable to Nepper-Davidsen et al. (2019) we could detect 

a strong increase of DPS at high temperatures in samples from Helgoland and Locmariaquer, 
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indicating physiological exertion in S. latissima. The increase of VAZ in the same treatments is 

reflecting the importance of DPS as a protective mechanism at high temperatures. We did not 

detect a clear link of latitudinal distribution or absolute temperatures to variation in pig-

ments. Though, except for Spitsbergen, a trend for decreasing Chl a and accessory pigment 

(Acc) concentration in samples from locations with higher mean summer SST was deter-

mined, but the ratio between Chla:Acc remained almost the same in all samples. As pigment 

composition is largely depending on the light environment, potential differences existent 

in situ might have been diminished by the experimental design applying the same photoper-

iod and irradiance conditions to all samples over > 14 days. The pre-acclimation phase was 

rather long (partially), except for Spitsbergen, which could explain the overall lower Chl a and 

Acc concentrations in samples from this population.  

Nutrient uptake in seaweeds is affected by temperature (Roleda & Hurd 2019). In our exper-

iment, C:N ratio did not vary in the temperature-amplitude treatments and no pattern of in-

tracellular nitrogen (N) was detected across latitudes since generally, local variations were 

very small. In our study, variations in C:N were mainly based on N and only a little on total 

carbon (C). N is frequently limited in coastal systems over summer. However, the samples 

from Helgoland exclusively revealed C:N ratios of above 20, indicating N limitation despite 

high supply with N during the experiment (Atkinson & Smith 1983). Enhanced N supply sup-

ports heat tolerance in kelp species (Gerard 1997b, Fernández et al. 2020), thus, the exposure 

to ½ PES as in our study might have ameliorated negative impacts of enhanced temperatures. 

C:N ratios and C content increased at higher absolute temperatures. Since total C constitutes 

all carbohydrates, including mannitol and phlorotannins (Amsler 2008 and references 

therein) but no correlation with mannitol was found, phlorotannins most likely make up a 

large proportion in the increase of total C and thus C:N. 

Phlorotannins were not affected by the temperature-amplitude treatments and did not in-

crease significantly at suboptimal high temperatures as was shown in brown algae before 

(Simonson et al. 2015a, Flores-Molina et al. 2016), but they increased with absolute temper-

ature and strong local differentiations were found. Phlorotannin content is strongly con-

nected with wound healing and light environments (Amsler 2008 and references therein). 

Induction and acclimation occur within a few hours to days (Hammerstrom et al. 1998, Cruces 

et al. 2013), meaning that potential impacts of sampling and in situ radiation were extenuated 

by the experimental design. Significantly fewer phlorotannins were measured in the samples 

from Spitsbergen and the concentrations were comparable to the ones measured in other 
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Arctic S. latissima (Diehl & Bischof 2021). These observations apparently argue for tempera-

ture acclimation in phlorotannins of S. latissima to some extent, even though samples from 

Bergen revealed the highest content.  

We could not verify the proposed strategy of Arctic S. latissima to constantly store high man-

nitol concentrations as acclimation to frequent environmental variations (Diehl & Bischof 

2021), even though mannitol content slightly decreased at lower latitudes at the end of the 

temperature-amplitude experiment. In their experiment, Diehl & Bischof (2021) mimicked 

Arctic summer conditions and maintained the samples under constant 24 h of light exposure. 

For our current study, we kept all samples at a 16:8-h-light:dark rhythm to eliminate potential 

light effects at the different latitudes, which might have influenced the synthesis of mannitol.  

 

Phenotypic plasticity or local adaptation? 

It is an interesting question in terms of conservation ecology whether acclimation mecha-

nisms of species are based on phenotypic plasticity (the ability of individual genotypes to pro-

duce different phenotypes when exposed to different conditions, short-term) or on local ad-

aptation (the process of genetic change that accumulates over many generations, long-term) 

(Morgan-Kiss et al. 2006, Pigliucci et al. 2006). Long-term exposure to different selective en-

vironmental pressures can result in the development of distinct ecotypes (Nicotra et al. 2010), 

although locally adapted ecotypes might also exhibit high phenotypic plasticity (de Jong 

2005). As reported for Laminaria digitata, the emerge of ecotypes in kelps can be very subtle 

and with high variation in plasticity (Liesner et al. 2020a, Martins et al. 2020). Nevertheless, 

different populations are often treated as a single homogenous physiological unit, and within-

species variations to environmental factors are overlooked (Reed et al. 2011, Bennett et al. 

2019).  

Saccharina latissima is commonly found along the entire European Atlantic coast from polar 

regions down to a latitude of ~ 40°N (Araújo et al. 2016). With its widespread distribution 

and the corresponding variability in abiotic drivers, both phenotypic plasticity and local ad-

aptation have been reported and their partition appeared to be very complex (e.g. 

Lüning 1975, Müller et al. 2008, Olischläger et al. 2014, 2017). For instance, while Bolton & 

Lüning (1982) did not find thermal ecotypes with respect to growth or survival and proposed 

that S. latissima rather expresses high phenotypic plasticity, Gerard & Du Bois (1988) report 

different thermal tolerances in two USA populations. Accordingly, it remains unclear whether 

S. latissima exhibits thermal ecotypes or not. 
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Clear genetic differentiation between populations is prerequisites for the potential occur-

rence of local adaptation and ecotypes along the distribution range of S. latissima (Guzinski et 

al. 2020) since the existence of distinct ecotypes entails genetic adaptations to local temper-

ature conditions (Conner & Hartl 2004). Guzinski et al. (2020) investigated the genetic diver-

sity of European S. latissima and found a high degree of inter-population differentiation and 

no genetic connectivity but no significant variation in genetic diversity with latitude.  

To answer the question of the existence of thermal ecotypes in S. latissima, common garden 

experiments would be required, comparable to Gerard & Du Bois (1988), Liesner et 

al. (2020a) or Martins et al. (2020). However, our approach focuses on the performance of 

S. latissima across latitudes to relative temperature increases. The existence of restricted 

thermal ecotypes would provoke equal responses to the same relative temperature increase (Δ+2 – 6 °C) in the different populations. Our data clearly show that differentiations between 

populations were not reflected in response patterns to the temperature amplitudes. While 

samples from locations with high mean summer SST suffered under increased temperatures, 

the northern samples with lower temperatures were unaffected or even benefitted slightly. 

Since exclusively S. latissima populations with high mean summer SST were negatively af-

fected by increasing temperatures, we can conclude that absolute temperatures delimit the 

physiological performance of S. latissima and not relative temperature anomaly in summer. 

Only when reaching sublethal to lethal temperature thresholds, S. latissima revealed thermal 

stress behavior through several traits. Thus, even if subtle thermal ecotypes exist within S. la-

tissima in Europe as reported for L. digitata (Liesner et al. 2020a, Martins et al. 2020), the 

adaptations to different temperature ranges would not have an ecological effect on sporo-phytes under Δ+2 – 6 °C MHW scenarios in summer.  

In our study, physiological and biochemical traits exhibited different plasticity to tempera-

tures. Selection can act on multiple phenotypic traits and consequently affects the rate of evo-

lution (Reed et al. 2011). High plasticity may support a wide biogeographical distribution, 

potentially leading to local adaptations as a result of long exposition to different local selective 

pressures. Under continued environmental pressure, this possibly provoked the evolvement 

of thermal ecotypes on an even larger geographical scale (Nicotra et al. 2010), but fast adap-

tation to temperature is unlikely to have taken place in North Atlantic species such as the 

genus Laminaria (Wiencke et al. 1994). 
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Implications for the population biology of Saccharina latissima in Europe 

Even though S. latissima tolerates wide amplitudes of physico-chemical drivers (reviewed by 

Bartsch et al. 2008), strong declines and changes in biomass are reported from several regions 

in Europe (Pehlke & Bartsch 2008, Moy & Christie 2012, Casado-Amezúa et al. 2019, 

Filbee-Dexter et al. 2020). Heat tolerance and the capacity for acclimation may differ between 

genetic strains, thus populations (Clark et al. 2013, Nepper-Davidsen et al. 2019). Our study 

shows that subtle thermal ecotypes play a subordinated role in coping with short-term ocean 

warming. Despite the existence of potential thermal ecotypes (Müller et al. 2009 and 

references therein) and the low genetic connectivity between S. latissima populations along 

the European coastline (Guzinski et al. 2020), the overall responses to thermal stress under 

realistic heatwave-like events (i.e.  Δ+2 – 6 °C) were not affected. Local MHWs in summer only 

pose stress to S. latissima in regions with higher mean summer sea surface temperatures. 

Thus, variable local temperature thresholds for survival, as present in thermal ecotypes, do 

not contribute to mortality in European S. latissima, as suggested for other kelps (Wernberg 

et al. 2010, King et al. 2018). Nevertheless, we found indications to differentiation in re-

sponses to high temperatures between the populations in Helgoland and Locmariaquer, 

which should be examined in more detail. 

We suggest that the environmental background and seasonal temperature history is the cru-

cial factor in temperature tolerance and distribution traits of S. latissima. Growth temperature 

is known to affect the photosynthetic performance of S. latissima (Davison 1987, Davison & 

Davison 1987, Davison et al. 1991), and the importance of temperature history on thermal 

plasticity of kelps was recently published by Liesner et al. (2020b), who investigated the effect 

of temperatures on the development of juvenile L. digitata. They provided evidence for non-

genetic carry-over and cross-generational effects and reported a stimulating effect of cold 

temperatures on several physiological and biochemical responses. Rapid and intense ocean 

warming in the winter season, which was already detected and is predicted to further in-

crease in the near future (Maturilli et al. 2013, IPCC 2019b), might therefore particularly affect 

thermal plasticity and stress resilience to high temperatures also in summer and hence con-

tribute to kelp reduction. By exceeding optimum temperatures, reversible physiological re-

sponses manifest (Davison et al. 1991, Wernberg et al. 2016), and specimens might be less 

resilient to other stressors or less competitive against other algae (Wernberg et al. 2010, Moy 

& Christie 2012, Andersen et al. 2013). Additionally, the interaction with other abiotic drivers 
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such as nutrients, irradiance or salinity were shown to affect habitat-specific temperature tol-

erances in S. latissima (Machalek et al. 1996, Gerard 1997a, Diehl & Bischof 2021, Monteiro et 

al. 2021). Summarizing, summer MHWs alone do not cause reductions in European kelp pop-

ulations across latitudes, instead, declines are caused by an interplay of many different fac-

tors. 
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Supplement 

 

Material and methods 

 

Fig. S2.1: Stages of decomposition of Saccharina latissima during the temperature-amplitude experiment on days 2, 4, 
6 and 8. Red arrows mark discs which were considered ‘dead’ at the end of the experiment. A – D:  Helgoland. 

E – H: Locmariaquer. 
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Biochemical data 

 

Table S2.1: Absolute concentration of fucoxanthin, chlorophyll c2, violaxanthin, antheraxanthin, zeaxanthin, total carbon and total nitrogen of Saccharina latissima across latitudes in 
Europe after the temperature-amplitude experiment. Experimental set-up: temperature-amplitude treatment (treatment; Δ°C) and respective absolute temperature (abs. temp.; °C). 
Values are means ± SD (n = 4). DW = dry weight. 

 

 

 

population 
treatment 

(Δ°C) 

abs. temp. 

(°C) 

fucoxanthin 

(mg g-1 DW) 

chlorophyll c2 

(mg g-1 DW) 

violaxanthin 

(µg g-1 DW) 

antheraxanthin 

(µg g-1 DW) 

zeaxanthin 

(µg g-1 DW) 

total carbon 

(mg g-1 DW) 

total nitrogen 

(mg g-1 DW) 

Spitsbergen 

±0 6 0.411 ± 0.056 0.157 ± 0.022 61.77 ± 14.62 2.58 ± 1.43 2.24 ±   1.86 275.42 ± 35.12 18.63 ± 1.96 
+2 8 0.478 ± 0.112 0.195 ± 0.050 80.78 ± 24.72 4.70 ± 3.64 2.53 ±   2.34 237.72 ± 47.33 17.54 ± 5.36 
+4 10 0.421 ± 0.243 0.172 ± 0.112 66.51 ± 46.09 2.08 ± 1.11 1.01 ±   0.54 291.33 ± 21.46 22.87 ± 1.89 
+6 12 0.511 ± 0.115 0.194 ± 0.023 67.70 ±   7.76 2.28 ± 0.59 1.17 ±   0.81 260.31 ± 40.07 18.86 ± 1.42 

Bodø 

±0 12 1.038 ± 0.168 0.360 ± 0.043 45.34 ±   6.70 1.86 ± 0.40 2.33 ±   0.85 337.40 ±   1.31 21.94 ± 1.26 
+2 14 1.007 ± 0.163 0.362 ± 0.050 53.43 ±   4.38 2.47 ± 0.99 2.33 ±   0.48 316.73 ±   7.50 21.27 ± 1.66 
+4 16 0.863 ± 0.126 0.308 ± 0.055 38.50 ± 14.00 2.37 ± 0.74 1.59 ±   0.38 322.75 ± 16.23 21.46 ± 0.62 
+6 18 0.970 ± 0.158 0.324 ± 0.060 51.74 ±   7.28 2.35 ± 0.51 1.01 ±   0.23 303.78 ± 16.49 21.36 ± 2.16 

Bergen 

±0 16 0.689 ± 0.117 0.223 ± 0.028 77.63 ± 23.81 3.98 ± 0.93 0.96 ±   0.76 289.54 ± 21.04 23.88 ± 3.31 
+2 18 0.714 ± 0.153 0.229 ± 0.041 79.79 ± 24.36 3.37 ± 1.26 1.30 ±   0.24 340.02 ± 39.16 30.76 ± 4.65 
+4 20 0.618 ± 0.054 0.188 ± 0.017 76.87 ± 20.64 4.67 ± 0.19 1.19 ±   0.26 290.22 ± 43.82 21.79 ± 2.11 
+6 22 0.707 ± 0.140 0.210 ± 0.043 88.52 ± 26.64 8.31 ± 1.81 1.83 ±   0.78 306.87 ± 17.15 21.04 ±1.34 

Helgoland 

±0 18 0.705 ± 0.147 0.215 ± 0.039 61.60 ± 12.80 4.06 ± 3.31 2.14 ±   2.65 308.78 ± 18.82 16.28 ± 2.91 
+2 20 0.651 ± 0.096 0.197 ± 0.027 59.05 ±   7.62 3.71 ± 0.95 0.76 ±   0.34 304.31 ± 21.87 16.38 ± 2.76 
+4 22 0.657 ± 0.063 0.186 ± 0.019 59.90 ± 15.23 6.60 ± 0.66 9.26 ± 15.20 297.35 ± 13.97 16.93 ± 3.11 
+6 24 0.497 ± 0.131 0.128 ± 0.035 28.32 ±   7.38 20.73 ± 6.68 59.25 ± 23.23 300.08 ± 22.47 15.47 ± 1.17 

Locmariaquer 

±0 19 0.412 ± 0.110 0.134 ± 0.047 53.03 ± 17.66 1.09 ± 0.22 0.67 ±   0.32 321.53 ± 36.20 23.61 ± 1.53 
+2 21 0.338 ± 0.190 0.117 ± 0.066 48.69 ± 27.66 1.14 ± 0.72 0.85 ±   0.53 319.04 ± 30.88 20.43 ± 2.39 
+4 23 0.425 ± 0.150 0.134 ± 0.055 57.81 ± 13.64 1.94 ± 0.45 1.27 ±   0.56 327.98 ± 28.19 20.58 ± 1.83 
+6 25 0.474 ± 0.179 0.123 ± 0.049 21.97 ± 29.08 6.74 ± 3.05 60.95 ± 44.88 307.85 ± 23.03 23.98 ± 3.44 
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Statistics 

 

Table S2.2: Results of the Kruskal-Wallis tests for effects of temperature-amplitude (TA) on survival and the repeated 
measures two-way ANOVA for effects of TA on the increase of size from initial (increase %) of Saccharina latissima 
across latitudes in Europe. Statistically significant values are indicated by asterisks (p < 0.05). 

a log10 transformation 
x Dunn-Bonferroni’s test: reject H0 if p ≤ alpha/2, alpha = 0.05 

 

 

 

 

Table S2.3 Results of the Friedman tests for effects of temperature-amplitude on the photosynthetic efficiency Fv/Fm 
of Saccharina latissima across latitudes in Europe measured on day 1 – 8. Statistically significant values are indicated 
by asterisks (p < 0.05). 

 

 

 

 

 

 

  

Variable Factor  df 
F value / 

χ2 value 
p value 

 Between-subjects effects     

survival % Population (P) Kruskal-Wallis 4 9.265 0.055 

 Temperature-Amplitude (TA) Kruskal-Wallis 3 9.675 0.022* x 

 Within-subjects effects     

survival % Spitsbergen TA all survived / / / 

survival % Bodø TA Kruskal-Wallis 3 3.000 0.392 

survival % Bergen TA Kruskal-Wallis 3 3.000 0.392 

survival % Helgoland TA Kruskal-Wallis 3 3.000 0.078 

survival % Locmariaquer TA Kruskal-Wallis 3 10.2857 0.016* x 

 two-way ANOVA     

increase %a Population (P)  4 1473.251 < 0.001* 

 Temperature-Amplitude (TA)  3 11.444 < 0.001* 

 Day  4 149.348 < 0.001* 

 P × TA  12 6.084 < 0.001* 

Variable Factor df χ2 value p value 

 Between-subjects effects    

Fv/Fm 

Population (P) +  
Temperature-Amplitude (TA) +  
Day 

19 102.86 < 0.001* 

 Within-subjects effects    

Fv/Fm TA P + Day 4 19.275 < 0.001* 

Fv/Fm Population TA + Day 3 16.470 < 0.001* 
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Table S2.4: Results of the two-way ANOVA, one-way ANOVA or Kruskal-Wallis test for effects of temperature-ampli-
tude on chlorophyll a (Chl a), pool size of accessory pigments (Acc), pool size of all xanthophylls (VAZ = violaxanthin [V], 
antheraxanthin [A], zeaxanthin [Z]), de-epoxidation state of the xanthophyll cycle (DPS) and Chla:Acc ratio in Saccha-

rina latissima across latitudes in Europe. Statistically significant values are indicated by asterisks (p < 0.05). 

Variable Factor  df 
F value / 

χ2 value 
p value 

 two-way ANOVA     

Chl a Population (P)  4 26.616 < 0.001* 

 Temperature-Amplitude (TA)  3 0.419 0.740 

 P × TA  12 1.086 0.388 

 two-way ANOVA     

Acc Population (P)  4 40.995 < 0.001* 

 Temperature-Amplitude (TA)  3 0.649 0.586 

 P × TA  12 0.933 0.521 

 Between-subjects effects     

VAZ Population (P) Kruskal-Wallis 4 26.192 < 0.001* x 

 Temperature-Amplitude (TA) Kruskal-Wallis 3 5.645 0.130 

 Within-subjects effects     

VAZ Spitsbergen TA Kruskal-Wallis 3 1.897 0.594 

VAZ Bodø TA Kruskal-Wallis 3 6.375 0.095 

VAZ Bergen TA ANOVA 3 0.439 0.729 

VAZ Helgoland TA Kruskal-Wallis 3 8.096 0.044* x 

VAZ Locmariaquer TA ANOVA 3 1.933 0.178 

 Between-subjects effects     

DPS Population (P) Kruskal-Wallis 4 12.579 0.014* x 

 Temperature-Amplitude (TA) Kruskal-Wallis 3 8.060 0.045* x 

 Within-subjects effects     

DPS Spitsbergen TA ANOVA 3 0.602 0.602 

DPS Bodø TA ANOVA 3 3.083 0.068 

DPS Bergen TA ANOVA 3 1.616 0.237 

DPS Helgoland TA Kruskal-Wallis 3 11.272 0.010* x 

DPS Locmariaquer TA Kruskal-Wallis 3 12.265 0.007* x 

 Between-subjects effects     

Chla:Acc Population (P) Kruskal-Wallis 4 41.377 < 0.001* x 

 Temperature-Amplitude (TA) Kruskal-Wallis 3 1.928 0.587 

continues on next page 
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 Within-subjects effects     

Chla:Acc Spitsbergen TA ANOVA 3 0.555 0.654 

Chla:Acc Bodø TA ANOVA 3 0.797 0.519 

Chla:Acc Bergen TA ANOVA 3 1.410 0.288 

Chla:Acc Helgoland TA ANOVA 3 7.161 0.005* 

Chla:Acc Locmariaquer TA Kruskal-Wallis 3 3.154 0.368 

 Between-subjects effects     

Chla:VAZ Population (P) Kruskal-Wallis 4 46.347 < 0.001* x 

 Temperature-Amplitude (TA) Kruskal-Wallis 3 5.241 0.155 

 Within-subjects effects     

Chla:VAZ Spitsbergen TA ANOVA 3 1.534 0.256 

Chla:VAZ Bodø TA Kruskal-Wallis 3 3.199 0.362 

Chla:VAZ Bergen TA ANOVA 3 0.066 0.996 

Chla:VAZ Helgoland TA ANOVA 3 12.620 < 0.001* 

Chla:VAZ Locmariaquer TA ANOVA 3 11.430 < 0.001* 
x Dunn-Bonferroni’s test: reject H0 if p ≤ alpha/2, alpha = 0.05 
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Table S2.5: Results of the two-way ANOVA for effects of temperature-amplitude on the C:N ratio, total C and total N 
content in Saccharina latissima across latitudes in Europe. Statistically significant values are indicated by asterisks 
(p < 0.05). 

x Dunn-Bonferroni’s test: reject H0 if p ≤ alpha/2, alpha = 0.05 

 

 

  

Variable Factor  df 
F value / 

χ2 value 
p value 

 Between-subjects effects     

C:N Population (P) Kruskal-Wallis 4 36.807 < 0.001* x 

 Temperature-Amplitude (TA) Kruskal-Wallis 3 0.294 0.961 

 Within-subjects effects     

C:N Spitsbergen TA ANOVA 3 2.099 0.154 

C:N Bodø TA ANOVA 3 0.150 0.927 

C:N Bergen TA ANOVA 3 6.202 < 0.001* 

C:N Helgoland TA Kruskal-Wallis 3 0.596 0.897 

C:N Locmariaquer TA ANOVA 3 2.507 0.109 

 two-way ANOVA     

Total C Population (P)  4 9.835 < 0.001* 

 Temperature-Amplitude (TA)  3 0.679 0.569 

 P × TA  12 1.566 0.128 

 Between-subjects effects     

Total N Population (P) Kruskal-Wallis 4 36.084 < 0.001* x 

 Temperature-Amplitude (TA) Kruskal-Wallis 3 1.180 0.758 

 Within-subjects effects     

Total N Spitsbergen TA Kruskal-Wallis 3 2.382 0.497 

Total N Bodø TA ANOVA 3 0.808 0.513 

Total N Bergen TA ANOVA 3 3.863 0.041* 

Total N Helgoland TA Kruskal-Wallis 3 1.191 0.755 

Total N Locmariaquer TA ANOVA 3 2.538 0.106 
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Table S2.6: Results of the two-way ANOVA for effects of temperature-amplitude on mannitol in Saccharina latissima 
across latitudes in Europe. Statistically significant values are indicated by asterisks (p < 0.05). 

 

 

 

 

 

 

 

 

Table S2.7: Results of the two-way ANOVA for effects of temperature-amplitude on phlorotannins in Saccharina latis-

sima across latitudes in Europe. Statistically significant values are indicated by asterisks (p < 0.05). 

 

 

 

 

 

 

  

Variable Factor df F value p value 

 two-way ANOVA    

Mannitol Population (P) 4 19.605 < 0.001* 

 Temperature-Amplitude (TA) 3 1.138 0.341 

 P × TA 12 0.624 0.813 

Variable Factor df F value p value 

 two-way ANOVA    

Phlorotannins Population (P) 4 29.123 < 0.001* 

 Temperature-Amplitude (TA) 3 0.298 0.827 

 P × TA 12 0.279 0.991 
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Abstract 

The geographical distribution of organisms, such as the foundation kelp species Saccharina 

latissima, is mainly driven by temperature. Globally increasing sea surface temperature (SST) 

and further intensification of marine heatwaves have already resulted in local extinction of 

kelp populations. In this study, we assessed temporal variation in the thermal susceptibility 

of S. latissima. Therefore, we compared stress responses of S. latissima field sporophytes sam-

pled from Helgoland (German Bight) in June 2018, August 2018, and August 2019 to heatwave 

scenarios. We analyzed survival, growth, maximum quantum yield of photosystem II (Fv/Fm), 

and pigment composition. Survival decreased with increasing experimental and environmen-

tal temperatures. Growth revealed seasonal patterns, being higher in June than in August, 

while Fv/Fm decreased with increasing temperature, independently of the sampling time. We 

found an increase in the concentration of light harvesting pigments and in the de-epoxidation 

state of the xanthophyll cycle (DPS) with higher treatment temperature. These increases in-

tensified with higher environmental temperature prior to the experiment (June 2018 < Au-

gust 2019 < August 2018). Our results indicate overall high plasticity of S. latissima to tem-

perature increase and enhanced susceptibility to heatwaves in a prevailing high-temperature 

environment, e.g. during years with higher mean SST.  
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Introduction 

Temperature is considered one of the most limiting factors for the global distribution and 

abundance of species (Lüning 1990, Adey & Steneck 2001), as it directly affects metabolic 

rates and enzyme activities (Q10 rule) (Bannwarth et al. 2013). Response traits as survival, 

growth and reproduction integrate the temperature tolerance of a given species over a mul-

titude of enzymatic reactions (Pörtner & Farrell 2008, Clarke & Fraser 2017). These traits 

vary with life-history stages (Martins et al. 2017) and are affected by the interaction with 

other biotic or abiotic factors (e.g. Feehan et al. 2012, Diehl et al. 2020). Close to the species-

specific temperature tolerance limit, energy requirements generally increase (DeWitt et al. 

1998, Pörtner et al. 2005), which is reflected in changes in physiological and biochemical re-

sponse parameters. The ability of a species to modify its phenotype and thereby acclimate to 

different temperatures (phenotypic plasticity) (King et al. 2018), determines its temperature 

tolerance and, ultimately, latitudinal distribution. Broadly distributed seaweeds are reported 

to have a wider temperature tolerance (eurytherm) than species with limited distribution 

(Wiencke et al. 1994), however, certain species do not necessarily tolerate large local temper-

ature variation (Kelly et al. 2012). In fact, an extensive seaweed loss due to high temperatures 

could already be shown for southern marginal populations (Wernberg et al. 2018, 

Filbee-Dexter et al. 2020).  

Hitherto, the global temperature rise is one of the major threats to coastal ecosystems, result-

ing in a poleward migration and, eventually, local extinctions of species (Perry et al. 2005, 

Pörtner & Knust 2007). The global mean sea surface temperature (SST) has already risen by 

~ 0.63 °C since 1850 and is expected to increase further (IPCC 2019). Additionally, extreme 

temperature events, such as marine heatwaves (MHWs), are predicted to intensify globally in 

the future (Hobday et al. 2016, Oliver et al. 2018). Severe effects of MHWs on structures of 

marine ecosystems have been recorded around the globe.  

Even far North of their southernmost distributional edge species can reach their thermal tol-

erance limit in regions with great seasonal and inter-annual temperature variation. Bennett 

et al. (2015) reported that rear-edge and central populations of an Australian brown 

macroalga exhibited equal sensitivity to warming. SSTs around Helgoland (North Sea, German Bight) reach from −1 °C to +21 °C throughout the year, with an annual average of 10.1 °C 

(Boersma et al. 2016). Over the past 50 years, a warming trend of +0.037 °C per year of the 

annual mean SST was estimated, with both winters and summers becoming warmer 

(Wiltshire et al. 2010). The apparent changes in the marine ecosystem around Helgoland have 
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been attributed to the increasing SST, such as shifts in the macroalgal community and changes 

in depth distribution of kelp species (Bartsch & Kuhlenkamp 2000, Pehlke & Bartsch 2008).  

Kelps (Phaeophyceae, Laminariales) are important foundation species acting as ecosystem 

engineers, providing habitat, food and nursery grounds for many associated organisms 

(Eckman et al. 1989, Schultze et al. 1990, Teagle et al. 2017). They support a wide range of 

ecosystem services, e.g. increased fisheries, coastline protection or carbon storage. The value 

of kelp forests is estimated to US$ ~ 0.5 – 1 million per year and kilometer of coastline 

(Wernberg et al. 2018). Broad-scale declines and loss of marine forests were reported along 

the coasts of Australia and the North Atlantic (Smale & Wernberg 2013, Filbee-Dexter & 

Wernberg 2018, Filbee-Dexter et al. 2020). More severe losses of kelp populations were ob-

served after extraordinarily high SSTs in the North Atlantic, and it was proposed that kelp 

mortality increases in warmer years (Andersen et al. 2013, Filbee-Dexter et al. 2020). Con-

trary, the beneficial acclimation hypothesis (BAH) for organisms describes a performance ad-

vantage after acclimation to a particular environment (Leroi et al. 1994, Deere & Chown 2006) 

and, hence, would count for local acclimation of kelp populations to high-temperature condi-

tions. 

Saccharina latissima (Laminariales) is a boreal-temperate kelp species (Van den Hoek et al. 

1993), forming underwater forests along the entire European Atlantic coast from Svalbard to 

Northern Portugal (Araújo et al. 2016). The species exhibits various mechanisms to adjust to 

environmental conditions (reviewed by Bartsch et al. 2008). For instance, pronounced phys-

iological circannual rhythms have been described for S. latissima. On Helgoland, the main 

growth activity was measured in spring, peaking in July before it decreases substantially, 

though not completely ceasing, towards the end of summer (Lüning 1979). The optimum 

growth temperature of S. latissima sporophytes usually ranges between 10 and 15 °C (Lüning 

1979, Fortes & Lüning 1980), and the lethal temperature was determined at 23 °C (Bolton & 

Lüning 1982). However, Diehl et al. (submitted) detected that the species can even survive 

temperatures up to 25 °C for more than a week after successive temperature increase, such 

as MHWs.  

The aim of the present study was to investigate the significance of the seasonal thermal his-

tory for high-temperature responses of S. latissima. Therefore, we conducted heatwave-like 

experiments with field-collected sporophytes from Helgoland, applying temperatures reach-

ing the upper temperature tolerance limit for the species (18 – 24 °C). The experiments were 
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run in August 2018 and August 2019 to investigate inter-annual differences. Additionally, sea-

sonal effects were evaluated by comparing the data from June 2018 (Diehl et al. submitted) 

to the results from August 2018. 

We hypothesized that physiological and biochemical responses of S. latissima to heat stress 

are affected by the local temperature history and, thus, varies between seasons and between 

years. Based on the major variation of the SST in the inter-annual comparison between August 

2018 and August 2019, we expect S. latissima to show a reduced temperature tolerance to 

heatwaves in the year with overall higher local temperature. Comparing seasons, we expect 

higher thermal susceptibility of S. latissima in August 2018 than in June 2018.  

 

Material and methods 

Sea surface temperature (SST) 

The SST around Helgoland is monitored continuously by the COSYNA (Coastal Observation 

System for Northern and Arctic Seas) underwater node system (Fischer et al. 2020) in the 

MarGate experimental field in a depth of 10 m, providing real-time measurements of the SST. 

The data is freely available and can be downloaded at: https://dashboard.awi.de/?dash-

board=10421. The daily optimum interpolation of sea surface temperature (daily OISST) was 

provided by Reynolds et al. (2007) and Banzon et al. (2020). The data was displayed in the 

context of marine heatwaves and modified after Schlegel (2020).  

 

Sampling August 2018/2019 

Saccharina latissima sporophytes were collected by scientific SCUBA divers around Helgoland 

from a high tide depth of 3 – 5 m. Samplings were conducted on the 23rd of August 2018 and 

21st of August 2019 (Fig. 3.1a) (N 54°11.3’, E 7°54.2’).  
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Experimental set-up August 2018/2019 

The experimental set-up was based on the temperature-amplitude experiment by Diehl et al. 

(submitted). Meristematic discs (Ø 2.2 – 2.4 cm) were cut and afterwards equally distributed 

between treatments and replicates (n = 4), avoiding pseudo-replicates, and cultivated in aer-

ated 2-L clear-plastic bottles, filled with sterile ½ Provasoli enriched seawater (½ PES, 

Provasoli 1968 with the following modifications: HEPES-buffer instead of TRIS, double con-

centration of Na2glycerophosphat, iodine enrichment after Tatewaki 1966; SA 33), applying a 

16/8-light/dark cycle of 30 – 35 µmol photons m-2 s-1 (ProfiLux 3 with LED Mitras daylight 

150, GHL Advanced Technology, Kaiserslautern, Germany). Treatment temperatures (18, 20, 

22, 24 °C) were chosen after Diehl et al. (submitted), based on 18 °C summer mean tempera-ture on Helgoland as control, and Δ+2, Δ+4, Δ+6 °C as temperature-amplitude treatments, 

mimicking marine heatwaves. The experiments ran for 14 days (Fig. 3.1b), starting with an 

acclimation phase (t0 – t7) in which the temperature of the treatments was increased by 2 °C 

every second day until the respective treatment temperature was reached. Temperature 

treatments ran for 7 days (t8 – t14).  

 

Fig. 3.1: Experimental set-up. a: Seasonal vs. inter-annual effects: Seasonal effects in the short-term high-temperature 

response of Saccharina latissima were assessed by comparing the samplings of June 2018 to August 2018. Those were 

compared to the inter-annual effects studied by the samplings of August 2018 to August 2019. For all comparisons of 

the short-term temperature response of S. latissima two weeks of experimental temperature treatment were applied. 

b: Experimental temperature treatment: Dotted line separates the acclimation phase (t0 – t7) and the experimental tem-

perature treatment (t8 – t14; 18, 20, 22, 24 °C). During acclimation, the temperature was increased by 2 °C every second 

day (t1, t3, t5) until the treatment’s final temperature was reached (n = 4 for each temperature treatment). Physiological 

parameters and pigments were measured on t0 and t14.   

a b 
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Data-set June 2018 

Sporophytes were collected on the 26th of June 2018 (N 54°10.9’, E 7°55.1’). The experiment 

was conducted and data collected by Diehl et al. (submitted). Raw data were downloaded 

from the PANGAEA data platform and re-evaluated for this study. Initial pigment values (t0) 

were not measured in June 2018 and are therefore missing.  

 

Physiological response variables 

Survival. Survival between t0 and t14 was calculated as percentage for each replicate of the 

temperature treatments (Equation 1). As most of the meristematic discs started to disinte-grate throughout the experiment, discs were only considered ‘dead’, if they were completely 
decomposed or if no maximum quantum yield of photosystem II (Fv/Fm) was detectable any-

more.  

𝑆𝑢𝑟𝑣𝑖𝑣𝑎𝑙 [%] = ∑ 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑑𝑖𝑠𝑐𝑠 𝑡14∑ 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑑𝑖𝑠𝑐𝑠 𝑡0 ∙ 100 
Equation 1 

 

Size. Digital photographs of the discs were taken on t0 and t14 to analyze the change in size 

(cm2) (growth and decomposition) during the experiment. The pictures were analyzed with 

ImageJ 1.53a (java 1.8.0_172 [64-bit]). Mean size of all surviving discs per replicate was de-

termined on both t0 and t14 by summing up the discs’ size for each replicate and dividing it by 
the number of remaining discs. Changes in size during the experiment was shown as percent-

age for each replicate of the temperature treatments (Equation 2).  

𝐴𝑟𝑒𝑎 [%] = ∑ 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑑𝑖𝑠𝑐𝑠 𝑡14 ∑ 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑑𝑖𝑠𝑐𝑠 𝑡14⁄  ∑ 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑑𝑖𝑠𝑐𝑠 𝑡0 ∑ 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑑𝑖𝑠𝑐𝑠 𝑡0⁄ ∙ 100 Equation 2 
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Maximum quantum yield of photosystem II (Fv/Fm). Fv/Fm was measured on t0 and t14 using 

pulse amplitude modulated fluorometers (June 2018/August 2018: ImagingPAM, Walz Imag-

ing PAM Maxi Version M-series; August 2019: Portable Chlorophyll Fluorometer PAM-2100, 

Heinz Walz GmbH, Effeltrich, Germany). Prior to the measurements, the discs were dark 

adapted for 5 min. Changes in Fv/Fm between t0 and t14 was shown as percentage for each rep-

licate of the temperature treatments (Equation 3).  

𝐹𝑣/𝐹𝑚 [%] = 𝐹𝑣/𝐹𝑚 𝑡14𝐹𝑣/𝐹𝑚 𝑡0  ∙  100 Equation 3 

 

Pigment composition 

Pigment composition was analyzed according to Koch et al. (2015). For each sample, 

50 – 100 mg of the freeze-dried, powdered material was extracted in 1 mL 90 % acetone (vol-

ume percent, v/v) at 4 °C for 24 h in darkness. The supernatant was filtered and then analyzed 

by an High Performance Liquid Chromatography (HPLC; LaChromElite® system, L-2200 au-

tosampler [chilled], DA-detector L-2450; VWR-Hitachi International GmbH, Darmstadt, Ger-

many), applying a gradient according to Wright et al. (1991) and separating the pigments by 

a Spherisorb® ODS-2 column (250 × 4.6 mm, 5 µm; Waters, Milford, MA, USA). Modification 

was as follows: The mobile phase was 0.5 mmol sulfuric acid (H2SO4), run at a flow rate of 

0.4 mL min-1, 5 – 40 bar, 75 °C. To identify and quantify pigment peaks, the respective stand-

ard for each pigment was used (DHI Lab Products, Hørsholm, Denmark).  

The accessory pigment (Acc) and xanthophyll cycle pigment (VAZ) concentration (mg g-1 dry 

weight [DW]) were calculated by the sum of chlorophyll c2 and fucoxanthin and the sum of 

violaxanthin, zeaxanthin and antheraxanthin concentration, respectively (Equation 4, Equa-

tion 5).  𝐴𝑐𝑐 [𝑚𝑔 𝑔 −1 𝐷𝑊] =  𝐶ℎ𝑙𝑜𝑟𝑜𝑝ℎ𝑦𝑙𝑙 c2 + 𝐹𝑢𝑐𝑜𝑥𝑎𝑛𝑡ℎ𝑖𝑛 Equation 4 𝑉𝐴𝑍 [𝑚𝑔 𝑔 −1 𝐷𝑊] =  𝑉𝑖𝑜𝑙𝑎𝑥𝑎𝑛𝑡ℎ𝑖𝑛 + 𝑍𝑒𝑎𝑥𝑎𝑛𝑡ℎ𝑖𝑛 + 𝐴𝑛𝑡ℎ𝑒𝑟𝑎𝑥𝑎𝑛𝑡ℎ𝑖𝑛 Equation 5 
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The ratios of Acc and VAZ to chlorophyll a (Chl a) were determined, respectively (Equation 

6, Equation 7).  

𝐴𝑐𝑐: 𝐶ℎ𝑙𝑎 = [𝐶ℎ𝑙𝑜𝑟𝑜𝑝ℎ𝑦𝑙𝑙 c2 + 𝐹𝑢𝑐𝑜𝑥𝑎𝑛𝑡ℎ𝑖𝑛][𝐶ℎ𝑙𝑜𝑟𝑜𝑝ℎ𝑦𝑙𝑙 a]  Equation 6 

  𝑉𝐴𝑍: 𝐶ℎ𝑙𝑎 = [𝑉𝑖𝑜𝑙𝑎𝑥𝑎𝑛𝑡ℎ𝑖𝑛 + 𝐴𝑛𝑡ℎ𝑒𝑟𝑎𝑥𝑎𝑛𝑡ℎ𝑖𝑛 + 𝑍𝑒𝑎𝑥𝑎𝑛𝑡ℎ𝑖𝑛][𝐶ℎ𝑙𝑜𝑟𝑜𝑝ℎ𝑦𝑙𝑙 a]  Equation 7 

The de-epoxidation state of the xanthophyll cycle (DPS) was determined after 

Colombo-Pallotta et al. (2006) (Equation 8): 

𝐷𝑃𝑆 =  𝑍𝑒𝑎𝑥𝑎𝑛𝑡ℎ𝑖𝑛 + 0.5 ∙ 𝐴𝑛𝑡ℎ𝑒𝑟𝑎𝑥𝑎𝑛𝑡ℎ𝑖𝑛𝑉𝑖𝑜𝑙𝑎𝑥𝑎𝑛𝑡ℎ𝑖𝑛 + 𝑍𝑒𝑎𝑥𝑎𝑛𝑡ℎ𝑖𝑛 + 𝐴𝑛𝑡ℎ𝑒𝑟𝑥𝑎𝑛𝑡ℎ𝑖𝑛 Equation 8 

 

 

Statistical analysis 

To test for the influence of the thermal history, seasonal (June 2018 vs. August 2018) and 

inter-annual (August 2018 vs. August 2019) effects were investigated separately. Significant 

differences of the response variables to the interactive fixed-effects temperature (T) × sam-

pling time (ST) were assessed using a fitted linear model using analyses of variances 

(two-way ANOVA) and post hoc Tukey’s tests (p < 0.05). Normality of residuals (Shapiro-Wilk 

test, p > 0.05) and homoscedasticity (Levene’s test, p > 0.05) were tested. As F-statistic was 

reported to be robust against a moderate violation of normal distributions at small sample 

sizes in terms of Type I errors and no beneficial effects of transformation were found (Blanca 

et al. 2017), the non-parametric data-sets were not transformed. All statistical analyses of the 

experiment were run in RStudio (Version 1.3.1093). Statistical results are summarized in the 

supplements (Tables S3.1 – S3.3).  

  



Chapter 3: Publication II 
 

 

81 
 

Results 

Seasonal and inter-annual temperature variation 

The course of the sea surface temperature (SST) around Helgoland between April and Sep-

tember 2018 and 2019 is compared in Figure 3.2a. While the monthly mean SST (data not 

shown) was up to 3 °C lower in April, May and June 2018, it was max. 2 °C higher in July and 

August 2018 than in the respective month 2019 (Fig. 3.2b). 

Three marine heatwaves (MHWs) occurred within the investigated period in 2018, lasting 

37 days in total. The highest temperatures were recorded at the end of July 2018, is classified as category II MHW ‘strong’, being the 2 – 3-fold of the difference of 90th percentile from the 

mean climatology value (Hobday et al. 2016, 2018, Schlegel 2020) (Fig. 3.2c). Contrary, only 

one MHW was observed between April and September in 2019, starting after the sampling 

campaign at the end of August (Schlegel 2020) (Fig. 3.2d).  

 

Fig. 3.2: Sea surface temperature (SST) around Helgoland. a: Hourly mean SST (°C) in 2018 (red) and 2019 (turquoise) 

from April to August. 15 °C marks the upper optimum temperature of Saccharina latissima (Fortes & Lüning 1980). 

18 °C marks the control temperature of the experiment after Diehl et al. (submitted). b: Difference between correspond-

ing SST measurements at each time point 2018 and 2019 (ΔSST) (°C). 0 = SST2018 = SST2019. c & d: Black lines show the 

satellite-derived SST in 2018 and 2019 on Helgoland. Red dashed lines represent the 90th percentile of the average SST 

over 30 years (blue dashed line) after Hobday et al. (2016). Categories after Hobday et al. (2018): Moderate: 1 – 2-fold 

difference of 90th percentile from the mean climatology value. Strong: 2 – 3-fold difference of 90th percentile from the 

mean climatology value. Data provided by Reynolds et al. (2007) and Banzon et al. (2020); modified after 

Schlegel (2020).  
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Physiology and pigment composition 

Seasonal effects – June 2018 vs. August 2018 

Survival. Survival of discs was not affected by interactive effects of temperature (T) and sam-

pling time (ST) (T×ST) (Fig. 3.3a, Supplement Table S3.1). However, T had an impact in Au-

gust 2018 (p < 0.001) when survival was 75 % lower in the 24 °C than in the 18 °C treatment 

(p < 0.01). In June 2018, a decreasing trend in survival with increasing treatment temperature 

was observed. Furthermore, the ST had an impact (p < 0.001) with 40 – 79 % more discs sur-

viving in June 2018 compared to August 2018 in each temperature treatment (p < 0.01). 

Size. Size was neither affected by T alone nor by T×ST interaction (Fig. 3.3b, Table S3.1), whereas ST was detected to affect the discs’ size (p < 0.001). Compared to the initial size (t0), 

discs grew between 16 – 20 % in all temperature treatments in June 2018, while the discs’ 
size decreased in August 2018 during the experiment. Regarding the 24 °C treatment, the 

discs in August 2018 were 45 % smaller than in June 2018 (p < 0.01).  

Maximum quantum yield of photosystem II (Fv/Fm). Fv/Fm was only affected by T (p < 0.001) 

and not by ST or T×ST interaction. (Fig. 3.3c, Table S3.1). Independently from the season, 

Fv/Fm decreased at enhanced temperatures (June 2018: 24 °C < [22 °C = 20 °C = 18 °C];                                   

August 2018: [24 °C = 22 °C] < [20 °C = 18 °C]; p < 0.01). 

Chl a & Acc. The interaction of temperature (T) and sampling time (ST) affected the chloro-

phyll a (Chl a) and accessory pigment (Acc) concentration (Table 3.1, Table S3.2, p < 0.05), 

while T alone had no impact. Nevertheless, Chl a and Acc increased with higher temperature 

in August 2018 (p < 0.05). No temperature-induced responses were observed in June 2018. 

The main effect of ST only had an impact on Acc (p < 0.05), being higher in August 2018 than 

in June 2018.  

Acc:Chla. We detected significant seasonal impacts of T and ST as main effects, but also a sig-

nificant T×ST interaction for the Acc:Chla ratio (Fig. 3.4a, Table S3.3, p < 0.05). In June 2018, 

Acc:Chla showed no temperature-induced responses, while in August 2018, it decreased by 

48 – 58 % comparing the 18 °C to the 22 °C and 24 °C treatment (p < 0.05).  
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VAZ:Chla. The ratio of the xanthophyll pool size to chlorophyll a (VAZ:Chla) was affected by 

the T×ST interaction (Fig. 3.4b, Table S3.3, p < 0.01). Furthermore, T affected VAZ:Chla 

(p < 0.001). Although, no temperature-induced significances were detected in August 2018, 

in June 2018 VAZ:Chla was 47 – 54 % higher in the 24 °C treatment than in the 18 °C, 20 °C 

and 22 °C treatments (p < 0.001). The effect of ST in the different seasons (p < 0.001) became 

apparent comparing the 24 °C treatments. In June 2018 VAZ:Chla was 58 % higher than in the 

24 °C treatment in August 2018 (p < 0.001).  

DPS. The de-epoxidation state of the xanthophyll cycle (DPS) was affected by the interaction 

of T and ST, resulting in differences between temperatures at different sampling times 

(Fig. 3.4c, Table S3.3, p < 0.05). DPS increased with higher treatment temperatures (June 

2018: 24 °C < [22 °C = 20 °C = 18 °C], p < 0.001; August 2018: [24 °C = 22 °C] < [22 °C = 

20 °C = 18 °C], p < 0.05). Furthermore, ST had an impact on DPS comparing June and August 

2018 (p < 0.001), being higher in August than in June.  

 

Inter-annual effects – August 2018 vs. August 2019 

Survival. T affected the survival of discs (p < 0.001), however, the interaction of T and ST did 

not (Fig. 3.3a, Table S3.1). In both years, survival was 64 – 75 % higher in the 18 °C than in 

the 24 °C treatment, being significant in August 2019 (24 °C < [22 °C = 20 °C = 18 °C]; 

p < 0.05). In total, more discs survived the treatments in August 2019 (64 %) than in August 

2018 (38 %). 

Size. Neither T nor T×ST affected the size (Fig. 3.3b, Table S3.1). Only ST had an impact 

(p < 0.001), with the discs being smaller in August 2019 than in August 2018. 

Maximum quantum yield of photosystem II (Fv/Fm). Fv/Fm was neither affected by interactive 

effects of T and ST nor by ST (Fig. 3.3c, Table S3.1, p > 0.05). Nevertheless, T affected Fv/Fm 

(p < 0.001), resulting in lower values with increasing treatments temperature (August 2018: 

[24 °C = 22 °C] < [18 °C = 20 °C], August 2019: 24 °C < [18 °C = 20 °C = 22 °C]; p < 0.01). 

Chl a & Acc. Chl a and Acc were neither affected by interactive effects of T and ST, nor by ST 

alone (Table 3.1, Table S3.2, p > 0.05). T had an impact (p < 0.01). The Chl a and Acc concen-

trations were 33 – 84 % higher in the 24 °C than in the 18 °C treatment.  

Acc:Chla. Acc:Chla differed significantly between the temperatures at different samplings 

(T×ST; p < 0.001) (Fig. 3.4a, Table S3.3). T alone also had an impact (p < 0.01), resulting in a 
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decrease of 48 – 58 %, comparing the 18 °C with the 22 °C and 24 °C treatment in August 2018 

(p < 0.05). In August 2019, Acc:Chla decreased by 47 – 63 % between t0 and t14 (p < 0.05). 

Even though the general effect of ST was not significant, Acc:Chla on t0 was 53 % higher in 

August 2019 than in August 2018.  

VAZ:Chla. VAZ:Chla was not affected by T×ST interaction (Fig. 3.4b, Table S3.3). T affected 

VAZ:Chla (p < 0.001), resulting in 54 % lower ratios in the 18 °C than in the 22 °C and 24 °C 

temperature treatment in August 2018 (p < 0.05). In August 2019, no temperature-induced 

significances were detected. Furthermore, the ST also had an effect on VAZ:Chla (p < 0.001), 

resulting in higher values in August 2018 than in August 2019. 

DPS. DPS was not affected by T×ST, or ST (Fig. 3.4c, Table S3). Nevertheless, T alone had a 

strong impact on DPS (p < 0.001). DPS was considerably higher at 24 °C (August 2018 and 

2019: [24 °C = 22 °C] < [22 °C = 20 °C = 18 °C], p < 0.05).  

 

Table 3.1: Chlorophyll a (Chl a) and accessory pigment (Acc) concentration (µg g-1 dry weight) of Saccharina latissima 

at the beginning of the experiment (t0) and after two weeks of acclimation and temperature treatments (t14) (18, 20, 22, 

24 °C) in June 2018, August 2018 and August 2019. t0 is missing for June 2018. Different lowercase letters indicate 

significant differences between treatments in June and August 2018 (p < 0.05). Different capital letters indicate signifi-

cant differences between treatments in August 2018 and August 2019 (p < 0.05). 

 Temper-

ature 

June 2018 August 2018 August 2019 

 Mean  SD Sig. Sig. Mean  SD Sig. Sig. Mean  SD 

Chl a 18 °C – t0 --- --- --- ab 978.8 744.1 AB A 249.2 63.3 

 18 °C – t14 1254.1 213.8 ab a 219.9 56.7 A AB 584.5 129.1 

 20 °C – t14 1211.7 175.6 ab b 1470.2 809.8 B AB 844.1 326.3 

 22 °C – t14 1247.1 80.9 ab ab 1023.5 572.0 AB AB 742.6 276.2 

 24 °C – t14 959.8 257.0 ab b 1346.0 231.2 B AB 249.2 63.3 

Acc 18 °C – t0 --- --- --- ab 653.3 325.9 AB AB 391.7 100.4 

 18 °C – t14 920.0 186.0 b a 319.9 95.4 A AB 319.9 95.4 

 20 °C – t14 802.4 230.4 b b 920.0 186.0 B AB 480.1 78.7 

 22 °C – t14 847.8 122.5 b ab 802.4 230.4 AB AB 802.4 230.4 

 24 °C – t14 652.1 273.2 ab b 847.77 122.5 B AB 623.0 158.9 
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Fig. 3.3: Physiological responses (% of t0) of Saccharina latissima after two weeks of acclimation and temperature treatments (18, 20, 22, 24 °C) separated into panels by sampling time 

(June 2018, August 2018, August 2019). Treatment mean (dots)  SD (n = 3 – 4) and average replicate response (cross). a: Survival. b: Size. c: Maximum quantum yield of photosys-

tem II (Fv/Fm).  Different lowercase letters indicate differences between treatments in June and August 2018 (p < 0.05). Different capital letters indicate significant differences between 

treatments in August 2018 and August 2019 (p < 0.05). 

  

c b a 
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Fig. 3.4: Pigment ratios of Saccharina latissima at the beginning of the experiment (t0) and after two weeks of acclimation and temperature treatments (t14; 18, 20, 22, 24 °C) separated 

into panels by sampling time (June 2018, August 2018, August 2019). Treatment mean (dots)  SD (n = 3 – 4) and average replicate response (cross). a: Accessory pigments to chloro-

phyll a (Acc:Chla). b: Xanthophyll pool to chlorophyll a (VAZ:Chla). c: De-epoxidation state of xanthophyll cycle (DPS). Different lowercase letters indicate significant differences between 

treatments in June and August 2018 (p < 0.05). Different capital letters indicate significant differences between treatments in August 2018 and August 2019 (p < 0.05). 

 

c b a 
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Discussion 

Recently, traits of S. latissima to MHWs in summer were shown to vary between populations 

across latitudes (Diehl et al. submitted). In their publication, Diehl and colleagues hypothe-

sized that the environmental frame and seasonal temperature history might be a crucial fac-

tor regarding temperature tolerance of S. latissima. In this study, we assessed the influence of 

the thermal history on physiological and biochemical high-temperature responses of Saccha-

rina latissima. We demonstrated that susceptibility to heatwaves largely varies between sea-

sons and years. The observed differences were related to variation in sea surface temperature 

(SST) at the study site (Helgoland) between April and September 2018 and 2019. As individ-

uals were exposed to different thermal conditions over longer periods throughout the year 

(thermal history) they constantly adjusted to the prevailing conditions to maintain perfor-

mance.  

 

Impact of the thermal history on kelp physiology 

Independently from sampling time, S. latissima generally exhibited the highest mortality at 

24 °C as also reported by Bolton & Lüning (1982). However, up to 70 % of the samples sur-

vived the heatwave treatment for more than a week, exceeding the prior reported upper sur-

vival limit of 23 °C (Bolton & Lüning 1982, Lüning 1984), potentially due to the stepwise tem-

perature increase as suggested by Diehl et al. (submitted). Successive acclimation most prob-

ably supported the survival of extreme temperature conditions (Terblanche et al. 2007) and, 

thus, also decreases the susceptibility of S. latissima to natural heatwaves. Nevertheless, our 

results revealed a clear order in survival across sampling times (June 2018 > August 2019 > 

August 2018). Sporophytes were less tolerant and disintegrating at lower temperatures after 

longer periods of high mean SSTs or more MHW days prior to the experiment (June 2018 and 

August 2019 vs. August 2018). These results are consistent with observations in the field. 

Under high temperature stress, kelps were observed to start decomposing from the tip 

(Franke 2019, I. Bartsch pers. comm.). Less and shorter individuals were found at the sam-

pling locations in August 2018 compared to June 2018 and August 2019 (S. Niedzwiedz pers. 

obs.). 

Maximum quantum yield of photosystem II (PS II) (Fv/Fm) can be used as a proxy for the cel-

lular stress level and algal vitality (Dring et al. 1996, Murchie & Lawson 2013, Hurd et al. 

2014). In accordance with earlier studies, strong decreases of Fv/Fm were detected at higher 

temperatures in S. latissima (Fredersdorf et al. 2009, Hargrave et al. 2017, Diehl et al. 2020). 



Chapter 3: Publication II 
 

 

88 
 

Contrary to the survival of the individuals, the decrease in Fv/Fm in this study was completely 

independent of the sampling time (season and year) and only responded to the absolute tem-

perature. Fv/Fm is an immediate stress response variable (Dring et al. 1996), however, is less 

suited for long-term assessments, such as a significant influence of the thermal history 

(Murchie & Lawson 2013). Still, the results clearly state the negative influence of temperature 

extremes on the in vivo fluorescence, suggesting that the photosynthetic apparatus and the 

electron transfer of PS II have been impaired over time (Li et al. 2017). This might eventually 

result in cellular damage, e.g. due to enhanced generation of reactive oxygen species (ROS) 

(Foyer 2018).  

The growth of S. latissima in this study followed the pattern observed by Lüning (1979), ex-

hibiting season- and temperature-dependent activity. Fronds increase growth activity in 

spring, peaking in July and decreasing later in the year. Above and below the optimum tem-

perature (10 – 15 °C), growth is reduced (Lüning 1979, Fortes & Lüning 1980, Bolton & 

Lüning 1982). Despite the fact of higher growth activity, we observed no temperature depend-

ency since all remaining discs increased in size in June 2018. In contrast, in August 2018 and 2019, we determined a trend in decreasing discs’ size with increasing temperature. Thus, high 
mortality was caused by massive tissue damage, as already described by Simonson et al. 

(2015).  

Summarizing, long-term exposure to high temperatures prior to the experiment was not ben-

eficial in terms of overall performance (beneficial acclimation hypothesis; BAH) (Leroi et al. 

1994, Deere & Chown 2006) of S. latissima, and instead, thermal susceptibility to heatwaves 

decreases. These findings imply that the impact of MHWs varies between seasons, resulting 

in stronger reductions of marine forests at the end of summer and in overall warmer years.  

 

High temperatures lead to increases in light harvesting complex pigments and DPS 

Temperature stress is also reflected in the pigment composition of kelps (Andersen et al. 

2013, Fernandes et al. 2016). Even though, we detected no changes in the pigment ratio 

(Acc:Chla) of the light harvesting complex, absolute Chl a and Acc concentrations increased 

in August 2018 and 2019 with higher temperatures, which was in contrast to reports by 

Wernberg et al. (2016) and Nepper-Davidsen et al. (2019) who found a decrease in Chl a con-

centrations at suboptimal temperatures. In our experiment, an impact of light climate on pig-

ment composition can be excluded since constant light conditions were maintained in all 

treatments.  
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Xanthophyll pigments (VAZ) are important part of non-enzymatic protective mechanisms 

(Demmig-Adams & Adams 1996). The reduction of violaxanthin to antheraxanthin to zeaxan-

thin (de-epoxidation state; DPS) (Demmig-Adams & Adams 1996) has mainly been described 

as a response to excessive light energy (e.g. Bischof et al. 2006), it also supports the intracel-

lular heat dissipation and increases at enhanced temperatures (Nepper-Davidsen et al. 2019, 

Diehl et al. 2020, Li et al. 2020, Liesner et al. 2020a). However, recent studies demonstrated 

that temperature-induced stress is also compensated by an increase of DPS (Nepper-

Davidsen et al. 2019, Diehl et al. 2020, Li et al. 2020, Liesner et al. 2020a) and was also con-

firmed in our study. Furthermore, we found DPS correlating with the thermal history of the 

sporophytes, being higher in August than in June. This might be due to an overall higher con-

centration of ROS level at the end of summer, supported by a variety of environmental factors, 

e.g. longer periods of warm temperature, higher light intensities and increased biotic strain, 

such as infections (Torres & Dangl 2005).  

 

Ecological implications  

The present study provides clear evidence that sampling time significantly affects the thermal 

susceptibility of S. latissima to heatwaves in summer. Comparing the observed seasonal and 

inter-annual differences, the decline in the performance of S. latissima was more pronounced 

at seasonal than at inter-annual comparisons. We observed an overall increased temperature 

tolerance in June than in August. Regarding inter-annual differences, we revealed that sam-

ples had a diminished temperature tolerance after exposition to a high-temperature environ-

ment. Hence, we confirm that declines and extinction of kelp populations will happen more 

likely in warmer years (Andersen et al. 2013, Filbee-Dexter et al. 2020) due to an overall high 

temperature strain on S. latissima. Thus, with the ongoing increase of the mean SST and in-

tensification of MHWs (Oliver et al. 2018, IPCC 2019), extensive losses of S. latissima popula-

tions will not only occur at their rear-edge distribution range in the future. Still, successive 

temperature increase enables the species to maintain its integrative cell functions until up to 

24 °C for shorter periods, and S. latissima generally reveals a high capacity to tolerate MHWs. 

However, our results indicate stronger effects on the S. latissima population in August, hence, 

mortality mainly increases during MHWs in late summer. The notion of large temporal varia-

bility in thermal response has to be considered in predictions of future range shifts in kelps 

based on experimental data from single experiments. Liesner et al. (2020b) highlighted the 

importance of cold seasons for kelp species, showing that gametogenesis and recruitment of 
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Laminaria digitata at high temperatures resulted in a decrease in the plasticity of the respec-

tive juvenile sporophytes to high temperatures. MHWs during the cold seasons might, there-

fore, not lead to an immediate loss of populations but further decrease the high temperature 

tolerance of kelp in summer months. Summarizing, Liesner et al. (2020b) and our study 

clearly demonstrate that the environmental frame and seasonal temperature history have a 

great influence on the performance and susceptibility of kelp species. These findings should 

be considered when interpreting previous studies and future studies on field sporophytes. 

Considering that not only temperature but also other environmental factors, e.g. light inten-

sity and photoperiod, salinity or shifting biotic equilibria, affect the development of kelp in 

response to global warming, future re-distribution and the consequences in structure and 

functioning of the respective ecosystems might be even more severe than previously as-

sumed.  
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Supplement 

Statistics 

 

Table S3.1: Results of the analysis of variance (ANOVA) to assess the effect of the fixed parameters temperature (T) 

and sampling time (ST) on the variability of survival, size and maximum quantum yield of photosystem II (Fv/Fm) of 

Saccharina latissima in the experiment.  

 

Note: Survival, size and Fv/Fm were tested against the interactive effects of temperature × sampling time, comparing 

June 2018 to August 2018 and August 2018 to August 2019. Tested values are the means of replicates (n = 3 – 4). 

numDF: numerator degrees of freedom; denDF: denominator degrees of freedom. Statistically significant values are 

marked in bold.  

 

 

 

 

 

Table S3.2: Results of the analysis of variance (ANOVA) to assess the effect of the fixed parameters temperature (T) 

and sampling time (ST) on the variability of the chlorophyll a concentration (Chl a), accessory pigment concentration 

(Acc) and xanthophyll pigment concentration (VAZ) of Saccharina latissima in the experiment.  

 

  
Parameter 

 
numDF 

June 2018 : August 2018 August 2018 : August 2019 

 denDF F value p value denDF F value p value 

Chl a T 4 27 2.058 0.114 28 5.488 0.002 

 ST 1 27 0.971 0.333 28 3.942 0.057 
 T × ST 3 27 4.276 0.014 28 1.983 0.125 

Acc T 4 27 1.239 0.318 28 4.999 0.004 

 ST 1 27 5.111 0.032 28 2.817 0.057 
 T × ST 3 27 5.850 0.003 28 1.446 0.245 

VAZ T 4 27 3.806 0.014 28 3.109 0.031 
 ST 1 27 16.424 < 0.001 28 12.817 0.001 

 T × ST 3 27 0.771 0.521 28 1.114 0.340 
Note: Chl a, Acc and VAZ were tested against the interactive effects of temperature × sampling, comparing June 2018 to 

August 2018 and August 2018 to August 2019. Tested values are the means of replicates (n = 3 – 4). numDF: numerator 

degrees of freedom; denDF: denominator degrees of freedom. Statistically significant values are marked in bold.  

  

  
Parameter 

 
numDF 

June 2018 : August 2018 August 2018 : August 2019 

 denDF F value p value denDF F value p value 

survival T 3 24 11.275 < 0.001 24 7.032 < 0.001 

 ST 1 24 123.754 < 0.001 24 10.362 < 0.001 
 T×ST 3 24 0.737 0.541 24 0.363 0.780 

size T 3 23 2.357 0.098 21 2.862 0.061 
 ST 1 23 27.497 < 0.001 21 15.153 < 0.001 

 T × ST 3 23 1.879 0.161 21 1.191 0.337 

Fv/Fm T 3 23 52.338 < 0.001 21 41.582 < 0.001 
 ST 1 23 0.016 0.902 21 1.536 0.229 
 T × ST 3 23 2.133 0.124 21 2.796 0.065 
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Table S3.3: Results of the analysis of variance (ANOVA) to assess the effect of the fixed parameters temperature (T) 

and sampling time (ST) on the variability of the ratio of accessory pigments to the chlorophyll a concentration 

(Acc:Chla), the ratio of the xanthophyll pool to the chlorophyll a concentration (VAZ:Chla), the de-epoxidation state 

(DPS) of Saccharina latissima in the experiment.  

 

  
Parameter 

 
numDF 

June 2018 : August 2018 August 2018 : August 2019 

 denDF F value p value denDF F value p value 

Acc:Chla T 4 27 3.181 0.029 28 5.460 0.002 

 ST 1 27 5.366 0.028 28 0.066 0.799 
 T × ST 3 27 3.021 0.047 28 6.479 < 0.001 

VAZ:Chla T 4 27 15.056 < 0.001 28 6.436 < 0.001 

 ST 1 27 57.164 < 0.001 28 28.269 < 0.001 

 T × ST 3 27 6.017 0.003 28 1.903 0.138 

DPS T 4 27 29.209 < 0.001 28 11.16 < 0.001 
 ST 1 27 19.217 < 0.001 28 0.128 0.723 
 T × ST 3 27 3.052 0.046 28 3.279 0.205 

Note: Acc:Chla, VAZ:Chla and DPS were tested against the interactive effects of temperature × sampling, comparing 

June 2018 to August 2018 and August 2018 to August 2019. Tested values are the means of replicates (n = 3 – 4). 

numDF: numerator degrees of freedom; denDF: denominator degrees of freedom. Statistically significant values are 

marked in bold.  
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Abstract 

Polar regions are facing rapid temperature increase. In Arctic fjord systems, increased tem-

peratures result in hyposalinity caused by the melting of sea ice and glaciers and freshwater 

run-off. Additionally, enhanced freshwater discharge and intrusion of nutrient-rich Atlantic 

water may result in nutrient input in summer. Combined, these factors might have a strong 

impact on primary producers, such as the abundant kelp species Saccharina latissima, an im-

portant foundation species in Arctic shallow-water coastal ecosystems. We ran two short-

term two-factor experiments with field samples from Kongsfjorden (Svalbard) to evaluate the 

impact of temperature increase in summer combined with hyposalinity (temperature × salin-

ity) or nutrient enrichment (temperature × nutrients) on the physiological and biochemical 

status of Arctic S. latissima. In the temperature × salinity experiment, growth and maximum 

photosynthetic quantum yield of photosystem II (Fv/Fm) were generally not affected. Temper-

ature increase resulted in increased C:N ratios, based on decreasing nitrogen assimilation. 

Overall, hyposalinity had no severe effect but resulted in lower phlorotannin concentrations. 

Growth and Fv/Fm improved with increasing temperatures and nutrient enrichment. The de-

epoxidation state of the xanthophyll cycle and mannitol declined at higher temperatures. Re-

garding other biochemical response variables, nutrients had no major impact (tempera-

ture × nutrients). In conclusion, in line with its broad latitudinal distribution range and adapt-

ability, S. latissima proved to be highly resilient to changing abiotic drivers and will likely be 

promoted by warming in the future Arctic.  
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Introduction 

Climate change is most pronounced in the polar regions. In the Arctic, temperature increase 

in the atmosphere is more than twice as fast as the global average (Meredith et al. 2019) and 

sea surface temperature (SST) is estimated to increase significantly towards the end of this 

century (Müller et al. 2009). Furthermore, marine heatwave events are proposed to increase 

in frequency, duration, intensity and spatial extent (Meredith et al. 2019). Kongsfjorden, on 

the west coast of Svalbard, is considered a ‘hot spot’ of climate change, since it is strongly 

impacted by warm off-shore Atlantic waters (Sundfjord et al. 2017). Hence, it is also regarded 

as a model system to study the impacts of change on high-Arctic fjord systems (Sundfjord et 

al. 2017, Bischof et al. 2019). Svendsen et al. (2002) still reported summer SSTs of about 4 °C. 

By 2012 the SST exceeded 6 °C (Dalpadado et al. 2016) and SST maxima of about 8 °C were 

measured in Kongsfjorden in the summer of 2019 (AWI 2019) and SST is expected to increase 

even further (Müller et al. 2009). Consequences of atmospheric temperature and SST in-

creases include the loss of sea ice, glacier melting and enhanced freshwater run-off (e.g. 

Sundfjord et al. 2017). Between 1936 and 1999, the total freshwater inflow in the Arctic Ocean 

increased by 7 % (Bluhm & Gradinger 2008). In the Beaufort Gyre region freshwater content 

increased by 40 % between 2003 and 2017 (Meredith et al. 2019). In Kongsfjorden, absolute 

salinity (SA) frequently decreases from 34 to 28 during the summer as a result of e.g. seasonal 

glacier and snow melt, river discharge or summer rainfall (Svendsen et al. 2002), and the tem-

porary freshwater inflow can further intensify hyposaline conditions, resulting in an SA of 23 

and less down to 20 m water depth (Hanelt et al. 2001, Karsten et al. 2003, Karsten 2007). 

In combination with rising temperatures and marine heatwave events in summer, salinity de-

crease or nutrient increase may have a strong interactive effect on marine organisms, mainly 

primary producers (e.g. Moy & Christie 2012, Diehl et al. 2020). Nutrient concentrations in 

Arctic fjords are relatively high in winter and early spring, inducing phytoplankton blooms as 

soon as sufficient light becomes available, which then lead to nutrient depletion from spring 

to fall (Aguilera et al. 2002, Bischof et al. 2019). N and P are essential macronutrients; N is 

available as nitrate, nitrite and ammonium and P as phosphate in marine environments. In 

Kongsfjorden, nitrate concentrations of 7 – 10 µM in winter and < 0.05 µM in summer are 

common, while phosphate concentration varies between 0.5 – 0.7 µM in winter and about 

0.1 µM in summer (Rokkan Iversen & Seuthe 2011). N is considered the limiting factor for 
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macroalgal productivity, particularly in summer. Yet, enhanced freshwater discharge in sum-

mer and nutrient-rich Atlantic waters may increase nutrient supply in Arctic fjord systems 

(Gordillo et al. 2006, Zacher et al. 2009, Filbee-Dexter et al. 2019). 

The rocky shores of Kongsfjorden are habitat for a rich seaweed community, dominated by 

kelp species, which are important foundation species providing food, shelter and nurseries 

for a multitude of associated organisms (e.g. Hop et al. 2016, Bischof et al. 2019). These can-

opy-forming brown macroalgae are exposed to a set of changing abiotic drivers, resulting in 

adjustments in the physiological and biochemical status, i.e. with respect to growth, photo-

synthesis, pigment content and C:N ratio  (e.g. Conolly & Drew 1985, Davison et al. 1991, Gor-

dillo et al. 2002, 2006, Fernandes et al. 2016, Nepper-Davidsen et al. 2019).  

Kelps apply a range of protective mechanisms to acclimate to different environmental varia-

tions. Acclimation describes the physiological adjustment to abiotic conditions in the respec-

tive habitat, e.g. the improvement of photosynthetic efficiency to maximize performance 

(Hurd et al. 2014). Fernandes et al. (2016) described the general influence of environmental 

factors on pigment compositions as complex. Limited nitrate concentration, for instance, in-

duced reduction in pigment content in kelps (Bartsch et al. 2008). The de-epoxidation state 

of the xanthophyll cycle (DPS) reduces intracellular stress triggered by reactive oxygen spe-

cies e.g. at low temperatures (Wiencke & Bischof 2012) and thus, can be used as a general 

stress response. The nutrient supply in seaweeds can be surveyed with the C:N ratio. A low 

C:N ratio represents high N levels in the tissue and hence sufficient nutrient supply (Wiencke 

& Bischof 2012). The polyol mannitol acts as ‘compatible solute’ (Brown & Simpson 1972) 

and maintains intracellular functions under osmotic stress (Kirst 1989, Iwamoto & Shiraiwa 

2005, Karsten 2012). It is the main photosynthetic product of Phaeophyceae (Iwamoto & Shi-

raiwa 2005) and is interconverted with the long-term C storage product laminarin (Yamagu-

chi et al. 1966, Kirst 1989, Karsten 2012, Graiff et al. 2016, Scheschonk et al. 2019). Phloro-

tannins (polyphenols) are multi-functional and play an ecological role in e.g. antifouling bio-

activity and feeding deterrence, or act as antioxidants (Amsler 2008 and references therein). 

Temporal variations have also been found in response to changing abiotic factors, such as 

salinity and nutrient availability (Amsler 2008 and references therein).  

To date, most studies have investigated the impact of environmental drivers on seaweeds in 

mono-factorial experiments (e.g. Davison & Davison 1987, Pfister & Van Alstyne 2003, 

Karsten 2007, Simonson et al. 2015, Nepper-Davidsen et al. 2019), while less is known about 

the combined interaction of several drivers (e.g. Henley & Dunton 1997, Pavia & Toth 2000, 
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Gordillo et al. 2002, Fredersdorf et al. 2009, Mandal et al. 2015). In recent studies on temper-

ature-salinity interactions in kelps, Diehl et al. (2020) reported that the combination of abiotic 

drivers can have strong additive, but also antagonistic, effects on the photosynthetic and bio-

chemical status of the endemic Arctic kelp Laminaria solidungula and Li et al. (2020) and Ma-

chado Monteiro et al. (2019) and Monteiro et al. (2020) investigated the effects of different 

temperatures and salinities on young Saccharina latissima sporophytes, reporting major 

changes on the transcriptomic level induced by both drivers. Growth, photosynthetic perfor-

mance and pigment content are significantly reduced in Laminariales over summer, caused 

by seasonal nutrient depletion (Bartsch et al. 2008). Although the impact of nutrients on 

macroalgae in general is well investigated, only a few studies have focused on temperature-

nutrient interactions (Mabin et al. 2013, Gao et al. 2016, Endo et al. 2017). Very little is known 

about the effects of nutrients in Arctic regions (Korb & Gerard 2000b, Gordillo et al. 2006, 

Filbee-Dexter et al. 2019), especially regarding interactions (Korb & Gerard 2000a). The indi-

vidual effects of nutrients on macroalgae differ considerably among species, and no clear pat-

terns in responses of macroalgae in general to variations in nutrient conditions can be deter-

mined (Gordillo et al. 2006). Filbee-Dexter et al. (2019) hypothesized that some Arctic kelp 

species can be physiologically limited by low nutrient levels and benefit from increasing nu-

trients. 

Most Arctic kelp species have optimum growth between 10 and 15 °C and are expected to 

experience an increase in growth rates with increasing temperatures (Filbee-Dexter et al. 

2019 and references therein). An increase in biomass and decrease in depth distribution of 

brown macroalgae have already been reported for Kongsfjorden (Müller et al. 2009, Bartsch 

et al. 2016). On the other hand, endemic species such as the kelp L. solidungula are reported 

to have limited growth and photosynthetic efficiency at temperatures above 10 °C (tom Dieck 

[Bartsch] 1992, Diehl et al. 2020). 

One abundant kelp species in Kongsfjorden is S. latissima (Linnaeus) C.E. Lane, C. Mayes, 

Druehl et G.W. Saunders (Phaeophyceae, Laminariales), which grows between 1.5 and 16 m 

depth (Bischof et al. 2019). As a boreal-temperate species, S. latissima is found from polar 

(Svalbard) to warm-temperate (Portugal) regions (Araújo et al. 2016) and thrives at a tem-

perature range between 0 and 23 °C (Müller et al. 2009 and references therein). It tolerates 

oligotrophic conditions and can survive hyposaline conditions down to SA 8 (Bartsch et al. 

2008). Saccharina latissima is proposed to have temperature ecotypes, which are adapted to 

Arctic conditions (Müller et al. 2009). With increasing temperatures, a global northward shift 
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of S. latissima is expected, assuming that it will be able to settle at even higher latitudes, pro-

vided that rocky substrates are available (Müller et al. 2009). Between 1996/1998 and 

2012/2013, S. latissima in Kongsfjorden already experienced a slight increase in biomass and 

a slight reduction in depth extension (Bartsch et al. 2016). 

A continuous change in Arctic shallow-water benthic community structure is expected with 

progressing temperature increase (Krause-Jensen & Duarte 2014). Müller et al. (2009) pre-

dicted major ecological consequences on local phytobenthic communities in polar environ-

ments due to climate change and stressed the importance of further investigations on the 

complexity of temperature increase and multiple interacting factors. Saccharina latissima has 

a broad distribution range and is suggested to employ opportunistic growth strategies 

(Bartsch et al. 2008). Several studies have reported species with narrow geographical distri-

butions being less tolerant to environmental changes than species with wide distributions 

(Kelly et al. 2012 and references therein, Sunday et al. 2015). Reich et al. (2015) proposed 

that boreal-temperate species, such as S. latissima, most probably will have neutral or positive 

responses to future warming. However, local adaptation such as the evolution of ecotypes 

may play important roles in determining environmental tolerances of wide-ranging species, 

especially at the edge of the species range (Kelly et al. 2012, Reich et al. 2015). 

In order to investigate the sensitivity of Arctic populations, we conducted two short-term 

two-factor experiments (temperature × salinity, temperature × nutrients) with S. latissima 

collected from Kongsfjorden, Svalbard. While most studies on environmental drivers apply 

rather extreme conditions of the abiotic factors, we wanted to shed light on a more realistic 

scenario. For that purpose, the set-up was based on possible future climate change and ma-

rine heatwave scenarios in the Arctic (Hobday et al. 2016, Meredith et al. 2019). The temper-

atures (4, 6, 8, 10 °C) were applied according to reported Arctic summer temperatures 

(Svendsen et al. 2002, Wiencke et al. 2007, Dalpadado et al. 2016, AWI 2019). Hyposalinity 

was based on minimum SA 23 – 28 in Kongsfjorden over summer (Hanelt et al. 2001, Svend-

sen et al. 2002) and nutrient treatments were based on the highest possible concentrations 

over the year (winter) (Rokkan Iversen & Seuthe 2011). 

In line with its wide acclimation capabilities to different environmental variations and the 

supportive effects of enhanced nutrient concentrations on seaweeds (e.g. Gerard 1997, Bis-

chof et al. 1998, Karsten 2007, Bartsch et al. 2008, Hurd et al. 2014), we expected S. latissima 

to benefit from short-term temperature increase and nutrient enrichment, rather than being 

harmed by hypoosmotic conditions. 
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Material and methods 

Sampling and preparation 

SCUBA divers collected Saccharina latissima (Linnaeus) (Lane et al. 2006) from Kongsfjorden, 

Svalbard in late June and early July 2019. Samples were taken from ~ 12 m water depth from 

the same location (‘Old Pier,’ Ny-Ålesund, 78° 55.4956' N, 11° 55.1088' E). All sporophyte 

blades had a length of 1 – 1.80 m. For both experiments, we cut discs (2.3 – 2.4 cm diameter) 

from the meristem and equally distributed them to the different treatments and replicates – 

10 discs of five individuals were grouped in each of 4 replicates. For wound healing, we main-

tained the samples in aerated 2-L clear plastic bottles at 4 °C for two days with ½ Provasoli 

enriched seawater (½ PES; Provasoli 1968; modifications: HEPES-buffer instead of TRIS, dou-

ble concentration of Na2glycerophosphate, iodine enrichment after Tatewaki 1966) and a 

24 h artificial photon fluence rate of 30 µmol m-2 s-1 (Econlux, SolarStringer LED SunStrip ‘daylight’). This irradiance was reported to be the average daily irradiance at depths of 1 – 5 m 

in summer (Bischof et al. 2002). After wound healing, we shock-froze discs in liquid N2 for the 

initial sampling and stored them at −80 °C (t0, where t = days). After wound healing, we accli-

mated the initial samples (t0) to four different temperatures (4, 6, 8, 10 °C) with an increase 

of 2 °C every second day. 

 

Experimental set-up 

Temperature × salinity 

The salinity treatments started after temperature acclimation (t6), using untreated filtered 

fjord seawater (SA 32 – 34) as the control treatment. For the hyposaline treatment (low: 

SA 25), we diluted filtered fjord seawater with tap water. Tap water in Ny-Ålesund is taken 

from a nutrient-poor meltwater lake. We kept the samples in aerated 2-L clear plastic bottles 

at 30 µmol m-2 s-1 constant light during the entire period of the experiment and in ½ PES, to 

ensure sufficient nutrient supply in both treatments. We exchanged water twice a week. After 

eight days of exposure to the two-factor treatment (t14), we shock-froze all samples in liquid 

N2, stored them at −80 °C and freeze-dried them before biochemical analyses. At 8 and 10 °C 

a diatom contamination became visible after one week.  
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Temperature × nutrients 

During the temperature acclimation phase, we maintained the samples in ½ PES (SA 32 – 34) 

to ensure sufficient nutrient supply, even though a ½ PES treatment is much higher than what 

S. latissima experiences in nature. The nutrient treatments started after temperature acclima-

tion (t6). For the control seawater (SW) treatment, we used filtered seawater from the fjord 

which has ~ 0.05 µM nitrate (NO3-) and 0.1 µM phosphate (PO43-) in summer (Bischof et al. 

2019). We provided the nutrient treatment by adding 10 µM NO3- and 1 µM PO43- to filtered 

seawater (SW+N+P), based on reported winter nutrient concentrations (Bischof et al. 2019). 

Even though we used SW+N+P as the nutrient-enriched treatment, the nutrient concentration 

is far lower than in PES treatments. We changed water every day and kept the samples in 

aerated 2-L clear plastic bottles at 30 µmol m-2 s-1 constant light and at SA 32 – 34 during the 

entire period of the experiment. After eight days of two-factor treatment (t14), we shock-froze 

all samples in liquid N2, stored them at −80 °C, and freeze-dried them before biochemical anal-

yses. 

 

Response variables 

Physiological parameters 

To monitor the physiological response variables, we measured the size and the maximum 

photosynthetic quantum yield of the discs every second day (t8 – t14), as well as before and 

after the temperature acclimation (t0, t6). 

We photographed the discs using a 3 × 3 cm square as a size reference and analyzed the pic-

tures with ImageJ (Version 1.52a, Java 1.8.0_112). To compare algal growth in the different 

treatments, we adjusted the initial size to 100 % and calculated size of each sample as % of 

initial. 

The maximum quantum yield of photosystem II (Fv/Fm) is a proxy for photosynthetic effi-

ciency and gives an indication of the physiological status of the alga (Hurd et al. 2014). There-

fore, we determined the in vivo chlorophyll a fluorescence of each sample after 10 min of dark 

acclimation using an Imaging-PAM chlorophyll fluorometer (Walz Mess- und Regeltechnik).  

For a better comparison of the treatments, we additionally adjusted each initial Fv/Fm to 

100 % reference and calculated Fv/Fm of the treatments as % of initial, after arcsin transfor-

mation. 
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Pigments 

We analyzed photosynthetic and accessory pigments following Koch et al. (2015). In short, 

we extracted 50 – 150 mg of freeze-dried samples in 1 mL 90 % aqueous acetone (volume 

percent; v/v) in darkness at 4 °C for 24 h. We filtered the supernatant and analyzed it via 

HPLC (LaChromElite® system, L-2200 autosampler [chilled], DA-detector L-2450; VWR-Hita-

chi Internationa), applying a gradient according to Wright et al. (1991), and separating by a 

Spherisorb® ODS-2 column (250 × 4.6 mm, 5 µm; Waters). We used standards of chloro-

phyll a and c2, fucoxanthin, violaxanthin, antheraxanthin, and zeaxanthin (DHI Lab Products) 

to identify and quantify the peaks. Chlorophyll a (Chl a), the accessory pigment pool (Acc) and 

the pool size of the xanthophyll cycle (VAZ = violaxanthin [V], antheraxanthin [A], zeaxan-

thin [Z]) are expressed in µg g-1 dry weight (DW). Variations in pigment content or composi-

tion an be indicative of adjustments to environmental conditions (Bartsch et al. 2008). There-

fore, we calculated the Acc:Chla ratio. The xanthophyll cycle is a mechanism to reduce the 

generation of reactive oxygen species, which are mainly induced by high light stress but also 

promoted at low temperatures (Dring 2005). DPS describes the process in which violaxanthin 

is converted to zeaxanthin, reducing intracellular stress (Wiencke & Bischof 2012). Thus, DPS 

can be used as a general stress response variable for macroalgae. We calculated the Acc:Chla 

ratio and calculated the DPS after Colombo-Pallotta et al. (2006): 𝐷𝑃𝑆 =  (𝑍+0.5𝐴)𝑉+𝐴+𝑍      (1) 

 

C:N ratio, carbon and nitrogen 

The C:N ratio gives an overview on the nutrient supply in seaweed. We analyzed the C:N ra-

tios, total C and total N content following the protocol of Graiff et al. (2015). In short, we 

weighed 2 mg of ground samples into tin cartridges. The samples were combusted at 950 °C 

and the content of total C and N was analyzed in an elemental analyzer (Vario EL III, Elemen-

tar). We used acetanilide (C8H9NO) as a standard (Verardo et al. 1990) and expressed the to-

tal C and total N content in mg g-1 DW. 

 

Mannitol 

Mannitol is not only the main photosynthetic product in brown algae, it also compensates for 

osmotic stress by adjusting to external salinity (Kirst 1989, Iwamoto & Shiraiwa 2005, 

Karsten 2012). We determined the mannitol concentration after Diehl et al. (2020), using the 

method described by Karsten et al. (1991). In short, we extracted 10 – 15 mg of freeze-dried 
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sample in 1 mL aqueous ethanol (70 %, v/v) and incubated it in a water bath at 70 °C for 

3 – 4 h. The supernatant was portioned into aliquots of 800 µL, evaporated to dryness and re-

dissolved in 800 µL 100 % dH2O. We analyzed the samples in an HPLC system (Agilent Tech-

nologies system 1200 Series) with an Aminex Fast Carbohydrate Analysis Column HPAP 

(100 × 7.8 mm, 9 µm, BioRad), protected by a guard cartridge (Phenomenex, Carbo-Pb-2+ 

4 × 3.00 mm i.d.) and 100 % dH2O as mobile phase. We calculated mannitol contents in 

mg g-1 DW, using purified D(-)-mannitol standards (C6H14O6, Roth) for calibration (1, 6 and 

10 mM). 

 

Phlorotannins 

Phlorotannins are multi-functional and are an important protective mechanism against a va-

riety of abiotic factors (Amsler 2008 and references therein). Following Springer et al. (2017), 

we determined the total phlorotannin content using the Folin-Ciocalteu method described by 

Cruces et al. (2012). In short, we extracted 12 – 15 mg of freeze-dried samples in 1 mL of 70 % 

acetone (v/v) for 24 h at 4 °C in darkness with constant shaking. To each extract, we added 

250 µL dH2O, 200 µL 20 % sodium carbonate (Na2CO3) and 100 µL 2N Folin-Ciocalteu reagent 

(Sigma-Aldrich). After 45 min of incubation, we read the absorbance at λ 730 nm in a micro-

plate reader (FLUOstar OPTIMA; BMG Labtech). We calculated the total soluble phlorotannin 

concentrations in mg g-1 DW by using purified phloroglucinol (C6H6O3; Sigma-Aldrich) (0, 25, 

50, 75, 100, 125, 150, 200, 250, 300 µg mL-1) for calibration. 

 

Statistical analyses 

We excluded outliers (R-Student Bonferroni, p < 0.05) from further analyses. For each data-

set, we executed a Shapiro-Wilk test (normal distribution; p > 0.05) and Levene’s test (homo-

geneity of variance; p > 0.05) and transformed the data if required. 

We used repeated measures two-way ANOVA to analyze growth, as increase in size (% of in-

itial), and Fv/Fm (% of initial), followed by a post hoc Tukey’s test to reveal significant differ-
ences. We ran generalized linear models (GLMs) with a Gaussian distribution on the biochem-

ical response variables for within-subjects effects (in treatments). For between-subjects ef-

fects (between two treatments and initial), we tested the data-sets using one-way ANOVA, 

with a post hoc Tukey’s test. In the case that pre-requirements were not fulfilled, we applied 

Kruskal-Wallis tests, followed by the Dunn-Bonferroni’s post hoc test. The level of significance 

was set to  = 0.05. We used RStudio (Version 1.2.1335, 2019) for all statistical analyses and 
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box plots. Results from statistical analyses are presented in Tables S4.1 – S4.12 in Supple-

ment 1. 

 

Results 

Temperature × salinity 

Size increased significantly over time (F4 = 97.45, p < 0.001) (Fig. 4.1a). Temperature 

(F3 = 5.35, p < 0.01), salinity (F1 = 5.59, p < 0.05) and the temperature × salinity interaction 

(F3 = 15.28, p < 0.001) all revealed mathematically significant impacts. However, comparing 

the individual treatments with each other, detected differences could not be assigned to any 

of the stress treatments, i.e. neither low salinity at 4 °C (low/4 °C) and control salinity at 10 °C 

(control/10 °C), nor control/4 °C and low/10 °C differed from each other. 

Salinity and temperature both did not affect Fv/Fm (Fig. 4.2a) throughout the experiment and 

no interactive effect was found. Nevertheless, almost all treatments resulted in higher Fv/Fm 

values than at the beginning of the experiment (F4 = 5.14, p < 0.001). Absolute values of Fv/Fm 

are summarized in the electronic supplements in Table S4.13a in Supplement 2. 

Temperature or salinity changes overall did not affect the Chl a, Acc or VAZ, the Acc:Chla ratio 

or DPS (Table 4.1a). However, the control/10 °C sample revealed significantly lower Chl a 

content than the initial sample (GLM: χ23 = 8.87, p < 0.05). 

Different salinities had no impact on the C:N ratio (Fig. 4.3a), although the C:N ratio of control 

and low-salinity treatments were lower than the initial ratio (F(Temp)4 = 13.00, p(Temp) < 0.001; 

F(Sal)2 = 13.88, p(Sal) < 0.001). A trend to increasing C:N ratios with increasing temperatures 

was observable and more distinct in the control treatment. These results were not based on 

differences in total C content (Fig. S4.1a in Supplement 2) but entirely based on changes in 

total N content (Fig. 4.3b). The total N content decreased at both salinities between 4 and 

10 °C (F4 = 6.33, p < 0.01). Although the initial C:N ratio was significantly different from al-

most all treatments, the initial N content did not differ from low salinity at 6, 8 or 10 °C or 

control salinity at 10 °C. 

No differences in mannitol concentration (Fig. 4.4a) were detected within the temperature 

and the salinity treatments at the end of the experiment. However, the initial value was higher 

than the end values (Kruskal-Wallis: χ24(Temp) = 24.50, p(Temp) < 0.001; χ22(Sal) = 21.29, 

p(Sal) < 0.001). Since the data-set was non-parametric, it could not be tested for interactions. 

Overall mannitol concentrations varied between (mean ± SD) 109 ± 3 and 388 ± 27 mg g-1 

DW. 



Chapter 4: Publication III 
 

 

111 
 

Phlorotannin content (Fig. 4.5a) was affected by the two different salinities, eventually re-

sulting in lower concentrations in the low salinity treatment (F2 = 37.03, p < 0.001). However, 

the concentrations at the end of the experiment (low and control salinity) were higher than 

the initial values (control salinity; GLM: χ21 = 30.29, p < 0.001). Overall, temperature had no 

significant impact on the phlorotannin concentration, but the initial sample also differed from 

the temperature treatments, except low/4 °C and low/6 °C (F4 = 9.46, p < 0.001). An interac-

tion of salinity and temperature was not detected. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.1: Size of Saccharina latissima during the two-factor exposure at four temperatures (4, 6, 8, 10 °C) and a: salinity 
treatments (low, control) or b: nutrient treatments (SW+N+P: seawater + nitrate + phosphate). Gray shading indicates 
the temperature acclimation phase (t0 – t6). Values are means ± SD (n = 4). x marks diatom contamination. Significances 
are marked by different letters; lowercase letters mark within-subjects effects and uppercase letters between-subjects 
effects (repeated two-way ANOVA with post hoc Tukey’s test; p < 0.05). 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 4.2: Maximum quantum yield of photosystem II (Fv/Fm) of Saccharina latissima during the two-factor treatment at 
four temperatures (4, 6, 8, 10 °C) and a: salinity treatments (low, control) or b: nutrient treatments (SW+N+P: seawater 
+ nitrate + phosphate). The dashed horizontal line represents the initial values of 100 %. Other details as in Fig. 4.1. 
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Temperature × nutrients 

The samples grew significantly (F4 = 61.68, p < 0.001) throughout the experiment (Fig. 4.1b). 

Overall, the different nutrient treatments did not affect the size of the samples, but tempera-

ture had an impact (F3 = 17.34, p < 0.001), resulting in larger discs at higher temperatures, 

especially in the SW+N+P treatments, even though significant interactions could not be de-

tected. 

The results of Fv/Fm were comparable to results from the growth analysis (Fig. 4.2b). While 

the nutrient treatments had no general effect, an effect of temperature was detected 

(F3 = 43.49, p < 0.001). At 8 and 10 °C, samples had higher Fv/Fm values than at 4 and 6 °C. The 

combination of additional nutrient concentrations and higher temperatures (8 and 10 °C) ap-

parently led to stronger Fv/Fm increases than temperature increase alone (F3 = 3.00, p < 0.05). 

Almost all treatments resulted in higher Fv/Fm values than at the beginning of the experiment 

(F4 = 5.46, p < 0.001). Absolute values of Fv/Fm are summarized in Table S4.13b. 

The pigment analyses did not show any trends or significant differences in temperature or 

nutrient treatments in the absolute pigment concentration and Acc:Chla ratio (Table 4.1b). 

However, with respect to temperature, DPS significantly decreased between 4 and 6 to 10 °C 

(GLM: χ23 = 24.50, p < 0.01).  

In contrast to the temperature × salinity experiment, neither the C:N ratio (Fig. 4.3c), nor to-

tal N content (Fig. 4.3d) or total C content (Fig. S4.1b) overall showed significant effects from 

the temperature or nutrients treatment. 

Nutrient treatments had no impact on mannitol content (Fig. 4.4b), while temperature did 

(Kruskal-Wallis: χ24 = 30.56, p < 0.001). In the SW+N+P treatment, the 10 °C samples con-

tained significantly less mannitol than at 4, 6 and 8 °C (F4 = 7.73, p < 0.001), but did not sig-

nificantly differ from SW/10 °C. Since the data-set was non-parametric, it could not be tested 

for interactions. Nonetheless, 10 °C, especially paired with high nutrients, may have had an 

impact on the mannitol concentration. 

Overall, temperature had no effect on phlorotannin concentration (Fig. 4.5b). Even though no 

significance between the two nutrient treatments was determined, a trend to higher phloro-

tannin concentration at lower nutrient concentrations was evident, which is intensified at 

higher temperatures (GLM: χ24 = 10.21, p < 0.05). The initial samples (½ PES) contained sig-

nificantly less phlorotannins, than both experimental treatments (Kruskal-Wallis: 

χ24(Temp) = 19.53, p < 0.001; χ22(Nut) = 15.25, p < 0.001). 
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Fig. 4.3 a & c: C:N ratio and b & d: total N content in Saccharina latissima after one week of two-factor treatment at four 
temperatures (4, 6, 8, 10 °C) and salinity treatments (low, control) (a & b) or nutrient treatments (SW+N+P: seawater 
+ nitrate + phosphate) (c & d). The boxplots represent the median (50th percentile), the interquartile range (25th to the 
75th percentile) and the minimum and maximum values of the data-sets. Significant differences are marked with differ-
ent letters; lowercase letters mark within-subjects effects and uppercase letters between-subjects effects (n = 4; a, b, d: 
two-way ANOVA with post hoc Tukey's test; c: Kruskal-Wallis test with post hoc Dunn-Bonferroni’s test; p < 0.05). 

  

b 

a c 

d 
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Fig. 4.4: Mannitol concentration in Saccharina latissima after one week of two-factor treatment with four temperatures 
(4, 6, 8, 10 °C) and a: salinity treatments (low, control) or b: nutrient treatments (SW+N+P: seawater + nitrate + phos-
phate). The boxplots represent the median (50th percentile), the interquartile range (25th to the 75th percentile) and the 
minimum and maximum values of the data-sets. Significant differences are marked with different letters; lowercase 
letters mark within-subjects effects and uppercase letters between-subjects effects (n = 4; two-way ANOVA with post 
hoc Tukey’s test; p < 0.05). 

 

 

Fig. 4.5: As in Fig. 4.4, but for phlorotannin concentration. 
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Table 4.1: Absolute pigment concentrations for Chl a, accessory pigments (Acc) and the pool of xanthophyll cycle pigments (VAZ: violaxanthin, antheraxanthin, zeaxanthin); Acc:Chla 
ratio; and de-epoxidation state of the xanthophyll cycle (DPS) in Saccharina latissima after one week of two-factor treatment at four temperatures (4, 6, 8, 10 °C) and a: salinity treat-
ments (low, control) or b: nutrient treatments (SW+N+P: seawater + nitrate + phosphate). Values are means ± SD (n = 4). x marks diatom contamination. Significant differences are 
marked with different letters (generalized linear model; p < 0.05). DW: dry weight.  

 

 Treatments Chl a (µg g–1 DW) Acc (µg g–1 DW) VAZ (µg g–1 DW) Acc:Chla DPS 

(a
) 

T
e

m
p

e
ra

tu
re

 

×
 

S
a

li
n

it
y

 

Initial 1041.5 (± 207.9) a 818.9 (± 136.5) a 72.6 (± 14.4) a 0.72 (± 0.09) a 0.038 (± 0.003) a 

4 °C 
Low 922.1 (± 84.4) ab 755.1 (± 72.0) a 82.1 (± 12.1) a 0.82 (± 0.02) a 0.023 (± 0.004) a 
Control 866.1 (± 324.8) ab 729.3 (± 198.4) a 86.5 (± 24.2) a 0.83 (± 0.05) a 0.027 (± 0.006) a 

6 °C 
Low 822.8 (± 234.8) ab 640.6 (± 158.0) a 86.8 (± 20.2) a 0.80 (± 0.02) a 0.022 (± 0.005) a 
Control 592.6 (± 197.3) ab 490.3 (± 145.1) a 51.9 (± 21.6) a 0.82 (± 0.03) a 0.032 (± 0.013) a 

8 °C 
Lowx 591.5 (± 199.7) ab 488.1 (± 145.0) a 65.0 (± 20.1) a 0.85 (± 0.03) a 0.033 (± 0.007) a 
Controlx 630.1 (± 176.1) ab 566.2 (± 139.0) a 78.4 (± 21.1) a 0.88 (± 0.02) a 0.023 (± 0.013) a 

10 °C 
Lowx 657.6 (± 316.3) ab 606.9 (± 210.4) a 79.7 (± 29.4) a 0.89 (± 0.05) a 0.021 (± 0.004) a 
Controlx 447.9 (± 147.8) b 387.0 (± 78.1) a 46.9 (± 4.5) a 0.86 (± 0.11) a 0.025 (± 0.006) a 

(b
) 

T
e

m
p

e
ra

tu
re

 

×
 

N
u

tr
ie

n
ts

 

Initial 577.0 (± 151.1) a 373.4 (± 83.3) a 39.3 (± 7.3) a 0.64 (± 0.02) a 0.149 (± 0.073) a 

4 °C 
SW 514.3 (± 64.1) a 490.34 (± 38.8) ab 59.1 (± 8.6) a 0.95 (± 0.02) b 0.019 (± 0.020) ab 
SW+N+P 772.4 (± 322.4) a 721.8 (± 224.1) b 84.7 (± 32.0) a 0.94 (± 0.05) b 0.026 (± 0.021) ab 

6 °C 
SW 703.0 (± 185.7) a 631.2 (± 132.0) ab 80.3 (± 19.9) a 0.91 (± 0.06) b 0.037 (± 0.012) ab 
SW+N+P 636.6 (± 216.4) a 613.5 (± 160.4) ab 70.3 (± 11.7) a 0.99 (± 0.05) b 0.022 (± 0.007) ab 

8 °C 
SW 710.0 (± 32.6) a 685.6 (± 32.2) ab 89.1 (± 10.7) a 0.92 (± 0.03) b 0.012 (± 0.004) b 
SW+N+P 609.7 (± 227.8) a 611.6 (± 191.5) ab 77.0 (± 29.0) a 1.01 (± 0.04) b 0.016 (± 0.003) ab 

10 °C 
SW 643.0 (± 228.9) a 627.3 (± 143.5) ab 82.5 (± 17.7) a 0.97 (± 0.06) b 0.020 (± 0.006) ab 
SW+N+P 661.4 (± 290.8) a 626.9 (± 181.6) ab 71.0 (± 9.7) a 0.95 (± 0.06) b 0.012 (± 0.007) b 
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Discussion 

Temperature increase and marine heatwave events are severe in the Arctic (Meredith et al. 

2019) and likely impact the marine environment (Smale et al. 2019). While moderate nutrient 

enrichment usually implies positive and beneficial impacts on primary producers (e.g. Gerard 

1997, Henley & Dunton 1997, Figueroa et al. 2009, Gao et al. 2016), salinity variations often 

result in physiological stress in Arctic seaweeds (Karsten 2007, Fredersdorf et al. 2009, Diehl 

et al. 2020). By regulating their physiological and biochemical status, seaweeds can acclimate 

to environmental variations and thereby reduce stress or maximize their performance. In our 

study, field sporophytes of Arctic Saccharina latissima revealed only minor effects of the in-

teraction of temperature × salinity or temperature × nutrients. Overall, temperature increase 

caused physiological and biochemical changes, while the hyposalinity and nutrient enhance-

ment had no major impact (Table 4.2). 

As reported before, by approaching the optimum temperature range of polar specimens, such 

as S. latissima in our study, higher temperature had a beneficial impact on the physiological 

performance and may have even compensated for the incurred biochemical stress (Rauten-

berger & Bischof 2006). In our study, hyposalinity did not impair S. latissima, neither on a 

physiological nor on a biochemical level. Nutrient depletion and enrichment are known to 

affect macroalgal production (Hurd et al. 2014); however, we could not detect major improve-

ments of nutrient addition on in the physiological and biochemical status after addition of 

nutrients. 
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Table 4.2: Summary of the abiotic factors, their respective impact on physiological and biochemical response variables and resulting effects on overall performance of Arctic Saccharina 

latissima: a: temperature × salinity experiment, b: temperature × nutrients experiment. ↑ = response variable increased, ↓ = response variable decreased, ↔ = no change. Resulting 

effects on algal performance: / = neutral, + = beneficial, − = adverse. x = diatom contamination in 8 and 10 °C treatments. ½ PES: ½ Provasoli-enriched seawater; SA: absolute salinity; 
other abbreviations as in Table 4.1. 

 

 (a) Temp × Sal x (b) Temp × Nut 

 Set-up: 
½ PES 
30 µmol m-2 s-1 

Treatments: 
4, 6, 8, 10 °C 
low:        SA 25 
control: SA 32 – 34 

Set-up: 
SA 32 – 34 
30 µmol m-2 s-1 

Treatments: 
4, 6, 8, 10 °C 
SW:             seawater 
SW+N+P:  seawater + 10 µM NO3-  
                                       +   1 µM PO43- 

 
Response variable Increasing 

temp 
Hyposalinity Temp × Sal 

Increasing  
temp 

Enhanced Nut Temp × Nut 

growth ↔ / ↔ / ↔ / ↑ + ↔ / ↔, ↑ trend / 
Fv/Fm ↔ / ↔ + ↔ / ↑ + ↔ / ↑ + 
pigments (Chl a, Acc, VAZ, Acc:Chla) ↔ / ↔ + ↔ / ↔ / ↔ / ↔ / 
DPS ↔ / ↔ + ↔ / ↓ + ↔ / ↔ / 
C:N ↔, ↑ trend / ↔ + ↔, ↑ trend / ↔ / ↔ / ↔ / 
total C ↔ / ↔ + ↔ / ↔ / ↔ / ↔ / 
total N ↓ + ↔ + ↔ / ↔ / ↔ / ↔ / 
mannitol ↔ / ↔ + not tested  ↓ + ↔ / not tested  
phlorotannins ↔ / ↓ + ↔ / ↔ / ↔, ↑ trend / not tested, ↑ trend  
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Mechanisms of acclimation responses 

Saccharina latissima, as well as other kelp species are physiologically affected by variations in 

temperature, salinity and nutrients and therefore apply a variety of mechanisms for protec-

tion against negative effects caused by these variations. As reported in previous studies, 

within the respective tolerance range, enhanced temperatures had a beneficial impact on 

growth and Fv/Fm of Arctic S. latissima (e.g. Iñiguez et al. 2016, Li et al. 2020). Approaching 

10 °C, which is within the optimum temperature range of 10 – 15 °C (Müller et al. 2009), 

growth and Fv/Fm increased, while at lower temperatures both response variables declined 

significantly (Fortes & Lüning 1980, Davison et al. 1991, Müller et al. 2009). Bartsch et al. 

(2008) summarized the genus Laminaria sensu lato as rather stenohaline, with respect to 

growth and photosynthesis. Saccharina latissima exhibits optimum growth between SA 23 

and 31, while Fv/Fm tolerates even broader ranges of SA 25 – 55 (Gerard et al. 1987, Karsten 

2007). In contrast to Li et al. (2020), we could not detect any impact of salinity on growth of 

Arctic S. latissima. In accordance to earlier studies, we also detected no impact of hyposalinity 

in Fv/Fm and all samples could be considered as healthy (Dring et al. 1996, Karsten 2007, Li et 

al. 2020). The increase of Fv/Fm over time, can be explained by the optimal cultivation condi-

tions. Karsten (2007) concluded, that low water temperatures in Kongsfjorden may contrib-

ute to reduced photosynthetic tolerance. He based this hypothesis on the Q10-rule, after which 

primary metabolism and hence acclimation processes are slowed down under Arctic condi-

tions (Davison 1987). Conversely, warmer temperatures will support the capability of S. latis-

sima to counteract variations in salinity. The fact that the number of differentially expressed 

genes in S. latissima cultures was lower at 15 °C at low salinity than at 8 and 0 °C support this 

hypothesis (Machado Monteiro et al. 2019, Li et al. 2020). 

Growth of S. latissima is limited in summer, due to N limitation. Enhanced growth of kelp un-

der nutrient-enriched conditions was reported previously (e.g. Conolly & Drew 1985, Gerard 

1997, Gao et al. 2016) but could not be confirmed. At higher temperatures (8 and 10 °C), ad-

dition of nutrients possibly supported growth, even though the interaction was not signifi-

cant. The diminishing impact of low temperatures on growth possibly outcompeted addi-

tional nutrient supply. The Fv/Fm values endorse this hypothesis. Photosynthetic perfor-

mances of several seaweeds were positively affected by nutrients (Gerard 1997, Henley & 

Dunton 1997, Figueroa et al. 2009, Gao et al. 2016). At the same time, low temperatures di-

minished photosynthetic performance but the interaction of additional nutrients and temper-
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ature increase led to higher Fv/Fm values. Our results confirmed that potential nutrient en-

richment in summer in combination with enhanced temperatures would support growth and 

fitness of S. latissima sporophytes.  

Even though photosynthetic efficiency was affected by temperature, the absolute pigment 

content did not vary, as reported before (e.g. Andersen et al. 2013, Li et al. 2020, Monteiro et 

al. 2020), probably because former studies worked with higher amplitudes of the abiotic driv-

ers. Nevertheless, comparable to e.g. Olischläger et al. (2017), Li et al. (2020) and Monteiro et 

al. (2020), we detected a decreasing de-epoxidation state of the xanthophyll cycle (DPS) with 

increasing temperatures. We conclude that a lower DPS in Arctic S. latissima, indicates a re-

duced overall stress burden mediated by enhanced temperatures. 

An impact of temperature on growth, Fv/Fm and DPS was only detected in the tempera-

ture × nutrients experiment. Potentially, the diatom contamination in the 8 and 10 °C treat-

ments of the temperature × salinity experiment contributed to physiological stress for the 

samples by shading, hence, interfering with the effects of increasing temperature. However, 

previous treatment with ½ PES during the wound healing and acclimation phase may have 

reduced any subsequent signal of the nutrient treatments (Fernández et al. 2020). 

Comparable to the Arctic endemic kelp Laminaria solidungula (Diehl et al. 2020), C content 

remained the same throughout both experiments. The C:N ratio and N content were also not 

affected by salinity or by nutrients, or by their respective interactions with temperature. Thus, 

increased N content at hyposalinity (e.g. Gordillo et al. 2002, Diehl et al. 2020) or in N-treated 

samples (Gerard 1997) could not be confirmed. A temperature impact was only detected in 

the temperature × salinity experiment, where samples were constantly kept at the ½ PES. 

Fernández et al. (2020) showed that enhanced N ameliorated negative impacts of high tem-

peratures in Macrocystis pyrifera. Hence, ½ PES treatment which S. latissima would not expe-

rience in nature could have supported performance with increasing temperatures in our 

study. Increasing temperatures resulted in decreasing N concentration and consequently in 

increasing C:N ratios. Temperature is known to induce changes in enzymatic reactions and 

hence affects nutrient uptake and assimilation (Hurd et al. 2014). Additionally, enzymes rep-

resent crucial cellular nitrogen reservoirs. Since enzymatic activities are reduced at colder 

temperatures, higher concentration of enzymatic proteins are required (Hurd et al. 2014, Bis-

chof et al. 2019). Hence, decreasing N content due to temperature increase in Arctic S. latis-

sima represents less N demand by enzyme synthesis which, on the one hand, is based on more 

effective N uptake and assimilation, and on the other hand on reduced requirement of enzy-

matic proteins. The C:N ratio in these samples was below 20, indicating sufficient N supply, 
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while it was higher in all initial samples and in the samples of the temperature × nutrients 

experiment. C:N ratios above 20 indicate that S. latissima is N limited in situ and in the tem-

perature × nutrients experiment (Atkinson & Smith 1983). Nutrient depletion most probably 

counteracted any temperature impacts on N uptake in Arctic S. latissima. The lack of N supply 

in Kongsfjorden during summer could not be compensated within two weeks under poten-

tially enriched nutrient regimes (Gordillo et al. 2006, Zacher et al. 2009, Bischof et al. 2019) 

but after 14 days of cultivation in ½ PES. Long-term impacts should thus be investigated fur-

ther. 

In contrast to the Arctic endemic L. solidungula (Diehl et al. 2020), mannitol did not decrease 

at low temperatures and the concentrations overall were very high compared to other studies 

on S. latissima (Sharma et al. 2018, Monteiro et al. 2020). Even though the different nutrient 

treatments had no impact, mannitol concentration decreased at 10 °C in the tempera-

ture × nutrient experiment. De novo synthesized mannitol is probably directly converted to 

the long-term storage product laminarin (Yamaguchi et al. 1966, Graiff et al. 2016, Scheschonk 

et al. 2019) at higher temperatures. Contrary to other studies (e.g. Karsten 2007, Diehl et al. 

2020, Monteiro et al. 2020), we could not detect any impact of salinity variations. Sugar alco-

hols have been reported as cryoprotectant agents (Elliott et al. 2017). Recently, mannitol was 

confirmed as to be protective against freezing at 0 °C in S. latissima from Roscoff (Monteiro et 

al. 2020). Li et al. (2020), who worked with a similar experimental set-up as Monteiro et al. 

(2020), using lab cultures of Arctic S. latissima, could not detect any changes in gene expres-

sion of mannitol-1-P dehydrogenase at 0 °C or at hyposalinity. Apparently, Arctic S. latissima 

constantly stores high concentrations of mannitol as an acclimation to cold temperatures and 

regular salinity fluctuations. 

Temperature increase had no significant effect on phlorotannin content in S. latissima, and 

neither did nitrate/phosphate enrichment. However, in accordance with previous reports on 

brown macroalgae, phlorotannin concentrations in S. latissima were higher at the control sa-

linity than at hyposalinity (Amsler 2008 and references therein, Kamiya et al. 2010). As hy-

pothesized by Springer et al. (2017), membrane-bound physodes which store phlorotannins 

might play a role in reinforcing cell walls under osmotic stress, but further investigations for 

verification are needed. Although in both experiments phlorotannin concentrations at the end 

differed from the initial concentrations, we can reject the hypothesis that osmotic stress alone 

induced the variations in phlorotannin content, since all samples were cultivated under the 

same conditions (control salinity, ½ PES). Phlorotannins do not only act as a feeding deterrent 

but also as antioxidants in kelp and are affected by different light environments (Amsler 2008 
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and references therein). Light availability is known to have a greater effect on brown algal 

phlorotannin content than nutrient availability (Pavia & Toth 2000, Gao et al. 2016). Most 

likely, cultivation under a constant light regime triggered the phlorotannin accumulation in 

this study.  

 

Ecological implications for S. latissima in the future Arctic 

Saccharina latissima is a kelp species with a broad distributional range, which is based on a 

high degree of polymorphism and plastic physiological responses (Bartsch et al. 2008). Over-

all, S. latissima exhibits wide acclimation capabilities to different environmental variations 

(e.g. Bischof et al. 1998, Karsten 2007, Nielsen et al. 2016). 

Our study was set out to apply realistic amplitudes of change for the environmental variables 

temperature, salinity and nutrients in a high-Arctic fjord system (Hanelt et al. 2001, Zacher et 

al. 2009, Meredith et al. 2019), albeit in a rather short-term experiment. 

Consistent with its large salinity-tolerance range, S. latissima was not harmed by hyposaline 

conditions in the temperature × salinity experiment. However, constantly high mannitol con-

centrations may have been applied as an adaptive feature. Apparently, salinity fluctuations in 

Arctic fjords, which occur due to e.g. sea ice and glaciers melting (Hanelt et al. 2001, Karsten 

et al. 2003, Karsten 2007), can be efficiently compensated for and accordingly do not harm 

S. latissima.  

The temperature × nutrients experiment was designed to mimic potential nutrient enrich-

ment over summer and during marine heatwaves. In agreement with Gordillo et al. (2006), 

we only determined marginal effects of nutrients on S. latissima. Independently from the 

measured response variables, Arctic S. latissima would benefit from nutrient enrichment dur-

ing the summer, mainly with respect to growth and fitness; as a result, the abundance and 

biomass of S. latissima would increase and consequently also change the habitat for associ-

ated organisms, i.e. by outcompeting more sensitive species, such as the endemic kelp L. soli-

dungula (Scheschonk et al. 2019, Diehl et al. 2020). 

In the Arctic, species with a broad distributional range are more tolerant to environmental 

changes and have neutral or positive responses to future warming, while species with a nar-

row distributional range are less tolerant (Kelly et al. 2012, Reich et al. 2015, Sunday et al. 

2015). This also applies to kelps in the Arctic (Müller et al. 2009 and references therein). 

Broadly distributed species will benefit, while endemic and more sensitive species will suffer 
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from temperature increase (Müller et al. 2009, Iñiguez et al. 2016, Diehl et al. 2020). In Kongs-

fjorden, S. latissima has experienced only little change in biomass during the last 20 yr and a 

slight reduction in depth extension (Bartsch et al. 2016), but overall a global northward shift 

is expected (Müller et al. 2009). Here we confirm that S. latissima also benefits from short-

term temperature increases, i.e. under heatwave events in the Arctic. The potential beneficial 

impact from nutrient enrichment or the adverse impact from salinity fluctuations will most 

likely only play a minor role. Hence, we conclude that, due to its high adaptability, S. latissima 

is tolerant to and might even be promoted by environmental changes caused by climate 

change in the Arctic. Observations of increased S. latissima populations made by scientific di-

vers in Kongsfjorden over the last years, support this conclusion (M. Brand pers. comm.). Nev-

ertheless, long-term experiments and the thorough evaluation of the implication of variations 

in light climate are required for definite conclusions. 
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Supplement 1 

Statistics 

Temperature × salinity experiment 

 

Table S4.1 Results of the repeated two-way ANOVA for effects of temperature and salinity on the increase of size (% of 
initial) of Saccharina latissima from Spitsbergen measured on t6, t8, t10, t12, t14 (time). Statistically significant values are 
indicated by asterisks (p < 0.05). 

 

 

 

 

a log10 transformation 

 

 

Table S4.2 Results of the repeated two-way ANOVA for effects of temperature and salinity on the photosynthetic effi-
ciency Fv/Fm (% of initial) of Saccharina latissima from Spitsbergen measured on t6, t8, t10, t12, t14 (time). Statistically 
significant values are indicated by asterisks (p < 0.05). 

 

 

 

 

a ranked data-set (transformation) 

  

Variable Factor df F value p value 

size %a Time 4 97.469 < 0.001* 

 Temperature 3 5.354 0.0016* 

 Salinity 1 5.593 0.0193* 

 Temperature × Salinity 3 15.257 < 0.001* 

Variable Factor df F value p value 

Fv/Fm %a Time 4 5.136 < 0.001* 

 Temperature 3 0.732 0.53425 

 Salinity 1 5.136 0.44404 

 Temperature × Salinity 3 0.339 0.79708 
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Table S4.3 Results of the generalized linear model (GLM) for effects of temperature and salinity compared to initial 
measurements on chlorophyll a (Chl a), accessory pigment pool (Acc), xanthophyll pool (VAZ = violaxanthin, an-
theraxanthin, zeaxanthin), accessory pigments : chlorophyll a ratio (Acc:Chla) and the de-epoxidation state of the xan-
thophyll cycle (DPS) of Saccharina latissima from Spitsbergen. Statistically significant values are indicated by asterisks 
(p < 0.05). 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

a ranked data-set (transformation) 

  

Variable Factor df χ2 value p value 

 Within-subjects effects + initial    

Chl a Temperature 3 8.8685 0.0311* 

 Salinity 1 1.9622 0.1613 

 Temperature × Salinity 3 1.5917 0.6613 

Acc Temperature 3 7.0210 0.0712 

 Salinity 1 1.7522 0.1856 

 Temperature × Salinity 3 2.3428 0.5044 

VAZ Temperature 3 3.8095 0.2828 

 Salinity 1 3.5260 0.0604 

 Temperature × Salinity 3 5.0887 0.1654 

Acc:Chlaa Temperature 3 13.8878 0.0031* 

 Salinity 1 0.8609 0.3535 

 Temperature × Salinity 3 2.4050 0.4927 

DPS Temperature 3 3.0970 0.3769 

 Salinity 1 1.4584 0.2272 

 Temperature × Salinity 3 2.2026 0.5314 
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Table S4.4 Results of the generalized linear model (GLM) and one-way ANOVA for effects of temperature and salinity 
compared to initial measurements on the C:N ratio, total C and total N content of Saccharina latissima from Spitsbergen. 
Statistically significant values are indicated by asterisks (p < 0.05). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Variable Factor  df 
F value / 

χ2 value 
p value 

 Between-subjects effects + initial     

C:N Temperature ANOVA 4 13.00 < 0.001* 

 Salinity ANOVA 2 13.88 < 0.001* 

 Within-subjects effects + initial     

C:N Temperature GLM 3 15.3288 0.0016* 

 Salinity  1 1.3186 0.2509 

 Temperature × Salinity  3 2.5378 0.4685 

 Between-subjects effects + initial     

Total C Temperature ANOVA 4 0.987 0.429 

 Salinity ANOVA 2 1.637 0.210 

 Within-subjects effects + initial     

Total C Temperature GLM 3 0.74839 0.8618 

 Salinity  1 0.03853 0.8444 

 Temperature × Salinity  3 0.64861 0.8852 

 Between-subjects effects + initial     

Total N Temperature ANOVA 4 6.325 0.0047* 

 Salinity ANOVA 2 18.86 < 0.001* 

 Within-subjects effects + initial     

Total N Temperature GLM 3 49.449 < 0.001* 

 Salinity  1 2.894 0.0889 

 Temperature × Salinity  3 1.876 0.5985 
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Table S4.5 Results of the one-way ANOVA or non-parametric Kruskal-Wallis test for effects of temperature and salinity 
compared to initial measurements on mannitol of Saccharina latissima from Spitsbergen. Effects were also tested inde-
pendently by temperature and salinity. Statistically significant values are indicated by asterisks (p < 0.05). 

x Dunn-Bonferroni’s test: reject H0 if p ≤ alpha/2, alpha = 0.05 

 

 

 

Table S4.6 Results of the generalized linear model (GLM) or one-way ANOVA for effects of temperature and salinity 
compared to initial measurements on phlorotannins of Saccharina latissima from Spitsbergen. Statistically significant 
values are indicated by asterisks (p < 0.05).  

 

 

 

 

 

 

 

a log10 transformation 

 

  

Variable Factor  df 
F value / 

χ2 value 
p value 

 Between-subjects effects + initial     

Mannitol Temperature Kruskal-Wallis 4 24.496 < 0.001* x 

 Salinity Kruskal-Wallis 2 21.285 < 0.001* x 

 Within-subjects effects + initial     

Mannitol_4°C Salinity Kruskal-Wallis 2 8.985 0.011* x 

Mannitol_6°C Salinity ANOVA 2 7.222 0.006* 

Mannitol_8°C Salinity ANOVA 2 2.574 0.109 

Mannitol_10°C Salinity ANOVA 2 8.272 0.004* 

Mannitol_low Temperature ANOVA 4 6.051 < 0.001 * 

Mannitol_control Temperature ANOVA 4 2.309 0.086 

Variable Factor  df 
F value / 

χ2 value 
p value 

 Between-subjects effects + initial     

Phlorotanninsa Temperature ANOVA 4 9.46 < 0.001* 

 Salinity ANOVA 2 37.03 < 0.001* 

 Within-subjects effects + initial     

Phlorotanninsa Temperature GLM 3 4.0690 0.2541 

 Salinity  1 30.2870 < 0.001* 

 Temperature × Salinity  4 3.8938 0.2732 
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Temperature × nutrients experiment 

Table S4.7 Results of the repeated two-way ANOVA for effects of temperature and nutrients on the increase of size 
(% of initial) of Saccharina latissima from Spitsbergen measured on t6, t8, t10, t12, t14 (time). Statistically significant values 
are indicated by asterisks (p < 0.05). 

 

 

 
 
 

a log10 transformation 

 

 

Table S4.8 Results of the repeated two-way ANOVA for effects of temperature and nutrients on the photosynthetic 
efficiency Fv/Fm (% of initial) of Saccharina latissima from Spitsbergen measured on t6, t8, t10, t12, t14 (time). Statistically 
significant values are indicated by asterisks (p < 0.05). 

 

 

 
 
 

a log10 transformation 

 

  

Variable Factor df F value p value 

size %a Time 4 61.678 < 0.001* 

 Temperature 3 17.340 < 0.001* 

 Nutrients 1 2.705 0.102 

 Temperature × Nutrients 3 0.230 0.875 

Variable Factor df F value p value 

Fv/Fm %a Time 4 5.457 < 0.001* 

 Temperature 3 43.486 < 0.001* 

 Nutrients 1 0.760 0.38473 

 Temperature × Nutrients 3 3.000 0.03255* 
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Table S4.9 Results of the generalized linear model (GLM) for effects of temperature and nutrients compared to initial 
measurements on chlorophyll a (Chl a), accessory pigment pool (Acc), xanthophyll pool (VAZ = violaxanthin, an-
theraxanthin, zeaxanthin), accessory pigments : chlorophyll a ratio (Acc:Chla) and the de-epoxidation state of the xan-
thophyll cycle (DPS) of Saccharina latissima from Spitsbergen. Statistically significant values are indicated by asterisks 
(p < 0.05). 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

a reciprocal (transformation) 

  

Variable Factor df χ2 value p value 

 Within-subjects effects + initial    

Chl a Temperature 3 0.3954 0.9412 

 Nutrients 1 0.9617 0.3268 

 Temperature × Nutrients 3 3.5522 0.3141 

Acc Temperature 3 0.2557 0.9681 

 Nutrients 1 1.9907 0.1583 

 Temperature × Nutrients 3 3.6266 0.3047 

VAZ Temperature 3 1.5933 0.6609 

 Nutrients 1 0.2625 0.6084 

 Temperature × Nutrients 3 4.4743 0.2146 

Acc:Chla Temperature 3 1.9796 0.5767 

 Nutrients 1 2.8690 0.0903 

 Temperature × Nutrients 3 3.4242 0.3307 

DPSa Temperature 3 15.7690 0.0013* 

 Nutrients 1 0.15322 0.6955 

 Temperature × Nutrients 3 4.0870 0.2522 
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Table S4.10 Results of the generalized linear model (GLM) and one-way ANOVA or non-parametric Kruskal-Wallis test 
for effects of temperature and nutrients compared to initial measurements on the C:N ratio, total C and total N content 
of Saccharina latissima from Spitsbergen. Effects in C:N ratio were also tested independently by temperature and nutri-
ents. Statistically significant values are indicated by asterisks (p < 0.05). 

 
Variable Factor  df 

F value / 

χ2 value 
p value 

 Between-subjects effects + initial     

C:N Temperature Kruskal-Wallis 4 9.4872 0.0501 

 Nutrients Kruskal-Wallis 2 2.4036 0.3007 

 Within-subjects effects + initial     

C:N_4°C Nutrients Kruskal-Wallis 2 1.1429 0.5647 

C:N _6°C Nutrients Kruskal-Wallis 2 1.1429 0.5647 

C:N _8°C Nutrients Kruskal-Wallis 2 0.8571 0.6514 

C:N _10°C Nutrients Kruskal-Wallis 2 0.2857 0.8669 

C:N _SW Temperature Kruskal-Wallis 4 2.4 0.6626 

C:N _SW+N+P Temperature Kruskal-Wallis 4 4.8 0.3084 

 Between-subjects effects + initial     

Total C Temperature ANOVA 4 1.613 0.1980 

 Nutrients ANOVA 2 0.529 0.5940 

 Within-subjects effects + initial     

Total C Temperature GLM 3 8.0698 0.0446* 

 Nutrients  1 1.7119 0.1907 

 Temperature ×  Nutrients  3 8.2049 0.0419* 

 Between-subjects effects + initial     

Total N Temperature ANOVA 4 2.677 0.0516 

 Nutrients ANOVA 2 1.049 0.3630 

 Within-subjects effects + initial     

Total N Temperature GLM 3 3.2482 0.0562 

 Nutrients  1 1.1118 0.2917 

 Temperature ×  Nutrients  3 2.6964 0.4409 
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Table S4.11 Results of the one-way ANOVA or non-parametric Kruskal-Wallis test for effects of temperature and nu-
trients compared to initial measurements on mannitol of Saccharina latissima from Spitsbergen. Effects were also tested 
independently by temperature and nutrients. Statistically significant values are indicated by asterisks (p < 0.05). 

a reciprocal (transformation) 
x Dunn-Bonferroni’s test: reject H0 if p ≤ alpha/2, alpha = 0.05 

 

 

Table S4.12 Results of the generalized linear model (GLM) or non-parametric Kruskal-Wallis test for effects of temper-
ature and nutrients compared to initial measurements on phlorotannins of Saccharina latissima from Spitsbergen. Sta-
tistically significant values are indicated by asterisks (p < 0.05).  

 

 

 

 

 

 

 

 

 

a log10 transformation          b ranked data-set (transformation) 
x Dunn-Bonferroni’s test: reject H0 if p ≤ alpha/2, alpha = 0.05 

  

Variable Factor  df 
F value /   

χ2 value 
p value 

 Between-subjects effects + initial     

Mannitola Temperature Kruskal-Wallis 4 30.556 < 0.001* x 

 Nutrients Kruskal-Wallis 2 0.071 0.9652 

 Within-subjects effects + initial     

Mannitol_4°C Nutrients ANOVA 2 0.219 0.806 

Mannitol_6°Ca Nutrients ANOVA 2 1.515 0.252 

Mannitol_8°C Nutrients ANOVA 2 3.154 0.0829 

Mannitol_10°C Nutrients Kruskal-Wallis 2 4.456 0.1077 

Mannitol_SW Temperature ANOVA 4 0.649 0.633 

Mannitol_SW+N+P Temperature ANOVA 4 7.733 < 0.001* 

Variable Factor  df  χ2 value p value 

 Between-subjects effects + initial     

Phlorotanninsa Temperature Kruskal-Wallis 4 19.527 < 0.001* x 

 Nutrients Kruskal-Wallis 2 15.248 < 0.001* x 

 Within-subjects effects + initial     

Phlorotanninsb Temperature GLM 3 10.3303 0.01596* 

 Nutrients  1 4.5437 0.03304* 

 Temperature × Nutrients  4 10.2102 0.01686* 
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Supplement 2 

Physiological and biochemical extra data 

 

Table S4.13: Maximum quantum yield of photosystem II (Fv/Fm) of Saccharina latissima as absolute values on t0, t6 and 
t14 during the two-factor treatment at four temperatures (4, 6, 8, 10 °C) and a: salinity treatments (low, control) or 
b: nutrient treatments (SW: seawater, SW+N+P: seawater + nitrate + phosphate). t0 was the start of the experiment 
(initial), t6 was after the temperature acclimation and t14 at the end of the experiment. Values are means ± SD (n = 4). 
x  marks diatom contamination. 

 

 

 

 

 

 

 

 

  

 
Treatments 

Fv/Fm 

t0 t6 t14 

(a
) 

T
e

m
p

e
ra

tu
re

 

×
 

S
a

li
n

it
y

 

4 °C 
low 0.697 (± 0.012) 0.697 (± 0.012) 0.708 (± 0.009) 

control 0.692 (± 0.007) 0.692 (± 0.007) 0.685 (± 0.010) 

6 °C 
low 0.682 (± 0.013) 0.682 (± 0.013) 0.684 (± 0.009) 

control 0.688 (± 0.007) 0.688 (± 0.007) 0.694 (± 0.008) 

8 °C 
lowx 0.679 (± 0.008) 0.679 (± 0.008) 0.669 (± 0.003) 

controlx 0.682 (± 0.002) 0.682 (± 0.002) 0.679 (± 0.006) 

10 °C 
lowx 0.691 (± 0.007) 0.691 (± 0.007) 0.689 (± 0.004) 

controlx 0.671 (± 0.015) 0.671 (± 0.015) 0.683 (± 0.004) 

(b
) 

T
e

m
p

e
ra

tu
re

 

×
 

N
u

tr
ie

n
ts

 

4 °C 
SW 0.662 (± 0.011) 0.662 (± 0.011) 0.673 (± 0.008) 

SW+N+P 0.654 (± 0.009) 0.654 (± 0.009) 0.653 (± 0.044) 

6 °C 
SW 0.671 (± 0.003) 0.671 (± 0.003) 0.657 (± 0.020) 

SW+N+P 0.676 (± 0.010) 0.676 (± 0.010) 0.680 (± 0.008) 

8 °C 
SW 0.680 (± 0.009) 0.680 (± 0.009) 0.684 (± 0.011) 

SW+N+P 0.664 (± 0.011) 0.664 (± 0.011) 0.679 (± 0.011) 

10 °C 
SW 0.679 (± 0.013) 0.679 (± 0.013) 0.668 (± 0.018) 

SW+N+P 0.672 (± 0.011) 0.672 (± 0.011) 0.687 (± 0.016) 
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Fig. S4.1: Total C content in Saccharina latissima after one week of two-factor treatment at four temperatures (4, 6, 8, 
10 °C) and a: salinity treatments (low, control) or b: nutrient treatments (SW: seawater , SW+N+P: seawater + nitrate 
+ phosphate). The boxplots represent the median (50th percentile), the interquartile range (25th to the 75th percentile) 
and the minimum and maximum values of the data-sets. Significant differences are marked with different letters; 
lowercase letters mark within-subjects effects and uppercase letters between-subjects effects (n = 4; two-way ANOVA 
with post hoc Tukey’s test; p < 0.05). 
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Abstract 

Broadly distributed seaweeds, such as the boreal-temperate kelp species Saccharina latis-

sima, contain a multitude of biochemical compounds helping to adjust to changes in their en-

vironment, such as temperature and salinity. In Europe, S. latissima is found along Atlantic 

coasts from Spitsbergen to Portugal, including the Baltic Sea. Along this extensive gradient 

the species exhibits great morphological plasticity. By statistically linking morphological, bi-

ochemical, genetic data to geographic information, we aimed to obtain insights into the 

site-specific adaptive features of S. latissima. Hence, we investigated the morphological and 

biochemical traits of sporophytes from 16 different locations across its entire distributional 

range in relation to local abiotic conditions (sea surface temperature, salinity, sampling 

depth). While frond length and width, mannitol, C:N and phlorotannins showed strong intra-

specific variability dependent on local abiotic drivers, we did not observe distinct genetic clus-

ters according to their geographical origin and phenotypical features. Also, populations from 

the Baltic Sea were not genetically distinguishable from fully marine populations, even though 

sporophyte size strongly decreased along the salinity gradient in the Baltic Sea. Despite the apparent impact of local abiotic factors on specimens’ morphology, we could not determine 

habitat-specific signatures in the biochemical phenotypes of S. latissima. Our findings provide 

a base for studying separation processes and conservation ecology.  
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Introduction 

Kelps, i.e. brown seaweeds belonging to the order Laminariales, are important primary pro-

ducers and ecosystem engineers in coastal marine ecosystems around the globe (Dayton 

1985, Bartsch et al. 2008). Saccharina latissima (L.) Lane et al. is a boreal-temperate kelp spe-

cies occurring from the Arctic down to latitudes of ~ 40°N (Araújo et al. 2016). It grows on 

rocky shores and prefers sheltered conditions (Lüning 1990) with a depth distribution from 

the upper subtidal to depths of 15 – 30 m (Wiencke et al. 2004, Pehlke & Bartsch 2008, Bekkby 

& Moy 2011, Bischof et al. 2019). The species generally tolerates large variations in environ-

mental conditions (e.g. Bischof et al. 1998, Karsten 2007, Nielsen et al. 2016a). Its optimum 

growth activity ranges between 10 and 15 °C (Bolton & Lüning 1982), but the species can 

survive temperatures between 0 and 23 °C (Fortes & Lüning 1980, Bolton & Lüning 1982, 

Lüning 1984). Recently, Diehl et al. (submitted) revealed that field sporophytes can even sur-

vive temperatures up to 25 °C for shorter periods. Besides temperature, other abiotic drivers, 

such as salinity, light and nutrient availability, affect the distribution of S. latissima (Lüning 

1990). Regarding salinity, optimum growth occurs between an absolute salinity (SA) of 23 

and 31, with strong reductions in growth below SA 16 and high mortality at SA < 8 (Gerard et 

al. 1987, Karsten 2007). This trait allows S. latissima to locally establish also in the Baltic Sea, 

which is characterized by a strong salinity gradient from west to east (Viktorsson 2017). In-

deed, stable populations of S. latissima are recorded from the Western Baltic Sea (Araújo et al. 

2016), although from the Skagerrak eastwards, individuals descend to greater depths 

(Nielsen et al. 2016a). In the south-west, where salinity is around SA 10, S. latissima is only 

rarely found (Kautsky & Kautsky 2000, Araújo et al. 2016). 

Like other seaweeds, S. latissima produces a multitude of biochemical compounds involved in 

defense, signaling and acclimation processes (Amsler 2008). Mannitol, as ‘compatible solute’, 
maintains the intracellular functions under osmotic stress (Karsten 2012), while phlorotan-

nins are multifunctional and, for instance, act as antioxidants under high light conditions 

(Amsler 2008). The C:N ratio reflects the nutrient uptake and assimilation, concomitant with 

protein concentrations and nutrient supply (Hurd et al. 2014). The specific chemical profile 

of a specimen mirrors the environmental conditions at the original growth site (Martins et al. 

2014, Monteiro et al. 2020) and, hence, reflects local adaptation on large geographical scales.  

Along European shores, populations of S. latissima show pronounced differentiation, with ge-

netically separated populations observed even within small geographical distances 

(Guzinski  et al. 2016, Nielsen et al. 2016b, Luttikhuizen et al. 2018). Guzinski et al. (2020) 
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revealed the existence of a high degree of inter-population differentiation but did not find 

significant variation in genetic diversity with latitude. Accordingly, intraspecific diversity of 

S. latissima could represent an intermediate stage of an ongoing speciation process enabled 

by high phenotypic plasticity. 

In this study, we correlated morphological features and biochemical composition of S. latis-

sima and related abiotic conditions at 16 sampling sites across its entire distributional range 

in Europe. We aimed to reveal the respective variability as prerequisite for habitat-specific 

signatures in the species and hypothesized that the biochemical phenotypes of S. latissima 

reflect their geographical origin. Bolton (2010) stated that "combined studies of the morphol-

ogy, molecular systematics, and ecology of the speciation process will be important for our 

future understanding of kelp evolution" (Bolton 2010, p. 275f). Hence, while genetically con-

firming species identifications in our samples, we additionally tested whether haplotypes al-

lowed for the detection of distinct genetic clusters according to their geographical origin and 

biochemical profiles.  

 

 

Material and methods 

Sampling 

Meristematic parts from adult sporophytes of Saccharina latissima were collected from 16 

different locations along the European Atlantic coast and the Baltic Sea in the summer periods 

of 2018, 2019 and 2020 (Fig. 5.1a, Table 5.1). The map (copyrights: EuroGeographics for the 

administrative boundaries) was generated using QGIS 3.8.2-Zanzibar software (QGIS 

Development Team 2019). The samples were gently dried depending on respective logistic 

facilities, either in drying cabinets at 40 – 45 °C or in silica gel (Stévant et al. 2018). 
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Fig. 5.1: Sampling of Saccharina latissima along the European coastline. a: Locations (map data: ©EuroGeographics for 
the administrative boundaries). b: Morphological variability of collected sporophytes. 

  

b 

a 
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Genetic analyses 

DNA extraction, amplification and sequencing 

DNA was extracted from dried tissue pieces of around 10 – 15 mm2 with the NucleoSpin® 

Plant II Kit (Macherey-Nagel, Germany), applying minor adaptations to the manufacturers' 

protocol: The algal material was ground using dry silica sand and extra lysis buffer to dilute 

overly viscous samples. The cell lysis step was extended to a minimum of 1 h to allow for 

maximum DNA recovery. Lastly, an additional centrifugation step at 11,000 g (3 min) was ap-

plied before elution of the DNA. Raw DNA extracts were stored at −20 °C. 

For sequence analyzes of the samples, the mitochondrial cytochrome-c-oxidase I gene 

(COI-5P) was amplified with the primer pair GazF2 and GazR2 (Lane et al. 2007). Primers 

were supplied by biomers.net (Germany). 

Polymerase chain reactions (PCRs) contained 25 µL (12.5 µL MyTaq™ Mix [Bioline, Meridian 

Bioscience, Inc., USA], 8 µL of sterile H2O, 1 µL of each primer [10 µM] and 2.5 µL DNA extract). 

DNA extracts were diluted with sterile H2O at least to 1:10 or 1:100, to avoid inhibition of 

PCRs by high concentrations of impurities in the extract. The PCR program (Biometra® T Gra-

dient thermocycler, Analytik Jana, Germany) was: 2 min at 94 °C, followed by 35 cycles of de-

naturation at 94 °C (30 s), annealing at 50 °C (1 min) and elongation at 72 °C (2 min), and a 

final extension step at 72 °C for 10 min. For subsequent sequencing, PCR products were puri-fied either with the PureLink™ PCR Purification Kit (Invitrogen, ThermoFischer Scientific, 

Germany) or the SureClean Plus Kit (Bioline, Meridian Bioscience, Inc., USA), following the manufacturers’ protocols. Purified products were sequenced commercially (Eurofins Ge-
nomics, Germany). 

 

Phylogenetic analyses 

Sequences were checked by eye in 4Peaks (Griekspoor & Tom Groothuis 2015) and aligned 

with PhyDE-1 v0.9971 (Müller et al. 2010). Initial species identification was confirmed by 

BLAST® searches (https://blast.ncbi.nlm.nih.gov/Blast.cgi) and subsequent phylogenetic 

analysis of the COI-5P marker. The alignment comprised 618 bp and included published se-

quences of S. latissima as well as the close relative S. japonica (Areschoug) Lane et al., with 

Hedophyllum sequences serving as outgroup. A phylogenetic tree (Fig. S5.1, including repre-

sentative sequences and GenBank accession numbers) based on the Maximum Likelihood 

(ML) criterion and a minimum spanning network among COI-5P haplotypes (Fig. 5.2) were 

constructed following the methods given in Heesch et al. (2020). 



Chapter 5: Publication IV 
 

 

148 
 

Principal Component Analysis (PCA) 

Data acquisition: abiotic data, morphology and biochemical parameters 

Sea surface temperature (SST) and salinity were recorded on the sampling day at each loca-

tion (Table 5.1). Missing SST and salinity data for HLG and RUG were provided by the 

COSYNA system (Helmholtz-Zentrum Geesthacht, Zentrum für Material- und Küsten-

forschung GmbH; Breitbach et al. 2016 and Baschek et al. 2017). Missing abiotic data for MUR 

and AMO were retrieved as weekly means from the Giovanni online data system, developed 

and maintained by the NASA GES DISC (Acker & Leptoukh 2007). The samples and abiotic 

data from TRO were provided by a local aquaculture company (S. Matsson, Akvaplan-Niva). 

Additionally, the sampling depth respective to mean high tide (in categories: 0 – 1 m; 1 – 3 m; 

3 – 5 m;  > 5 m) was noted since we could not assure similar sampling depths at the different 

locations. 

Frond morphology (length, width) was documented and the length to width ratio of the fronds 

(length:width) was calculated for each individual. For all biochemical analyzes, dried and 

ground meristematic material was used. Mannitol, C:N ratio and phlorotannins were meas-

ured as biochemical parameters, following the detailed descriptions in Diehl & Bischof 

(2021). All data are summarized in the supplements Table S5.1.  

 

Statistics 

The full data-set was split to analyze the morphological and biochemical diversity of Saccha-

rina latissima. To evaluate patterns across the entire latitudinal range, only fully marine sam-

pling locations were subset (latitudinal data-set, Table 5.1). The impacts along a salinity gra-

dient were analyzed with samples collected in the Baltic Sea (Baltic data-set). The population 

from EGE was added as marine control from a similar latitude (Table 5.1). 

Multivariate patterns were visualized with Principle Component Analyses (PCAs). PCAs were 

run using the prcomp-function in RStudio (version 4.0.0, Boston, MA, USA) and plotted as 

combined biplots and scatterplots with the ggbiplot function of the ggbiplot-package 

(Vu 2011). Missing values in the data-set were estimated based on cross-validation if needed, 

using the functions estim_ncpPCA and imputePCA of the missMDA-package (Josse & Husson 

2016). All PCA biplot calculations followed this protocol. Pearson correlations were calcu-

lated using RStudio (version 4.0.0, Boston, MA, USA) and interpreted after Cohen (1988) to 

further analyze the links between biochemical and morphological parameters and local abi-

otic conditions (Table S5.2). 
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Table 5.1: Overview of the sampling details for Saccharina latissima. Subset data-sets: latitudinal (lat), Baltic (bal). Abiotic factors: sampling depth, sea surface temperature (SST)           
and salinity. 

a Akvaplan-Niva, Norway. b COSYNA system (Breitbach et al. 2016, Baschek et al. 2017). c Giovanni Satellite (Acker & Leptoukh 2007). 

 

location data-set NE-coordinates date 
depth 

(m) 
SST 
(°C) 

salinity 
(SA) 

Norway, Spitsbergen Ny-Ålesund NYA lat 78°55.496'  011°55.108' 28.06.2019 > 5 5.7 33 

Norway Tromsø TRO lat 69°45.259'  019°02.176' 28.06.2018 0 – 1 6.8 33a 

Norway Bodø BOD lat 67°16.591'  014°34.480' 17.06.2018 1 – 3 9.8 33 

Norway Ansnas ANS lat 63°38.271'  008°59.416' 20.06.2018 1 – 3 9.7 32 

Norway Runde (sandy) RUN_s lat 62°23.926'  005°39.288' 23.06.2018 0 – 1 13.1 32 

Norway Runde (rocky) RUN_r lat 62°24.199'  005°37.808' 23.06.2018 1 – 3 13.1 32 

Norway Bergen BER lat 60°13.615'  005°17.207' 26.06.2018 0 – 1 13.9 31 

Norway Egersund EGE lat, bal 58°27.035'  005°54.247' 10.07.2020 3 – 5 15 34 

Germany, German Bight Helgoland HLG lat 54°10.748'  007°55.068' 26.06.2018 3 – 5 15b 33b 

France Locmariaquer LOC lat 47°33.515'  002°55.468' 15.06.2018 3 – 5 20 32 

Spain Muros MUR lat 42°77.404' -008°94.870' 07.07.2020 3 – 5 16.5c 35c 

Portugal Amorosa AMO lat 41°64.966' -008°82.460' 02.07.2020 1 – 3 15c 35c 

Sweden Saltø  SAL bal 58°52.455'  011°07'19.1'' 21.06.2020 3 – 5 16 28 

Sweden Smøgen SMO bal 58°21.057'  011°13'37.2'' 26.06.2020 3 – 5 20.6 21 

Germany, Baltic Sea Kiel KIE bal 54°25.563'  010°10.133' 06.06.2019 0 – 1 18.5 17 

Germany, Baltic Sea Rügen RUG bal 54°38.145'  013°25.381' 29.08.2019 > 5 18b 7b 
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Results 

Morphology and genetic diversity of Saccharina latissima in Europe 

Morphological variability 

The collected sporophytes varied considerably in their morphology (Fig. 5.1b). Many sam-

ples were ragged at the tip of the blade or started to decompose, hence, the actual length of 

the sporophyte was difficult to determine (Table S5.1). Regardless, strong variations in the 

morphological appearance of Saccharina latissima were observed between the different sam-

pling locations. For instance, specimens from KIE and RUG in the Baltic Sea and those collected 

along the Iberian Coast (MUR, AMO) were considerably smaller than the other individuals. 

The length to width ratio (length:width) of samples varied between 1.4 (RUG) and 23.4. 

(HLG). Sporophytes from RUN_r (17.1 ± 4.0) and HLG (16.5 ± 2.3) were conspicuously long, 

narrow and thick. In contrast, the individuals collected in ANS (2.5 ± 0.4) were very wide, 

fragile and rigid. Even samples from very close locations showed marked differences: S. latis-

sima specimens from the rocky shore in Runde (RUN_r) were – as mentioned above – very 

long and narrow, while samples from the same island, but collected at another shore (RUN_s), 

grew shorter and much wider (5.3 ± 1.7). Still, when plotting morphology alone (Fig. S5.2), 

no distinct patterns regarding distribution were observable, and the populations clustered 

densely together. 

 

Genetic variability 

Despite their morphological variability, all sporophytes were genetically identified as Saccha-

rina latissima, apart from four specimens (TRO3, TRO5, BER1 and HLG1; Table S5.1), which 

consistently failed to amplify in PCRs. Samples that were included in the phylogenetic analysis 

formed a well-supported clade with other S. latissima (Fig. S5.1).  

In the haplotype network (Fig. 5.2), no clear geographic clustering could be observed. Most 

samples belonged to one major haplotype closest to the European mitotype (in bright pink; 

reference) with one base pair difference. Some individuals from various locations differed 

from this main and the European mitotype by single substitutions, e.g. three samples from 

KIE and two from RUN, while all samples from HEL grouped with most of the southern sam-

ples, i.e. LOC, MUR and AMO, forming a separate clade. The Atlantic Arctic and Pacific Arctic 

mitotypes (ref) differed from the main haplotype by four and five substitutions, respectively. 



Chapter 5: Publication IV 
 

 

151 
 

 

Fig. 5.2: Haplotype network based on COI-5P sequences of Saccharina latissima. Open dots refer to base changes be-
tween encountered haplotypes (full circles); sizes of circles are proportional to numbers of sequences included. Haplo-
types in gray scales are based on Luttikhuizen et al. (2018); light pink to light purple scales represent mitotypes based 
on McDevit & Saunders (2009, 2010) (see Fig. S5.1 for references). 
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Fig. 5.3: Combined score- & biplot of the first two principal components (PC) of the principal component analyses (PCA) 
performed on samples of Saccharina latissima from different sample locations along the European coast. Plotted are the 
length to width ratio (length:width) and biochemical compounds (mannitol, carbon to nitrogen ratio [C:N], phlorotan-
nins). The arrows represent the loadings of each PCA. Sampling locations are indicated by different colors. Different 

shapes represent hydrographic regions of the samples: ♦ = Arctic (Spitsbergen), ▲ = Norwegian Sea, 

■ = North Sea / North Atlantic, ● = Baltic Sea. Each point represents one individual. 
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Saccharina latissima across latitudes 

The results of all calculated correlations are listed in Table S5.2 in the supplement. 

Morphology vs. abiotic data. Regarding SST, a negative correlation was determined for sporo-

phyte width (r = −0.51, p < 0.001) and positive correlation for the ratio of length:width 

(r = 0.40, p < 0.01), meaning sporophytes grew overall wider in colder regions (Table S5.2). 

There were weak negative correlations observable between salinity and both length 

(r = −0.31, p < 0.05) and width (r = −0.37, p < 0.001), thus length:width was not affected. Sam-

ples were generally smaller at higher salinity. Since all populations grew under fully marine 

conditions (SA 31 – 35), the significant correlation can be explained by the considerably 

smaller sporophytes sampled in MUR and AMO at the highest salinity (Table 5.1). Across lat-

itudes, the different depths at the sampling locations had no significant impact on the mor-

phological appearance in S. latissima. 

Biochemistry vs. abiotic data. To investigate the impact of the abiotic conditions on the bio-

chemical profile of S. latissima, each parameter was correlated separately (Table S5.2). For 

mannitol, no significant correlations were detected with SST or sampling depth, but it corre-

lated negatively with salinity (r = −0.36, p < 0.01), exhibiting lower mannitol concentrations 

at higher salinities. Higher SST led to higher total C as well as higher total nitrogen (N) con-

centrations (rC = 0.30, pC < 0.5; rN = 0.35, pN < 0.01), resulting in an unchanged C:N ratio. How-

ever, salinity showed a significant negative correlation (r = −0.55, p < 0.001) with C:N. Lower 

C:N were measured in the populations with higher salinity, although this can be entirely as-

cribed to the high N concentrations in the samples from MUR and AMO (SA 35) (r = −0.69, 

p < 0.001). Comparable to mannitol, sampling depth did not correlate with C:N, total C or total 

N. Phlorotannin contents were significantly correlated to sampling depth (r = −0.33, p < 0.05), 

with lower concentrations measured in samples from greater depth, but there was no corre-

lation with salinity or SST. 

Morphology vs. biochemistry. Positive correlations were detected between mannitol and 

length (r = 0.44, p < 0.001) though not width, which resulted in positive correlation of manni-

tol and length:width (r = 0.37, p < 0.01) (Table S5.2). C:N showed a weak positive correlation 

with length (r = 0.29, p < 0.05), but since no correlation with width was observed, the impact 

of length was too small to be reflected in the length:width ratio. Total C did not correlate with 

size, thus, variation in C:N was entirely based on the reduced total N in larger sporophytes 
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(rlength = −0.44, plength < 0.001; rwidth = −0.47, pwidth < 0.001). For phlorotannins, no correlations 

with morphological parameters were determined across latitudes. 

 

Saccharina latissima along a salinity gradient 

The results of all calculated correlations are listed in Table S5.2 in the supplement. 

Morphology vs. abiotic data. Strong positive correlations were found between salinity and 

length (r = 0.61, p < 0.01), and width (r = 0.88, p < 0.001) (Table S5.2). Samples were consid-

erably smaller at lower salinities, however, length:width did not change with salinity. Compa-

rable to the latitudinal data, SST correlated negatively with the width of the sporophytes 

(rwidth = −0.51, pwidth < 0.01; rlength:width = 0.48, plength:width < 0.05), with samples growing wider 

at colder locations. The morphological appearance was not affected by different sampling 

depth along the salinity gradient.  

Biochemistry vs. abiotic data. Mannitol strongly correlated with salinity (r = 0.66, p < 0.001) 

but not with SST or depth (Table S5.2). Contrary to the latitudinal data-set, the concentration 

was significantly lower in the populations with low salinity. There was no correlation be-

tween salinity or SST, however, the C:N revealed a positive correlation with the sampling 

depths at the different locations (r = 0.50, p < 0.05), since total C correlated positively 

(r = 0.64, p < 0.001) and total N correlated negatively with depth (r = −0.41, p < 0.05). Phloro-

tannins were not significantly correlated to any of the three abiotic parameters.  

Morphology vs. biochemistry. Positive correlations were detected between mannitol and both 

length (r = 0.67, p < 0.001) and width (r = 0.56, p < 0.01), leading to balanced length:width ra-

tios, even though the overall size significantly decreased at lower salinities. C:N also corre-

lated positively with both length (r = 0.45, p < 0.05) and width (r = 0.44, p < 0.05), and accord-

ingly, no correlation with length:width was found. Comparable to the latitudinal data-set, total 

N decreased with increasing size (rlength = −0.48, plength < 0.05; rwidth = −0.47, pwidth < 0.05). Fur-

thermore, a positive correlation was found with total C (r = 0.42, p < 0.05). However, these 

differences were not reflected in a correlation between C:N, total C or total N and 

length:width. Regarding phlorotannins, a correlation with length (r = 0.57, p < 0.01) was de-

termined, which was also reflected in the correlation between phlorotannins and 

length:width (r = 0.54, p < 0.01). 
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Habitat-specificity of biochemical profiles 

To explore potential habitat-specific biochemical profiles of S. latissima, we first plotted the 

three biochemical parameters together (Fig. S5.3). Dispersion of the individual sporophytes 

within the populations was very high, and no pattern of the populations regarding their dis-

tribution was distinguishable. However, the above results clearly show that morphology was 

also dependent on different abiotic conditions and had a significant effect on the biochemical 

profile of S. latissima. Individual effects of length and width were overall well reflected by the 

impact of length:width on mannitol, C:N and phlorotannins. Thus, to exclude significant im-

plications of morphology on the biochemical profile, we combined the morphology 

(length:width) and the biochemical composition of S. latissima in the PCA plot (Fig. 5.3). Most 

populations clustered closely together. Only HLG and RUN_r, which were both conspicuously 

long, and RUN_s (Fig. 5.1b), collected at a sandy beach, were slightly separated from the other 

populations. Also, after separating the two data-sets, no patterns reflecting the distribution 

across latitudes or along a salinity gradient were detectable. Instead, the dispersion between 

and within the populations was very high (data not shown). Consequentially, no distinction 

in the overall biochemical profiles of the populations in terms of their distribution could be 

determined. 

To reveal whether mannitol, C:N or phlorotannins alone support site-specific differentiations, 

these parameters were also plotted individually and separately for each data-set. In neither 

of the three parameters, clear distinct patterns regarding distribution were displayed in the 

latitudinal data-set (Fig. 5.4). However, based on the length:width ratio, LOC, and even more 

so HLG and RUN_r separated from the densely clustered other populations in all three plots. 

Furthermore, in Figure 5.4b and 5.4c, RUN_s also separated from the other populations, 

based on contents of C:N and phlorotannins. Phlorotannins and mannitol are high-carbon 

molecules, thus, to reveal potential impact on C:N, we correlated their concentrations with  

the total carbon content (C). We found a positive correlation between phlorotannins and total 

C (r = 0.46, p < 0.001), but no correlation between mannitol and total C (Table S5.2), explain-

ing the missing separation of RUN_s in Figure 5.4a. 

No clear patterns were distinguishable for mannitol, C:N or phlorotannins in the Baltic sam-

ples, and dispersion between and within the population was high (Fig. S5.4). Although size of 

the specimens considerably decreased along the Baltic Sea, the fully marine control popula-

tion from EGE did not separate from the others as length:width of the individuals was similar. 

Thus, morphological differences in size were not reflected in the biochemical signatures.  
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Fig. 5.4: Combined score- & biplot of the principal component analyses (PCA) performed on samples of Saccharina latissima from different sample locations along a salinity gradient. 
Plotted are the length to width ratio (length:width) and the biochemical compounds individually. a: Mannitol. b: Carbon to nitrogen ratio (C:N). c: Phlorotannins. The arrows represent 

the loadings of each PCA. Sampling locations are indicated by different colors. Different shapes represent hydrographic regions of the samples: ♦ = Arctic (Spitsbergen), ▲ = Norwegian 

Sea, ■ = North Sea / North Atlantic. Each point represents one individual. 
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Discussion 

This study is the first approach to address the lack of comprehensive data-sets on kelps which 

integrate morphological, biochemical, genetic and geographic data (Bolton 2010). We provide 

important information on the intraspecific variability of the broadly distributed Saccharina 

latissima within Europe. Considerable imprints of local abiotic conditions on the morphology 

and the biochemical composition of S. latissima were detected. However, contrary to our hy-

potheses, no clear geographical patterns or links between biochemical profiles and haplo-

types could be detected. 

 

Morphological profiles along gradients 

In our study, the morphology of Saccharina latissima was highly influenced by various abiotic 

conditions. We found clear evidence that salinity strongly affected the size of the field sporo-

phytes (Lüning 1990). In accordance with the optimum salinity growth range between SA 23 

and 31 (Gerard et al. 1987), samples across the Baltic Sea greatly decreased in size along the 

salinity gradient. Additionally, high salinity at MUR and AMO (SA 35) probably diminished 

growth in the field sporophytes. However, in MUR also larger individuals were found in larger 

depths of the region (C. Monteiro pers. comm.). 

Apart from salinity, the effect of temperature on the size should not be underestimated. Cor-

relations between morphological appearance and sea surface temperature (SST) were found 

both along latitudes and along the salinity gradient. Sporophytes grew wider, thus, had a 

smaller length to width ratio (length:width) in colder regions. A seasonal increase in width 

has previously been observed during summer and fall in S. latissima from Norway (Sjøtun 

1993). Accordingly, the seasonal impact on growth activity across latitudes (Diehl et al. sub-

mitted), mirrored by different SST in this study, potentially resulted in changes in the ratio 

between frond length and width. Different length:width ratios have also been reported from 

individuals of different ages (Sjøtun 1993). Hence, age might also have influenced the mor-

phological appearance of our samples, even though we aimed to collect the largest specimens, 

and specimens of equal size at each location. Additionally, wave exposure has long been 

known to strongly influence the morphology of kelps, affecting blade, stipe and holdfast 

(Gerard 1987, Lüning 1990, Fowler-Walker et al. 2006, Coppin et al. 2020). In more exposed 

habitats sporophytes of S. latissima form narrow blades with solid stipes, while they exhibit 

broad blades with hollow stipes in more sheltered habitats (Lüning 1990). Our observations 
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are in accordance with those studies, e.g. the sampling location in ANS was situated in a very 

calm bay, while HLG and RUN_r were both rather wind- and wave-exposed habitats. Regard-

less of their latitudinal distribution, the morphology of our specimens appeared to be mostly 

affected by exposure, although we cannot clearly clarify this.  

 

Biochemical profiles along gradients 

The impacts of different abiotic factors on the morphology and biochemistry of kelps are well 

studied (Lüning 1990, Amsler 2008, Wiencke & Bischof 2012 and references therein). How-

ever, to our knowledge, this study is the first to investigate links between morphology and 

biochemical composition on a large geographical scale. Different stress responses of culti-

vated and field-grown sporophytes of S. latissima may be caused by age-dependent and mor-

pho-functional features (Heinrich et al. 2016). Consequently, the impact of abiotic drivers in 

the field may also differ depending on the morphology of a sporophyte. 

As mannitol is the main photosynthetic product in Phaeophyceae, its concentration is directly 

affected by solar radiation (Gylle et al. 2009), which varies across latitudes and within the 

water column. Mannitol may moreover be influenced by variability in temperature (Iwamoto 

& Shiraiwa 2005, Ji et al. 2016, Diehl et al. 2020), as it has, for example, been proposed as an 

anti-freezing compound in S. latissima (Monteiro et al. 2021). However, we did not detect sig-

nificant correlations between mannitol and SST or sampling depth, neither across latitudes 

nor in the Baltic data-set. Instead, mannitol concentrations in S. latissima were strongly af-fected by ambient salinity. Mannitol acts as an osmolyte and ‘compatible solute’ under os-
motic stress (Kirst 1989, Karsten 2012). In kelps, its concentrations vary under different sa-

linities: lower salinity results in lower intracellular osmotic stress, and as a consequence, less 

mannitol is stored (Diehl et al. 2020, Monteiro et al. 2021). We could confirm this effect on 

mannitol content in field-grown sporophytes along the strong salinity gradient across the Bal-

tic Sea. However, in the latitudinal data-set, a contrasting correlation was detected, with 

higher salinities across latitudes seemingly resulting in lower mannitol concentrations. Man-

nitol per gram dry weight increased with the overall size of the sporophytes in this study. The 

storage of carbohydrates, such as mannitol, is dependent on growth activity. I.e., during slow 

growth periods, fully-grown sporophytes may accumulate mannitol (Johnston et al. 1977, 

Schiener et al. 2015). Thus, decreasing size and increasing depth along the salinity gradient 

in the Baltic Sea might have additionally affected mannitol concentrations. Furthermore, also 
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samples from MUR and AMO were considerably smaller. Accordingly, low mannitol content 

in these samples could be ascribed to their size and not to the high salinity of their habitat.  

The ratio between total carbon (C) and total nitrogen (N) content (C:N) is usually used to 

monitor the nutrient status of seaweeds (Hurd et al. 2014). We found no impact of 

length:width on C:N, total C or total N. However, an impact of temperature on nutrient uptake 

has been reported for brown algae (Graiff et al. 2015, Roleda & Hurd 2019), but also an impact 

of salinity (Jiménez & Niell 1991, Gordillo et al. 2002), and interaction between temperature 

and salinity on N uptake has been proposed for seaweeds (Mandal et al. 2015, Diehl et al. 

2020). In this study, C:N ratios of S. latissima were not affected by ambient SST since both total 

C and total N increased at higher temperatures in the latitudinal data-set and samples, while 

samples in the Baltic data-set were not affected by SST. Contrary to Nielsen et al. (2016a), we 

did not detect decreasing total C with increasing salinities across the salinity gradient in the 

Baltic Sea and also did not find increasing total N at hyposalinity (Diehl et al. 2020). Instead, 

we observed a correlation of total C and total N with sampling depth in the Baltic Sea, but not 

along latitudes, which most probably can be attributed to the size of the samples. Moreover, 

we found a putative correlation with salinity in the latitudinal data-set. In the smallest sam-

ples from MUR and AMO, where the highest salinities were measured, C:N was particularly 

low due to high total N. However, the actual impact of salinity seems questionable since no 

effect of salinity was determined along the strong salinity gradient in the Baltic Sea. On the 

other hand, the Iberian Coast is characterized by upwelling events, during which cold and 

nutrient-rich deep waters reach the sea surface (Lourenço et al. 2016). Accordingly, C:N in the 

populations of MUR and AMO was strongly affected by high ambient nutrient concentrations 

rather than by salinity or morphology. Summarizing, potential effects of morphology, salinity 

and SST in nature are excelled by nutrient conditions. While S. latissima showed acclimation 

to different temperature and salinity conditions within 24 h (Li et al. 2020, Monteiro et al. 

2021), nutrients can be stored in high concentrations for times when they are limited. Hence, 

the nutrient concentration in the environment is a critical factor for the morphological ap-

pearance and biochemical composition of S. latissima (Lüning 1990). However, due to the ge-

ographical spread of our study sites, nutrient monitoring was unfortunately beyond the scope 

of our study. 

Nevertheless, C:N is also affected by other factors, as total C constitutes all carbohydrates, 

including alginate, cellulose and other polysaccharides, and is influenced by the tissue struc-

ture (Peters et al. 2005, Amsler 2008). While we observed varying amounts of mucilage in the 

sporophytes during sampling, suggesting differing polysaccharide contents and consequently 
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total C levels, different C:N ratios in our sampling campaign were mainly based on lower to-

tal N content and not on increased total C with increasing size.  

Still, we found a positive correlation between total C, and thus C:N, and phlorotannins. Phlo-

rotannins are important components of cell walls (Schoenwaelder & Clayton 1999), enhanc-

ing tissue strength (Simonson et al. 2015). In our study, this was confirmed for samples along 

the salinity gradient, where larger and sturdier individuals contained higher phlorotannin 

concentrations. However, for large sporophytes found along the latitudinal gradient, the mor-

phology did not appear to be impacted by phlorotannins, even though the haptic of several 

sporophytes differed greatly, e.g. HLG and ANS. Phlorotannins do also serve as photo-protec-

tive compounds in brown algae (Amsler 2008). However, sampling depth did not significantly 

correlate with phlorotannins in the Baltic populations. Nevertheless, in the latitudinal data-

set, a weak negative correlation was found regarding depth. The light regime varies across 

latitudes and water depths, but it is also affected, for instance, by tidal range, sedimentation 

or day length (Morel 1991, Hanelt et al. 2001, Rozema et al. 2002). Sporophytes of S. latissima 

growing in dense kelp forests such as at RUN_r, HLG or LOC were shaded and therefore con-

tained comparatively low amounts of phlorotannins (Table S5.1). On the other hand, extraor-

dinarily high phlorotannin concentrations were measured in samples from RUN_s, which also 

resulted in a separation in the PCA plot (Fig. 5.4). These results may be explained by their 

habitat since these samples grew on solitary rocks surrounded by a sandy habitat. With its 

bright surface, sand reflects incoming radiation (Chadyšiene & Girgždys 2008). This albedo 

effect may result in higher light stress for the surrounding sporophytes, and consequently, 

phlorotannin concentration may be higher compared to other populations.  

 

Genetic diversity 

Bolton (2010) highlighted the importance of combining morphological, ecological and genetic 

analyses for our understanding of the evolution of kelps, especially in widespread taxa, such 

as the genus Saccharina. Camus et al. (2018), for instance, investigated the genetic and phe-

notypic diversity of Macrocystis pyrifera and determined links between genetic clusters along 

latitudinal distribution, morphological diversity and variations in environmental drivers. By 

assessing the intraspecific variability on several levels, the process of ecotypic separation 

across Europe, as it is currently proposed, might be better understood. 

While genetic sequence comparisons consistently confirmed identifications of our specimens 

as S. latissima, the haplotype network failed to separate distinct genetic clusters according to 
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geographic distribution. While populations from the Baltic Sea did not separate from fully 

marine populations, the southern populations from HLG to AMO had a slightly different hap-

lotype, in accordance with prior studies (Luttikhuizen et al. 2018, Neiva et al. 2018). In the 

North East Atlantic, S. latissima can be divided into two phylogenetic groups: the northern 

cluster ranges from Spitsbergen to southern Norway and the southern one includes Brittany 

and the Iberian Coast (Neiva et al. 2018). Luttikhuizen et al. (2018) reported close relation-

ships between the different populations but also slight differentiation between samples from 

southern Norway and Brittany within a haplotype network based on the COI marker. How-

ever, in general, microsatellite markers are more sensitive. For example, Nielsen et al. (2016b) 

used microsatellites to separate S. latissima populations from the Baltic Sea, and Guzinski et 

al. (2020) investigated genetic connectivity of S. latissima populations across the same latitu-

dinal distribution range as in the present study. While they did not observe significant varia-

tions in genetic diversity with latitude, they demonstrated a high degree of inter-population 

differentiation, indicating that this kind of marker is more suited to complement intraspecific 

studies on biochemical and morphological variability. 

 

Habitat-specific signatures in Saccharina latissima? 

Different populations are often treated as homogenous physiological units, independent of the species’ distribution (Reed et al. 2011). However, a direct comparison of different popu-

lations of the same kelp species is difficult as they exhibit habitat-specific physiological traits 

(King et al. 2018, Liesner et al. 2020, Martins et al. 2020, Diehl et al. submitted). For that rea-

son, we aimed to characterize habitat-specific biochemical signatures S. latissima. 

Mannitol, C:N and phlorotannins are among the most important compounds reflecting stress 

responses in S. latissima and are strongly affected by the monitored abiotic parameters 

(Lüning 1990, Nielsen et al. 2016a, Manns et al. 2017, Coppin et al. 2020). Confirming the 

results of these previous studies, we detected strong dependencies of the analyzed traits on 

the local abiotic conditions, i.e. the individual profiles of specific biochemical parameters in 

S. latissima corresponded to respective environmental conditions (Martins et al. 2014, 

Monteiro et al. 2020). We also determined a significant impact of morphology on the biochem-

ical profiles and therefore included both morphological and biochemical phenotypes to detect 

habitat-specific biochemical signatures in S. latissima. However, contrary to our hypothesis, 

the biochemical profiles in our study did not pinpoint the geographical origin on larger scales, 
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as S. latissima did not exhibit habitat-specific biochemical signatures. Still, some trends to-

wards habitat-specific partition of S. latissima populations occur independently from their ge-

ographical distribution. For instance, based on morphological traits, the populations from 

HLG and RUN_r were clearly separated, even more than the population from LOC. However, 

to actually reveal habitat-specific biochemical signatures, corresponding to the geographical 

distribution, more specific biochemical characteristics may be needed, e.g. unique lipidomic 

profiles such as observed in S. latissima from France, Great Britain and Norway (Monteiro et 

al. 2020).  

While major impacts of salinity were determined on morphology and biochemical profile of 

S. latissima, the Baltic samples did not clearly separate from the fully marine populations. Due 

to the high density of saltwater from the North Sea which enters the Baltic Sea in the Skager-

rak, salinities in the Baltic Sea are generally higher at greater depths, where S. latissima de-

scends to (Nielsen et al. 2016a). On the other hand, greater water depths equal lower irradi-

ance, and hence limited growth and variation in biochemical composition (Gerard 1988, 

Spurkland & Iken 2011, Endo et al. 2017). Thus, besides a direct impact on the osmotic status 

of the species, salinity, especially hyposalinity, seems to also have indirect influences on bio-

chemical composition and complicates the indication of habitat-specific traits.  

Long-term selective effects can generate genetic diversity along latitudinal gradients, eventu-

ally resulting in the emergence of ecotypes (Parmesan 2006, Nicotra et al. 2010, King et al. 

2018). These comprise populations that are locally adapted and thus phenotypically and ge-

netically differentiated from specimens of other geographic regions (Conner & Hartl 2004). 

Gene flow between populations generally depends on the dispersal capacity of a species, 

which is known to be limited in kelps compared to other marine organisms, for instance due 

to the absence of rocky substrates in potential new habitats and other dispersal barriers 

(Bolton 2010, Valero et al. 2011). Luttikhuizen et al. (2018) suggest that intraspecific genetic 

differentiation of S. latissima in Europe is expected to increase, if population structures are 

left undisturbed, since the equilibrium of population differentiation are not yet reached. 

Hence, a further distinction of populations and the accomplishment of equilibrium would sup-

port the evolution of ecotypes or even further genetic differentiation within the species com-

plex (Luttikhuizen et al. 2018). 

We did not detect distinct haplotypes in the sampled S. latissima populations, thus supporting 

the afore-mentioned hypothesis. Indeed, the fact that we could not identify habitat-specific 

traits and that the evaluated parameters were highly plastic and correlated with the abiotic 

conditions, rather than with geographical origin, suggests traits of high phenotypic plasticity 
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in S. latissima instead of the existence of genetically fixed ecotypes. Nevertheless, traits of high 

plasticity might also be exhibited by ecotypically differentiated species, even though they are 

genetically fixed to a local optimum (de Jong 2005). In fact, the separation of the southernmost 

populations in our haplotype network supports the proposal that intraspecific separation of 

S. latissima is still an ongoing process and not completed yet (Luttikhuizen et al. 2018). Ge-

netic and ecotypic differentiation could be intermitted by climatic changes, e.g. by rising tem-

peratures and hyposalinity, which impose increasing threats on marine ecosystems (IPCC 

2019). The expected shift in macroalgal communities, as a result of changing habitats (Müller 

et al. 2009, Assis et al. 2018), will potentially disturb population structures and hence, speci-

ation. 

Summarizing, even though no habitat-specific biochemical profiles of combined mannitol, C:N 

ratio and phlorotannins could be established in our study,  marked imprints of abiotic condi-

tions on the biochemical composition of S. latissima were detected. In the Baltic Sea, no ge-

netic or phenotypic clusters were observed. Differentiations have not manifested genetically 

and were not reflected in COI-5P diversity. While we are aware that our conclusions are based 

on small sampling sizes at each location, we can conclude that this study provides a basis for 

subsequent studies assessing the intraspecific diversity of S. latissima. For more comprehen-

sive results, molecular analyses based on microsatellite markers are essential in future stud-

ies on combined genetic and phenotypic diversity.  
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Supplement 

 

Table S5.1: Overview of the morphology and biochemical parameters of all Saccharina latissima samples. Frond length, frond width and length to width ratio (length:width). Mannitol, 
carbon to nitrogen ratio (C:N), total nitrogen content (total N), total carbon content (total C) and phlorotannins. DW = dry weight. 

location 
data-

set 

morphology biochemical parameters 

length 
(cm) 

width 
(cm) 

length:width 
mannitol 

(mg g-1 DW) 
C:N 

total N 
(mg g-1 DW) 

total C 
(mg g-1 DW) 

phlorotannins 
(mg g-1 DW) 
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Y
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or

w
ay

 

la
ti

tu
d

in
al

 142 59 2.4 210.96 22.56 14.84 287.02 1.467 
107 40 2.7 196.46 23.85 15.42 315.28 1.705 
110 45 2.4 162.06 21.45 14.35 263.81 2.487 
105 38 2.8 208.98 19.67 15.57 262.64 2.119 
80 44 1.8 208.16 22.09 16.85 319.07 1.980 

T
ro

m
sø

 

T
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ay
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tu
d
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al

 113 25 4.5 123.86 23.20 13.70 272.41 6.019 
130 19 6.8 280.88 37.58 9.71 312.95 3.392 
80 14.5 5.5 102.12 19.41 16.01 266.27 10.184 

115 23 5.0 71.78 17.36 16.97 252.52 4.697 
84 16 5.3 64.24 16.15 15.83 219.15 4.095 
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al

 252 36 7.0 183.81 23.95 14.77 303.24 8.493 
309 43 7.2 214.10 27.11 13.39 311.03 9.403 
237 38 6.2 215.27 24.58 13.72 289.19 11.856 
130 26 5.0 230.37 31.78 12.10 329.51 10.170 
110 35 3.1 223.97 29.82 12.75 325.98 7.587 
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n
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 54 23 2.3 80.15 - - - - 
73 30 2.4 109.96 23.05 11.40 225.29 6.737 

120 55 2.2 155.68 33.55 8.02 230.65 6.288 
92 42 2.2 190.40 27.82 15.09 359.88 8.193 

140 43 3.3 178.25 29.57 13.35 338.49 6.837 
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 104 27 3.9 133.98 53.52 7.59 348.06 14.579 
146 25 5.8 173.53 48.98 8.45 354.81 17.677 
258 33 7.8 172.20 33.60 11.09 319.43 18.017 
128 25 5.1 163.02 44.57 8.74 333.95 17.040 
107 28 3.8 169.15 55.12 8.46 399.76 17.800 
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. 223 12.5 17.8 278.31 25.66  14.12 310.57 5.514 

147 11.5 12.8 344.64 40.38 10.84 375.29 6.330 
196 9.5 20.6 259.91 34.86 10.19 304.56 5.987 

B
er
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n

 

B
E

R
 

N
or

w
ay

 

la
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d
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al

 64 23 2.8 169.27 23.09 15.63 309.20 14.730 
113 30 3.8 212.01 24.62 14.90 314.49 7.401 
77 24 3.2 179.69 25.22 16.92 365.81 7.033 
79 28 2.8 140.42 19.29 20.85 344.71 3.621 

103 36 2.9 116.13 21.35 16.64 304.42 9.763 

E
ge
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u

n
d

 

E
G

E
 

N
or

w
ay
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al

 
&

 B
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191 35 5.5 163.11 21.19 17.74 322.15 10.834 
109 27 4.0 122.82 27.28 15.43 360.95 13.629 
137 26 5.3 126.11 22.67 17.65 343.01 5.605 
136 34 4.0 97.69 26.52 15.87 360.70 11.078 
125 31 4.0 118.40 16.70 23.13 331.12 9.258 

H
el

go
la

n
d

 

H
LG

 

G
er

m
an

y 

la
ti

tu
d

in
al

 345 14.5 23.8 203.27 15.00 - - 6.238 
205 12.5 16.4 277.14 28.14 - - 7.355 
167 11.5 14.5 270.38 32.20 10.38 286.59 7.239 

138.5 10.8 12.8 214.35 37.09 10.61 337.37 8.888 
227 15 15.1 240.17 32.12 12.68 349.00 8.634 

Lo
cm

ar
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-
q

u
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LO
C
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d
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al

 250 13 18.9 183.66 16.80 19.94 287.13 5.572 
168 25 6.7 225.84 30.07 13.46 346.75 8.231 
139 20 7.0 206.01 24.24 15.10 313.73 6.840 
350 22 15.9 174.23 20.72 16.25 288.54 5.202 
228 31 7.4 211.41 33.25 12.41 353.67 5.927 

M
u

ro
s 

M
U

R
 

Sp
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n
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tu
d
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al

 70 11 6.4 59.00 12.40 25.17 267.48 6.389 
86 13 6.6 200.12 21.82 17.44 326.16 7.460 
75 14 5.4 119.10 14.67 22.43 282.11 11.270 
56 24 2.3 148.12 15.77 24.28 328.32 6.927 
52 11.5 4.5 98.22 12.82 27.69 304.21 3.423 

A
m
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 50 4 12.5 56.80 9.97 28.25 241.33 3.464 
42.5 9 4.7 - 11.23 29.71 286.10 4.401 
41.5 7.2 5.8 63.51 10.99 29.14 274.59 4.899 
40 6.5 6.2 149.95 11.98 28.49 292.62 5.582 
36 5 7.2 118.17 10.92 29.76 278.61 8.729 
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127 13 9.5 115.56 17.32 23.73 352.41 17.855 
125 17 7.1 102.07 20.71 18.86 334.76 16.775 
140 16 8.8 111.66 23.01 18.39 362.57 10.093 
130 16 8.2 117.51 17.88 21.58 330.66 10.614 
143 14 9.9 144.24 15.95 24.62 336.51 17.506 

Sm
ø

ge
n

 

SM
O

 

Sw
ed
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B
al

ti
c 

218 18 11.8 119.23 20.76 18.77 334.01 14.361 
294 14 20.9 120.62 22.13 17.84 338.35 16.624 
158 16 9.8 88.02 28.10 15.86 382.07 7.132 
239 18 13.4 152.05 26.44 15.64 354.57 18.925 
166 17 9.6 78.80 25.73 17.28 380.99 10.187 

K
ie

l 

K
IE

 

G
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m
an
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B
al

ti
c 

57 10 5.7 119.01 16.12 22.66 313.06 6.948 
47 10 4.8 44.67 11.85 26.72 271.34 3.869 
40 10 3.8 83.28 14.49 24.70 306.87 8.214 
45 6 7.9 61.42 13.37 24.52 281.00 3.182 
42 6 6.8 97.84 14.97 22.97 294.80 7.082 

R
ü

ge
n

 

R
U

G
 

G
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y 

B
al

ti
c 

25.5 8.6 3.0 47.67 27.37 14.54 341.08 3.702 
23.5 5 4.7 57.21 23.62 17.84 361.21 5.710 
13 6.4 2.0 77.02 17.60 21.44 323.43 7.663 
5.6 4.1 1.4 92.82 13.82 28.04 332.05 6.831 
5.4 1.1 4.9 - - - - 17.077 
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Table S5.2: Pearson correlations of morphological and biochemical parameters of European Saccharina latissima and 
abiotic factors: sampling depth, sea surface temperature (SST) and salinity. p < 0.05*; p < 0.01**; p < 0.001***. 

data-set correlated factors t df p r 

all C – mannitol 1.350 72 0.181   0.158 

 C – phlorotannins 4.124 72  < 0.001   0.437*** 
latitudinal length – SST 1.396 56 0.168   0.183 
 width – SST −4.385 56  < 0.001 −0.506*** 
 length:width – SST 3.275 56 0.002   0.401** 
 length – salinity −2.442 56 0.018 −0.310* 
 width – salinity −2.947 56 0.005 −0.366** 
 length:width – salinity −0.221 56 0.823 −0.030 
 length – depth 1.060 56 0.294   0.140 
 width – depth 1.435 56 0.157   0.188 
 length:width – depth 0.731 56 0.468   0.097 
 mannitol – length 3.629 55  < 0.001   0.440*** 
 mannitol – width  1.047 55 0.230   0.140 
 mannitol – length:width 2.904 55 0.005   0.365** 
 C:N – length 2.256 54 0.028   0.293* 
 C – length 1.265 53 0.211   0.171 
 N – length −3.610 53  < 0.001 −0.444*** 
 C:N – width  1.992 54 0.051   0.262 
 C – width 0.837 53 0.407   0.114 
 N – width −3.875 53  < 0.001 −0.470*** 
 C:N – length:width 0.446 54 0.658   0.061 
 C – length:width −0.201 53 0.841 −0.028 
 N – length:width −0.357 53 0.723 −0.049 
 phlorotannins – length 0.900 55 0.373   0.120 
 phlorotannins – width  0.905 55 0.370   0.121 
 phlorotannins – length:width −1.000 55 0.322 −0.134 
 mannitol – SST  −0.580 55 0.564 −0.078 
 mannitol – salinity  −2.878 55 0.006 −0.362** 
 mannitol – depth 1.994 55 0.051   0.260 
 C:N – SST  −0.940 54 0.351 −0.127 
 C – SST 2.294 53 0.026   0.301* 
 N – SST 2.733 53 0.009   0.351** 
 C:N – salinity −4.786 54  < 0.001 −0.546*** 
 C – salinity −1.960 53 0.055 −0.260 
 N – salinity 6.870 53  < 0.001   0.686*** 
 C:N – depth  −1.432 54 0.158 −0.191 
 C – depth 0.039 53 0.969   0.005 
 N – depth 0.673 53 0.504   0.092 
 phlorotannins – SST  0.958 55 0.342   0.128 
 phlorotannins – salinity  −1.625 55 0.110 −0.214 
 phlorotannins - depth −2.590 55 0.012 −0.330* 
Baltic length – SST 0.685 23 0.500   0.141 
 width – SST −2.855 23 0.009 −0.512** 
 length:width – SST 2.610 23 0.016   0.478* 
 length – salinity 3.650 23 0.001   0.606** 
 width – salinity 8.751 23  < 0.001   0.877*** 
 length:width – salinity 0.981 23 0.337   0.200 
 length – depth 0.001 23 0.999   0.000 
 width – depth 0.009 23 0.993   0.012 
 length:width – depth −0.590 23 0.561 −0.078 
 continues on next page     
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 mannitol – length 4.1806 22  < 0.001   0.665*** 
 mannitol – width  3.4177 22 0.002   0.589** 
 mannitol – length:width 1.8978 22 0.071   0.375 
 C:N – length 2.350 22 0.028   0.448* 
 C – length 2.176 22 0.041   0.421* 
 N – length −2.578 22 0.017 −0.482* 
 C:N – width  2.266 22 0.034   0.435* 
 C – width 1.740 22 0.096   0.348 
 N – width −2.472 22 0.022 −0.466* 
 C:N – length:width 0.975 22 0.340   0.203 
 C – length:width 1.00 22 0.328   0.209 
 N – length:width −1.158 22 0.260 −0.240 
 phlorotannins – length 3.338 23 0.003   0.571** 
 phlorotannins – width  1.050 23 0.305   0.214 
 phlorotannins – length:width 3.101 23 0.005   0.543** 
 mannitol – SST  −1.461 22 0.158 −0.297 
 mannitol – salinity  4.166 22  < 0.001   0.664*** 
 mannitol – depth 0−196 22 0.847   0.042 
 C:N – SST  0.297 22 0.769   0.063 
 C – SST −0.049 22 0.961 −0.010 
 N – SST −0.222 22 0.826 −0.222 
 C:N – salinity 1.029 22 0.315   0.214 
 C – salinity 1.165 22 0.257   0.241 
 N – salinity −1.173 22 0.253 −0.243 
 C:N – depth  2.741 22 0.012   0.505* 
 C – depth 3.915 22  < 0.001   0.641*** 
 N – depth −2.114 22 0.046 −0.411* 
 phlorotannins – SST  −0.171 23 0.866 −0.036 
 phlorotannins – salinity  1.695 23 0.104   0.333 
 phlorotannins – depth 1.192 23 0.246   0.241 
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Fig. S5.1: Maximum Likelihood phylogram based on COI-5P sequences of the genera Saccharina and Hedophyllum. Val-
ues above nodes indicate ML bootstrap support, with values lower than 60 % not reported. The scale indicates substi-
tutions / site. Published sequences are indicated by their GenBank accession number, the species name, haplotype 
(where applicable) and a number specifying the reference: 1 - Aizen et al. (unpublished); 2 – Augyte et al. (2018); 
3 – Biancarosa et al. (2016); 4 – Bringloe et al. (2020); 5 – Franke et al. (unpublished); 6 – Kuepper et al. (2016); 
7 – Luttikhuizen et al. (2018); 8 – McDevit & Saunders (2009); 9 – McDevit & Saunders (2010); 10 – Zhao et al. (2013). 
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Fig. S5.2: Combined score- & biplot of the principal component analyses (PCA) performed on samples of Saccharina 

latissima from different sample locations along the European coast. Plotted are frond length and width. The arrows 
represent the loadings of each PCA. Sampling locations are indicated by different colors. Different shapes represent 

hydrographic regions of the samples: ♦ = Arctic (Spitsbergen), ▲ = Norwegian Sea, ■ = North Sea / North Atlantic, 
● = Baltic Sea. Each point represents one individual. 
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Fig. S5.3: Combined score- & biplot of the principal component analyses (PCA) performed on samples of Saccharina 

latissima from different sample locations along the European coast. Plotted are the biochemical compounds (mannitol, 
carbon to nitrogen ratio (C:N), phlorotannins). The arrows represent the loadings of each PCA. Sampling locations are 

indicated by different colors. Different shapes represent hydrographic regions of the samples: ♦ = Arctic (Spitsbergen), 
▲ = Norwegian Sea, ■ = North Sea / North Atlantic, ● = Baltic Sea. Each point represents one individual. 
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Fig. S5.4: Combined score- & biplot of the principal component analyses (PCA) performed on samples of Saccharina latissima from different sample locations along a salinity gradient. 
Plotted are the length to width ratio (length:width) and the biochemical compounds individually. a: Mannitol. b: Carbon to nitrogen ratio (C:N). c: Phlorotannins. The arrows represent 
the loadings of each PCA. Sampling locations are indicated by different colors. Each point represents one individual. 
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Abstract 

Macroalgae such as kelp are important ecosystem engineers in the polar regions and poten-

tially affected by freshening and ocean warming. The endemic Arctic kelp Laminaria solidun-

gula might be particularly imperiled and become locally extinct from Arctic fjord systems in 

the future, since temperature increase is most pronounced in the polar regions. Additionally, 

increased temperatures cause glacier and sea ice melting and enhancing terrestrial run-off 

from snowfields, which eventually can result in hyposaline conditions in fjord systems. We 

conducted a multiple-stressor experiment at four temperatures (0, 5, 10, 15 °C) and two sa-

linities (SA 25, 35) to investigate the combined effects of increasing temperature and decreas-

ing salinities on the physiological and biochemical status of young L. solidungula sporophytes. 

Both drivers had significant and interacting impacts, either in an additive or antagonistic way, 

dependent on the respective response variable. The maximum quantum yield of photosys-

tem II (Fv/Fm) significantly declined with temperature increase and low salinity. Even though 

the absolute pigment content was not affected, the de-epoxidation state of the xanthophyll 

cycle increased with intensified stress. Higher temperatures affected the C:N ratio signifi-

cantly, mainly due to reduced nitrogen uptake, while SA 25 supported the nitrogen uptake, 

resulting in an attenuation of the effect. The concentration of mannitol decreased at SA 25. At 

control SA 35 mannitol level remained steady between 0 and 10 °C but significantly decreased 

at 15 °C. Conclusively, our results show that L. solidungula is very susceptible to both drivers 

of climate change, especially when they are combined. Implications to species ecology are dis-

cussed. 
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Introduction 

Temperature increase is one of the major drivers of climate change. The strongest regional 

warming over the last 30 years was detected in the polar regions (Maturilli et al. 2013, Mere-

dith et al. 2019). Elevated air and seawater temperatures cause glacier and sea ice melting 

and increased terrestrial run-off from snowfields (Sundfjord et al. 2017, Filbee-Dexter et al. 

2019). Consequently, increased temperatures may result in hyposaline conditions in Arctic 

fjords, due to limited seawater exchange and stratification (Svendsen et al. 2002). Between 

1936 and 1999 total fresh water inflow into the Arctic Ocean increased by about 7 % (Bluhm 

& Gradinger 2008). Under regular conditions, seawater salinity in Arctic fjords averages 

SA 34.5 in spring, and can drop below SA 23 at the sea surface (Karsten et al. 2003, Zacher et 

al. 2009). However, salinity in deeper water layers down to 20 m may also be affected after 

vertical mixing by wave and wind action (Hanelt et al. 2001). Average seawater temperatures 

in Kongsfjorden, Svalbard are 4 °C during summer, but can reach a maximum of 5 – 7 °C (Ha-

nelt et al. 2001, Svendsen et al. 2002, Bartsch et al. 2016). In 2019, these maxima were ex-

ceeded reaching almost 8 °C, which demonstrates the regional fast increases of seawater tem-

perature (unpublished, Dashboard AWI 2019). In other Arctic regions, the sea surface tem-

perature has already increased up to 8 – 10 °C (Wiencke et al. 2007). Long-term trends for the 

Arctic region predict a further increase in warming and reduction of sea ice cover (Müller et 

al. 2009, Walczowski et al. 2012, Oliver et al. 2018), and increasing temperatures, especially 

heatwave events, are likely to impact many marine species (Smale et al. 2019). 

Arctic macroalgae are specifically affected by freshening and ocean warming (Hanelt et al. 

2001). More than 140 seaweed species in the Arctic region have been described so far, most 

of them growing in the sublittoral (Hop et al. 2012). Kelps, large brown seaweeds of the order 

Laminariales, are important ecosystem engineers in Arctic fjords. The only endemic kelp spe-

cies from the Arctic is Laminaria solidungula J. Agardh, which can be found down to depths of 

18 m (Roleda 2016). It grows at temperatures up to 16 °C with an optimum at 5 – 10 °C (tom 

Dieck [Bartsch] 1992). Despite the general ability of seaweeds to acclimate to variation in 

temperature and other environmental drivers (e.g. Davison et al. 1991, Bischof et al. 2002, 

Graiff et al. 2015b, Diehl et al. 2019), there is growing concern that L. solidungula might be-

come locally extinct from Arctic fjord systems in the future (Müller et al. 2009). Temperature 

stress can result in structural weakening of kelp tissue (Simonson et al. 2015b) and has an 

influence on carbon and nitrogen content, due to structure and nitrogen storage (Atkinson & 
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Smith 1983, Peters et al. 2005). It also affects photosynthetic quantum yield (Fv/Fm) and pig-

ment concentrations (Andersen et al. 2013, Fernandes et al. 2016). Various, potentially inter-

acting, drivers may additionally influence kelp fitness and competitive success. In order to 

cope with variation in environmental drivers, such as salinity or irradiation, seaweeds devel-

oped different acclimation mechanisms to maintain cellular functions (e.g. Karsten & West 

2000, Eggert et al. 2007, Rautenberger et al. 2015, Ji et al. 2016). Among others, brown algae 

synthesize the polyol mannitol to compensate osmotic stress (Iwamoto & Shiraiwa 2005). 

Mannitol acts as a compatible solute, by conserving intracellular homeostasis and potentially 

functioning as antioxidant (Kirst 1989, Iwamoto & Shiraiwa 2005, Eggert et al. 2007). Fur-

thermore, it is known that salinity changes substantially affect nitrogen metabolism in sea-

weed (Gordillo et al. 2002, Mandal et al. 2015). 

Consequently, kelp forests have already been directly and indirectly impaired by large-scale 

environmental change (Müller et al. 2009, Bartsch et al. 2016). Until today most studies on 

environmental impacts on seaweeds were designed as uni-factorial experiments (e.g. Bischof 

2002, Karsten 2007, Wiencke et al. 2007, Olischläger et al. 2012, Simonson et al. 2015a) or 

studied interactions between irradiation or acidification and temperature (e.g. Fredersdorf et 

al. 2009, Heinrich et al. 2015, Gordillo et al. 2016, Springer et al. 2017). 

While the effects of irradiance and temperature on kelps have been studied in detail, little is 

known on salinity tolerance of polar seaweeds (e.g. Karsten et al. 1991a, b, Jacob et al. 1991, 

1992, Karsten 2007, Li et al. 2019), and even less on salinity temperature interactions (Russell 

1987, Thomas et al. 1988, Fredersdorf et al. 2009, Mandal et al. 2015), especially with regard 

to the endemic kelp L. solidungula. 

The present study reveals physiological and biochemical responses to increasing temperature 

and changing salinities for the hitherto understudied Arctic endemic kelp species L. solidun-

gula. Results obtained shed light on the adaptive responses of the species to predict kelp per-

formance in a continuously changing Arctic environment.  
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Material and methods 

Laminaria solidungula cultivation 

A gametophyte strain of Laminaria solidungula (as stock culture obtained from the Alfred We-

gener Institute for Polar and Marine Research, Bremerhaven, Germany, AWI culture number 

3130 – not separated into male and female gametophytes) from Spitsbergen was fragmented 

into multicellular gametophyte filaments and subjected to 0 °C, short-day conditions (4:20-h-

light:dark [LD]) for induction of fertility (tom Dieck 1989). After a month, fragments were 

transferred into long-day conditions (16:8-h-LD). The first sporophytes became visible after 

two months, and were transferred into larger aerated glassware during growth. The size of 

the glassware was adapted to the size of sporophytes. After five months, the sporophytes 

were transferred to 5 °C 16:8-h-LD conditions to promote further growth. The sporophytes were cultivated at a photon fluence rate of 30 μmol photons m-2 s-1 (ProfiLux 3 with LED Mi-

tras daylight 150, GHL Advanced Technology, Kaiserslautern, Germany). The sporophytes 

were initially cultivated with full Provasoli-enriched seawater (PES, sterile seawater from the 

North Sea) and after another five months onwards in ½ PES (with Hepes buffer, respectively). 

The medium was changed every 1 – 2 weeks. One month later, the sporophytes were once 

again transferred into 0 °C to delay growth until the experiment was conducted six weeks 

later.  

 

Two-factorial stress experiment: temperature and salinity 

Young sporophytes of Laminaria solidungula were maintained in aerated 2-L Kautex bottles 

filled with ½ PES at an artificial photon fluence rate of 30 μmol m-2 s-1 and a 16:8-h-LD (Pro-

fiLux 3 with LED Mitras daylight 150, GHL Advanced Technology, Kaiserslautern, Germany). 

The medium was changed twice a week. The samples were acclimated to four different tem-

peratures (0, 5, 10, 15 °C) within one week. The salinity treatments (SA 25 and 35) were 

started after temperature acclimation. The hyposaline conditions were maintained by dilut-

ing the sterile seawater (North Sea) with freshwater (tap water). The treatment 0 °C, SA 35 

was used as control. Four sporophytes were cultivated as replicates (n = 4) per treatment. 

After being maintained at treatment conditions for 14 days, all samples were shock-frozen in 

liquid N2, stored at −80 °C, and freeze-dried before biochemical analyses.  
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Response variables 

Photo-ecophysiological markers 

The photosynthetic performance of the meristem was determined every fourth day by meas-

uring the in vivo chlorophyll fluorescence of photosystem II (PS II) using an Imaging-PAM 

(Walz GmbH Mess- und Regeltechnik, Effeltrich, Germany), after 5 min of dark acclimation. 

The PAM was set up to determine the amplitude of the fluorescence signal (Ft) between 0.15 

and 0.2 as recommended in the manual (IMAGING-PAM M-Series Chlorophyll Fluorometer, 

Heinz Walz GmbH, Effeltrich, Germany). The maximum quantum yield of PS II (Fv/Fm) repre-

sents a sensitive indicator of photosynthetic performance and, hence, of algal fitness, which 

might be affected by stress exposure (Kirst 1989, Nitschke et al. 2014, Ji et al. 2016). 

Photosynthetic and accessory pigments (n = 4) were extracted and analyzed following exactly 

Koch et al. (2015). Therefore, 0.05 – 0.1 g freshly freeze-dried samples were extracted in 1 mL 

acetone (90 %, v/v), incubated at 4 °C for 24 h in darkness and analyzed with a High Perfor-

mance Liquid Chromatography (HPLC). The concentrations of chlorophyll a and c2 (Chl a, 

Chl c2), fucoxanthin (Fuc), β-carotene (β-Car) as well as the pool size of the xanthophyll cycle 

(VAZ = violaxanthin, antheraxanthin, zeaxanthin) were calculated as μg g-1 dry weight (DW). 

The de-epoxidation state (DPS) of the xanthophyll cycle was calculated after Colombo-Pallotta 

et al. (2006). 

Additionally, the antioxidant phlorotannin was determined after Springer et al. (2017) using 

the Folin-Ciocalteu method described in Cruces et al. (2012). 20 mg of freeze-dried sample 

(n = 4) was extracted in 1 mL acetone (70 %, v/v) and incubated for 24 h at 4 °C in darkness. 

For the analyses, the absorption at λ 730 nm of three aliquots per replicate was determined 

in a microplate photometer. The total soluble phlorotannin concentration was expressed in 

mg g-1 DW.  

 

Mannitol  

1 mL aqueous ethanol (70 %, v/v) was added to three aliquots of 15 – 20 mg of each lyophi-

lized and homogenized sample and incubated in a water bath at 70 °C for 3 – 4 h (n = 4). The 

vials were vortexed occasionally to keep the samples dispersed. Initially, samples were cen-

trifuged (5 min; 13,000 rpm) and 800 μL of the supernatant was transferred to a fresh vial 

and evaporated to dryness (Alpha 1–4 LSCplus and RVC 2–5 CDplus, Martin Christ Ge-

friertrocknungsanlagen GmbH, Osterode am Harz, Germany). The pellets were re-dissolved 

by vortexing and ultrasonic treatments in 800 μL HPLC grade water. The samples were then 
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centrifuged for another 5 min (13,000 rpm). The obtained supernatant was analyzed using 

the method of Karsten et al. (1991a) in a HPLC Agilent Technologies system (1200 Series, 

Santa Clara, California, USA) with an Aminex Fast Carbohydrate Analysis Column HPAP 

(100 × 7.8 mm, 9 μm, BioRad, Munich, Germany), protected by a guard cartridge (Phenom-

enex, Carbo-Pb-2 + 4 × 3.00 mm i.d., Aschaffenburg, Germany) with 100 % dH2O as a mobile 

phase. The flow rate was adjusted to 1 mL min-1 at 10 – 100 bar and 70 °C. For the calibration 

0.5, 1.0, 2.5, 5.0 and 10.0 mM D(-)-mannitol standards (C6H14O6, Roth) were used. Absorption 

peaks were detected via RI-Detector (35 °C) and analyzed using the software ‘ChemStation for LC 3D systems’ (Agilent Technologies, Waldbronn, Germany). Mannitol contents were cal-culated in μmol g-1 dry weight (DW). 

 

Carbon, nitrogen and C:N ratio 

Total carbon (C) and total nitrogen (N) concentrations as well as C:N ratios were analyzed 

following Graiff et al. (2015a). Three aliquots of 2 mg (n = 4) of lyophilized and ground sam-

ples were weighed into tin cartridges (6 × 6 × 12 mm) and combusted at 950 °C. Acetanilide 

(C8H9NO) was used as standard (Verardo et al. 1990). The contents of C and N were quantified 

automatically in an elemental analyzer (Vario EL III, Elementar, Langenselbold, Germany). 

Total C and total N contents were expressed in mg g-1 dry weight (DW). 

 

Statistical analysis 

All data-sets were tested for normal distribution (Shapiro-Wilk test; p > 0.05) and for homo-geneity (Levene’s test; p > 0.05). Data were transformed if needed. Afterwards, two-way ANO-

VAs were performed for each parameter (p < 0.05) and a post hoc Tukey’s test applied to re-

veal significant differences (p < 0.05). The pigment data-sets were analyzed using the gener-

alized linear model (GLM) (p < 0.05). The statistical analyses were run using RStudio (Version 

1.1.383, Boston, MA, USA) and Excel 2016 (Windows, Microsoft Corporation, Redmond, WA, 

USA). 
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Results 

Photo-ecophysiology 

After 14 days, photosynthetic maximum quantum yield (Fv/Fm) showed a significant decrease 

at 15 °C in both salinities and was significantly lower than the control treatment (F3 = 62.866, 

p < 0.0001). In all other treatments the maximum values of 0.684 ± 0.012 (n = 4) were main-

tained, independent of temperature or salinity. After 7 days of temperature acclimation, Fv/Fm 

differed between the four temperatures (0.595 ± 0.015 – 0.678 ± 0.010, control: 

0.616 ± 0.017; n = 4) but did not significantly change with temperature and salinity stress 

during the first 11 days of the experiment (Fig. 6.1). The low salinity treatment at 15 °C im-

paired Fv/Fm significantly stronger than the control salinity treatment (SA 25: 0.396 ± 0.128, 

SA 35: 0.533 ± 0.034; n = 4; p = 0.0001) (Fig. 6.1). 

 

 

Fig. 6.1: Maximum quantum yield (Fv/Fm) of Laminaria solidungula during the multiple-stressor experiment with four 
temperatures (0, 5, 10, 15 °C) and two salinities (SA 25, 35). The gray background represents the temperature acclima-
tion phase. The white background represents the temperature × salinity treatment phase. Values are means ± SD 
(n = 4). Significant differences in final data points are marked with different letters (two-way ANOVA with post hoc 
Tukey's test; p < 0.05). 
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Pigment concentrations (GLM: p < 0.05, details: supplement Table S6.1) and phlorotannin 

concentrations (temperature: F3 = 11.115, p < 0.0001; salinity: F1 = 5.884, p = 0.0232; inter-

action: F3 = 3.078, p = 0.0467) exhibited few significant differences, which, however, could not 

be assigned to any of the stress treatments (Table 6.1). Nevertheless, the de-epoxidation 

state of the xanthophyll cycle (DPS) was significantly affected by temperature (F3 = 12.087, 

p < 0.0001). At 15 °C, DPS is higher than at the other temperature treatments (Fig. 6.2). Even 

tough, there is no strong statistical significance in salinity (F1 = 4.478, p = 0.0449), a clear 

trend to lower DPS values at SA 35 can be projected. Hence, DPS is increasing with increasing 

physical stressors. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.2: De-epoxidation state of the xanthophyll cycle (DPS) of Laminaria solidungula after a two-week exposure in a 
multiple-stressor experiment with four temperatures (0, 5, 10, 15 °C) and two salinities (SA 25, 35). Significant differ-
ences in final data points are marked with different letters (n = 4; two-way ANOVA with post hoc Tukey's test; p < 0.05). 
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Table 6.1: Difference in pigment concentration (µg g-1 dry weight [DW]) and phlorotannin concentration (mg g-1 DW) in Laminaria solidungula after a two-week exposure 
in a multiple-stressor experiment with four temperatures (0, 5, 10, 15 °C) and two salinities (SA 25, 35): chlorophyll a (Chl a), chlorophyll c2 (Chl c2), fucoxanthin (Fuc), β-carotene (β-Car), and the pool of the xanthophyll cycle pigments (VAZ: violaxanthin, antheraxanthin, zeaxanthin) and soluble phlorotannins. Significant differences are 
marked with different letters (n = 4; generalized linear model [GLM]; p < 0.05; further statistical details in supplements Table S6.1). 

 

a reciprocal     b log10 transformation 

 

 

 

 

 

 

Temp. 
(°C) 

SA 
Chl aa 

(µg g-1 DW) 
 

Chl c2 
(µg g-1 DW) 

 
Fuca 

(µg g-1 DW) 
 

ß-Cara 

(µg g-1 DW) 
 

VAZb 

(µg g-1 DW) 
 

Phlorotannins 
(mg g-1 DW) 

 

0 
25 602.14 (± 94.29) a 182.84 (± 11.90) a 416.49 (± 58.40) a 77.37 (± 6.04) a 84.99 (± 52.78) c 1.29 (± 0.16) ab 

35 509.75 (± 181.89) abc 156.37 (± 42.05) a 352.31 (± 111.02) a 63.54 (± 13.38) ab 88.14 (± 6.07) bc 1.42 (± 0.12) abc 

5 
25 551.13 (± 67.98) ab 171.86 (± 13.64) a 395.16 (± 43.84) a 75.35 (± 5.13) ab 75.50 (± 19.56) abc 1.60 (± 0.19) c 

35 512.39 (± 77.36) abc 165.26 (± 10.96) a 370.47 (± 47.86) a 71.17 (± 2.42) ab 55.38 (± 10.24) ab 1.43 (± 0.15) cb 

10 
25 406.49 (± 55.12) bc 128.88 (± 21.67) a 303.61 (± 41.94) a 59.27 (± 11.40) ab 45.36 (± 17.94) a 1.42 (± 0.13) ab 

35 878.25 (± 206.58) c 202.54 (± 22.19) a 573.65 (± 107.87) a 77.99 (± 7.86) ab 85.86 (± 26.29) c 1.24 (± 0.12) a 

15 
25 761.35 (± 45.55) bc 171.24 (± 9.59) a 517.91 (± 29.52) a 75.20 (± 4.23) ab 101.24 (± 6.41) c 1.35 (± 0.19) ab 

35 609.79 (± 55.48) abc 170.94 (± 4.15) a 418.52 (± 36.11) a 78.03 (± 2.03) b 92.34 (± 10.72) c 1.20 (± 0.18) a 
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Mannitol 

Temperature and salinity stress affected the mannitol concentration significantly (Fig. 6.3), 

both individually (temperature: F3 = 7.038, p = 0.0015; salinity: F1 = 79.520, p < 0.0001) and 

interactively (F3 = 79.520, p = 0.0027). Regarding the control salinity treatment (SA 35), only 

the 15 °C treatment showed a significant decrease in mannitol from about 1,600 (0 – 10 °C) 

to 1,323 ± 78 µmol mg-1 DW (n = 4; 0 °C: p = 0.0111; 5 °C: p = 0.0393; 10 °C: p = 0.0266). The 

samples incubated at low salinity (SA 25) generally contained less mannitol than the control 

salinity samples across all temperatures, with significant differences at 0 °C (p < 0.0001) and 

5 °C (p = 0.0002). Temperature and salinity stress showed an interactive and additive effect 

on mannitol, since the concentration in samples at SA 25 increased from 0 °C to 10 °C. Appar-

ently, temperatures beyond the optimum range limited the alga´s ability to compensate salin-

ity differences, resulting in a decrease of mannitol at SA 35 as well as SA 25.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.3: Mannitol concentration (µmol g-1 dry weight [DW]) in Laminaria solidungula after a two-week exposure in a 
multiple-stressor experiment with four temperatures (0, 5, 10, 15 °C) and two salinities (SA 25, 35). Significant differ-
ences are marked with different letters (n = 4; two-way ANOVA with post hoc Tukey's test; p < 0.05). 
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Carbon, nitrogen and C:N ratio 

The carbon:nitrogen (C:N) ratio (Fig. 6.4a) was significantly affected by temperature 

(F3 = 280.872, p < 0.0001), salinity (F1 = 121.773, p < 0.0001), and by the interaction of both 

physical factors (F3 = 4.025, p = 0.0188). The results indicated an antagonistic effect of in-

creased temperature and low salinity. With higher temperatures, the C:N ratio was signifi-

cantly higher. The C:N ratio increased above 20 at 10 and 15 °C at both salinities, while it was 

below 20 at 5 and 10 °C. Additionally, at each temperature, the C:N ratio at SA 25 was signifi-

cantly lower than at the control of SA 35. 

For further exploration, the total C and total N content were analyzed. Temperature increase 

(F3 = 22.494, p < 0.0001) and salinity decrease (F1 = 6.564, p = 0.0171) had each a significant 

and an interactive antagonistic (F3 = 4.341, p = 0.0140) impact on the total N content 

(Fig. 6.4c). On the one hand, the total N content decreased at higher temperatures (10, 15 °C) 

at both salinities. On the other hand, the N concentration increased at SA 25 at each tempera-

ture, compared to the control SA 35. The total C content (Fig. 6.4b) barley changed (tempera-

ture: F3 = 178.729, p < 0.0001, salinity: F1 = 78.823, p < 0.0001), with slight changes in the 

range of 331 ± 14 and 378 ± 2 mg g-1 DW (n = 4). Hence, the increasing C:N ratio was mainly 

driven by N variations. However, the C content increased at 10 °C/SA 35, 15 °C/SA 35 and 

15 °C/SA 25, which balanced out the variation in C:N ratio in these treatments.  
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Fig. 6.4: Carbon (C) and nitrogen (N) content in Laminaria solidungula after a two-week exposure in a multiple-stressor 
experiment with four temperatures (0, 5, 10, 15 °C) and two salinities (SA 25, 35). Significant differences are marked 
with different letters (n = 4; two-way ANOVA with post hoc Tukey's test; p < 0.05). a: C:N ratio. The dashed line repre-
sents the mean C:N ratio of temperate and tropical seaweeds (Atkinson & Smith 1983). b: Total carbon (C) concentra-
tion (mg g-1 dry weight [DW]). c: Total nitrogen (N) concentration [mg g-1 DW].  
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Discussion 

The interactive effects of different temperatures and salinities revealed strong physiological 

and biochemical responses in Laminaria solidungula towards a changing environment. It has 

been shown in macroalgae before that under multiple-stressor conditions, the effects on the 

physiological performance and biochemical constituents often either interact in an additive 

or antagonistic manner (Fredersdorf et al. 2009, Gordillo et al. 2016, Springer et al. 2017). As 

an Arctic endemic species, L. solidungula is adapted to low temperatures (tom Dieck [Bartsch] 

1992) and it is characterized as a stenohaline species (Karsten 2007). The present study in-

deed demonstrated the vulnerability of this species to changes in environmental parameters 

by exposing it to abiotic conditions beyond the ambient range. 

As had been observed before, photosynthetic optimum quantum yield (Fv/Fm) was inhibited 

by lower salinities and temperature stress (Kirst 1989, Fredersdorf 2009, Nitschke et al. 2014, 

Ji et al. 2016). Independently of salinity, 15 °C has a major impact on Fv/Fm, resulting in a sig-

nificant diminishment of the photosynthetic capacity. Temperature-induced stress in the 

thalli of L. solidungula was also reported by Parages et al. (2013). Mitogen-activated protein 

(MAP) kinase-like proteins, which are involved in stress responses, were rapidly activated at 

7 °C. Karsten (2007) hypothesized a temperature-limited physiological capacity of cold-tem-

perate and Arctic species to acclimate to external salinity changes. This hypothesis could be 

confirmed in this study. The combination of low salinity and for the Arctic extreme tempera-

tures of 15 °C inhibited the photosynthetic activity and diminished the mannitol content of 

L. solidungula significantly. Karsten (2007) showed that the photosynthetic performance can 

be maintained for a short period of stress, but is affected after continued stress exposure, by 

comparing quantum yields in several Arctic macroalgae after two and five days of treatment. 

We were able to confirm this effect, however, the significant decrease of Fv/Fm only occurred 

after two weeks. This shows that L. solidungula can compensate stress for a short period but 

is susceptible if environmental stressors are applied for a longer period. Mannitol is a carbo-

hydrate of low molecular weight and known to play a significant role in the water balance of 

algal cells (Kirst 1989). Acting as an osmolyte and compatible solute, it preserves the func-

tions of the cells during osmotic stress (Kirst 1989, Eggert et al. 2007). In our experiment, less 

mannitol was apparently stored in the cells of L. solidungula to prevent water flow into the 

cells under hypoosmotic stress (SA 25), while at SA 35 the mannitol content remained almost 

unchanged. Nevertheless, in this study an impact of temperature was also observed. Since 

mannitol is the main photosynthetic product of brown algae, it was affected by temperature 



Chapter 6: Publication V 
 

 

198 
 

(Ji et al. 2016). The optimum growth temperature of L. solidungula was determined to be 

5 – 10 °C (tom Dieck [Bartsch] 1992). It is generally known that with increasing temperature 

the enzymatic processes accelerate, while temperature stress above a certain threshold leads 

to inhibition of metabolic processes (Graiff et al. 2015b). Accordingly, the mannitol concen-

tration in L. solidungula increased at SA 25 between 0 and 10 °C and decreased at 15 °C, likely 

being in the range of inhibited metabolic processes. 

In contrast to studies by Davison et al. (1991) and Celis-Plá et al. (2014), a dependence of the 

absolute pigment content on growth temperatures, photosynthetic efficiency or other envi-

ronmental stressors could not be confirmed in this study (Table 6.1). Furthermore, contrary 

to Mannino et al. (2016) and Springer et al. (2017), there was no significant increase or de-

crease of antioxidants due to stress treatment observed on any level (Table 6.1). 

Even though no changes in the pool size of xanthophylls (VAZ) were detected, the de-epoxi-

dation state (DPS) was significantly affected by temperature and increased at 15 °C. Further-

more, higher DPS in the low salinity treatments was detected. Changes in the xanthophyll cy-

cle and hence the DPS are an important stress response in seaweeds, mainly as protection 

against photo-oxidative stress (Müller et al. 2001, Goss & Jakob 2010). Li et al. (2019) and 

Olischläger et al. (2017) detected an increase of DPS at the suboptimal temperatures in Sac-

charina latissima from the Arctic and Helgoland. These two studies and the result of our study 

support the hypothesis, that stress, such as suboptimal temperatures or hyposalinity, is also 

compensated by an increasing DPS in seaweeds. 

A clear temperature-driven increase of the C:N ratio could not be determined in this study, 

even though it already has been reported in L. solidungula and other polar macroalgae 

(Dunton & Schell 1986, Gordillo et al. 2006, Graiff et al. 2015a). Nonetheless, at higher tem-

peratures (10 and 15 °C), the C:N ratio was significantly increased than at lower temperatures 

(0 and 5 °C), showing a general negative impact of high temperatures in L. solidungula. Addi-

tionally, in contrast to Graiff et al. (2015a) a decrease in C:N ratio, as has been shown in F. ve-

siculosus at very high temperatures, could not be confirmed. Instead, we observed a direct 

correlation of temperature to the increase in C:N ratio. Atkinson & Smith (1983) showed that 

benthic marine algae from temperate and tropical regions had a mean C:N ratio of 20, while 

10 was considered to be very low and indicative for sufficient N supply. In L. solidungula, the 

C:N ratio increased above 20 at 10 and 15 °C, indicating N limitation (Atkinson & Smith 1983, 

Peters et al. 2005). With the analyses of total C and total N, the strong increase in the C:N ratio 

could be explained by a strong decrease of total N content in the samples. The total C content 
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constitutes all carbohydrates, including all polysaccharides and is affected by the tissue struc-

ture (Peters et al. 2005). With changing photosynthetic activity or growth, C assimilation and 

C utilization can be affected (Gómez & Wiencke 1998, Gevaert et al. 2001). Nevertheless, a 

clear impact of temperature or salinity on the total C content could not be detected. Contrarily, 

the amount of total N decreased significantly with increasing temperatures, which means less 

N is taken up from the medium and stored as organic molecules and amino acids in the tissue 

(Gevaert et al. 2001). To exclude any effect of the experimental design on the reduced N up-

take, sufficient N supply in the medium was ensured. In fact, the N accumulation in L. solidun-

gula must therefore be intrinsically inhibited by temperature increase and at control salinity. 

Decreases in N concentrations might be explained, for example, by decreased nitrate reduc-

tase activity, protein synthesis and limited N storage as has been shown by Reay et al. (1999) 

and Gordillo et al. (2006). An increasing N uptake at lower salinities was previously detected 

in Fucus serratus and explained by an increased N metabolism at lower salinities (Gordillo et 

al. 2002). Mandal et al. (2015) showed a dependence of temperature and salinity on N uptake 

in the red alga Kappaphycus alvarezii. In land plants, a reduced N uptake was detected in saline 

soils, due to enhanced chloride concentrations in the soil (Mansour 2000). This fact can also 

be assigned to seaweed and seawater. Hence, an increasing N metabolism could have led to 

the higher N concentrations at the low salinity treatments in L. solidungula.  

In conclusion, salinity and temperature had an additive and antagonistic impact on the Arctic 

seaweed L. solidungula, depending on the analyzed response variable. Concerning photosyn-

thetic processes, L. solidungula seems to be well adapted to its Arctic habitat with natural tem-

perature and salinity variations, but being restricted by the extreme temperature of 15 °C. 

Laminaria solidungula tolerated 0 – 10 °C and could compensate the decreasing salinities at 

these temperatures, while at 15 °C the osmotic stress at control salinity could not be compen-

sated anymore. Furthermore, this study confirms that abiotic stressors can be compensated 

for a short period of time (e.g. Karsten 2007, Simonson et al. 2015a). Even though the absolute 

pigment content was not affected by the two stressors, the DPS increased to compensate ris-

ing physiological stress. Regarding mannitol, temperature increase and salinity decrease af-

fected the concentration additively. Suboptimal temperatures resulted in lower mannitol con-

centrations at low salinity, while the control salinity SA 35 resulted in higher concentrations 

independent from temperature. Temperatures exceeding the optimum range limited the alga’s ability to compensate salinity differences. Contrary to mannitol, temperature and salin-

ity had an antagonistic impact on total N and hence the C:N ratio, as increasing temperature 
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resulted in decreasing N content. Nonetheless, SA 25 could compensate for temperature inter-

ferences. 

Our results demonstrate the importance of research on physiological and biochemical re-

sponses to interactions of two or more environmental stress factors, regarding consequences 

of climate change. In accordance to the study of Müller et al. (2009) on polar seaweeds under 

ocean warming, we can confirm that also the combination of several emerging environmental 

stressors may result in a retreat or even extinction of some L. solidungula populations and a 

shifting into higher Arctic regions. 
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Supplement 

 

 

Table S6.1 Results of the generalized linear model (GLM) for effects of temperature and salinity on pigments (chloro-
phyll a, fucoxanthin, chlorophyll c2, β-carotene) and the pool size of the xanthophylls (VAZ = violaxanthin, antheraxan-
thin, zeaxanthin) (µg g-1 DW) of Laminaria solidungula. Statistically significant values are indicated by asterisks 
(p < 0.05). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
a reciprocal     b log10 transformation 

  

Variable Factor df p value 

Chlorophyll aa Temperature 3 0.002405* 

 Salinity 1 0.027089* 

 Temperature × Salinity 3 0.215918 

Fucoxanthina Temperature 3 0.18823 

 Salinity 1 0.04071* 

 Temperature × Salinity 3 0.25380 

Chlorophyll c2 Temperature 3 0.05063 

 Salinity 1 0.21829 

 Temperature × Salinity 3 0.94155 β-Carotenea Temperature 3 0.00172* 

 Salinity 1 0.49941 

 Temperature × Salinity 3 0.73629 

VAZb Temperature 3 1.804e-05* 

 Salinity 1 0.6962 

 Temperature × Salinity 3 9.205e-05* 
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7.1. Saccharina latissima along the latitudinal gradient – Global patterns vs.  

microclimates 

Broadly distributed species are often treated as single homogenous physiological units (Reed 

et al. 2011). However, this study clearly revealed that Saccharina latissima must not be re-garded as such. Despite the fact that the studied species’ genetic diversity across latitudes in 
Europe was found to be low (Guzinski et al. 2020), it exhibits marked habitat-specific differ-

ences in morphological, physiological and biochemical profiles that vary in function of local 

variation in temperature, irradiance or salinity. The biogeography of kelp is mainly controlled 

by temperature (Lüning 1984, Adey & Steneck 2001), but thermal tolerance ranges and op-

tima vary between species (Bartsch et al. 2008, Müller et al. 2009). Local adaptation and phe-

notypic plasticity eventually result in different thermal tolerances between populations and 

which may lead to the influence of ocean warming being underestimated (Bartsch et al. 2013, 

King et al. 2018a, 2019, Bennett et al. 2019, Filbee-Dexter et al. 2020). In a study on tempera-

ture tolerance along a latitudinal gradient, Bennett et al. (2015) demonstrated that the rear 

edge and central populations of the Australian brown macroalga Scytothalia sp. exhibit equal 

sensitivity to warming. To date, most laboratory studies on temperature stress have not con-

sidered variation in local temperature and thus do not reflect realistic ecological conditions 

(e.g. Bolton & Lüning 1982, Pereira et al. 2015, King et al. 2019, Liesner et al. 2020a, Martins 

et al. 2020). For future prognoses of changes in marine forests, however, more comprehensive 

approaches will be important. 

For that reason, in publication I local marine heatwave (MHW) events were simulated with 

field sporophytes of S. latissima from five locations along the European Atlantic coast. No ho-

mogenous responses to the temperature increases realistically expected during summer were 

detected. Thus, S. latissima is not affected equally by MHWs across all latitudes. Habitat-spe-

cific differences in physiological and biochemical responses were found between the popula-

tions from Spitsbergen, Bodø, Bergen, Helgoland and Locmariaquer. Harmful impacts were 

exclusively detected in the rear-edge populations and only when the treatments surpassed 

20 °C. The expanding-edge populations were overall unaffected by MHWs and did not benefit 

from increasing temperatures. Hence, publication I contradicts the assumption of homoge-

nous thermal susceptibility of different S. latissima populations (Reed et al. 2011). The find-

ings, however, also provide evidence that models that assume a uniform climatic envelope for 

S. latissima do not generally underestimate survival regarding MHW events in cold-temperate 

and Arctic regions as has been proposed, e.g. by Kelly et al. (2012) or Filbee-Dexter et al. 
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(2020). In contrast to earlier reports on the upper thermal survival limits of the species 

(Fortes & Lüning 1980, Bolton & Lüning 1982), samples from Helgoland (German Bight) and 

Locmaria- 

quer (Brittany) survived in temperatures up to 25 °C for more than a week (publication I), 

most probably due to the stepwise temperature increase, mimicking MHWs in nature 

(Terblanche et al. 2007, Hobday et al. 2016). Additionally, the stress responses exhibited dif-

ferent plasticity to relative temperature increase: Strong site-specific biochemical and physi-

ological phenotypes were detected, however, these were not explicitly attributable to geo-

graphical origins (hypothesis I). For instance, independent of the applied temperature in-

crease, samples from Spitsbergen exhibited markedly higher growth activity in summer than 

all other populations (publication I). This shows that within-species variation is indeed over-

looked in S. latissima (Bennett et al. 2019, Filbee-Dexter et al. 2020). 

The findings of intraspecific variation are strongly supported by the results of publication IV, 

for which the biochemical and morphological variability of S. latissima across its entire distri-

bution range in Europe were investigated. Therefore, links between biochemical composition 

and morphology of adult field sporophytes, and the respective local abiotic conditions along 

latitudinal and salinity gradients, were analyzed. Strong dependency of morphological and 

biochemical traits on local abiotic conditions could be determined, confirming that different 

phenotypes indeed provide information on their respective environmental conditions 

(Martins et al. 2014, Monteiro et al. 2020). Thus, the geographical origin is reflected in the 

specific phenotypes to a certain extent, although S. latissima did not exhibit habitat-specific 

signatures in their biochemical profile (hypothesis I).  

Selective effects can generate genetic diversity along latitudinal gradients (Parmesan 2006). 

For instance, Laminaria digitata, which is also a broadly distributed cold-temperate kelp spe-

cies, revealed a unique gene pool at low latitudes in the North East Atlantic, as a direct result 

of the expansion of the Eurasian ice sheet during the last glaciation period (Neiva et al. 2020). 

Likewise, glacial vicariance is reported to have led to phylogeographic diversification in S. la-

tissima, resulting in two large clusters in the North East Atlantic (Neiva et al. 2018). The north-

ern phylogenetic group includes Spitsbergen and southern Norway, Iceland, Greenland and 

Russia, and the southern one, Brittany and the Iberian Coast (Neiva et al. 2018). Further ge-

netic analyzes using specific microsatellites revealed distinct differentiation of S. latissima 

populations within Europe even across small geographical distances but no significant latitu-

dinal variation (Guzinski et al. 2016, 2020). 
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For kelps, first species and population assignments are enabled by barcoding the mitochon-

drial cytochrome-c-oxidase I gene (COI) (Neiva et al. 2018). For publication IV, I tested 

whether COI-haplotypes were sufficient to detect distinct genetic clusters in S. latissima ac-

cording to their geographical origin and phenotypical profiles, and confirmed variability of 

the COI gene in the warm-edge populations. Populations from Helgoland, southern Brittany 

and the Iberian Coast revealed slight differences in their COI barcodes compared to other lo-

cations. These results are in accordance with the northern and southern phylogenetic clusters 

in Neiva et al. (2018). Significant physiological, biochemical and genetic differences between 

brackish and marine populations were reported by Nielsen et al. (2014) and (2016a,b). Addi-

tionally, major impact of the salinity gradient in the Baltic Sea on morphological and biochem-

ical phenotypes of S. latissima were determined, however, the populations were indistin-

guishable from the fully marine populations using mitochondrial COI markers (publica-

tion IV). Thus, S. latissima from the Baltic Sea does not constitute its own phylogenetic cluster, 

separate from other North East Atlantic populations (northern cluster). Genetic variability of 

brackish compared to marine populations was only distinguishable using microsatellite 

markers (Nielsen et al. 2016b). In summary, COI-haplotypes that represent ‘genetic pheno-types’ separate into northern and southern phylogenetic clusters, but distinct geographical 
origin is not discernable (hypothesis I). 

 

7.1.1. Variability over time – Inter-annual vs. seasonal variation and the       

significance of marine heatwaves 

Publication I demonstrated that marine heatwaves (MHWs) in summer have different effects 

on Saccharina latissima populations across latitudes. Concomitantly, it was validated that dif-

ferent abiotic conditions have a strong impact on physiological and biochemical traits of the 

species in general (publication I & IV). As a so-called ‘season responder’, S. latissima adjusts 

towards favorable temperature and light conditions throughout the year (Dunton 1985, 

Wiencke et al. 2009) and therefore exhibits seasonal patterns in physiology and biochemical 

composition (e.g. Sjøtun 1993, Bischof et al. 2002, Andersen et al. 2011, Schiener et al. 2015). 

However, some environmental factors, such as sea surface temperature (SST), do not only 

vary between seasons but also between years. It was suggested that warmer years increase 

local kelp mortality since severe losses of kelp populations were observed after extremely 

high SSTs in the North Atlantic (Andersen et al. 2013, Filbee-Dexter et al. 2020). 
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Therefore, the impact of seasonal and inter-annual SST variation on the sensitivity of S. latis-

sima to marine heatwaves (MHWs) in summer were investigated in publication II. The find-

ings confirmed that the upper thermal tolerance of S. latissima differs between seasons and 

years and indeed is dependent on SST variation. Field sporophytes were more sensitive to 

simulated MHWs at the end of summer and during the extremely warm year. We also showed 

that the seasonal variation (June vs. August 2018) was greater than the inter-annual effect 

(2018 vs. 2019), demonstrating that temperature increase has a stronger impact on S. latis-

sima after longer periods of high SST and more frequent MHWs. Accordingly, hypothesis II 

was confirmed: Seasonal thermal history determines the tolerance of S. latissima to MHWs. 

Consequentially, reductions and extinctions of kelp populations will be more likely to occur 

in warmer years when upper survival limits are surpassed, as proposed by Andersen et al. 

(2013) and Filbee-Dexter et al. (2020). However, diverse unbalanced multitrophic interac-

tions that result from extensive MHWs can also lead to the collapse of kelp ecosystems  

Seasonal variation in the upper survival temperature of S. latissima field sporophytes from 

Helgoland as previously described by Lüning (1984) but no inter-annual variation was ob-

served. Contrary to the findings in publication II, lower tolerance was detected in early 

spring compared to in summer. Additionally, the survival limits between 18 – 20 °C were 

much lower compared to the observations in publication I and II, possibly due to seasonal 

SST fluctuations. The SST around Helgoland can vary from −1 °C to 21 °C throughout the year 

(Boersma et al. 2016), and the cold season has a major influence on the thermal performance 

of kelps. For example, positive effects of low temperatures during the gametogenesis and re-

cruitment phases on the thermal plasticity were recently reported for juvenile Laminaria dig-

itata sporophytes (Liesner et al. 2020b). Prior studies also demonstrated that temperature 

history affects enzymatic activity and, therefore, is an important factor in the regulation of the 

photosynthetic metabolism of S. latissima (Davison 1987, Davison & Davison 1987), e.g. 

higher photosynthetic capacity was measured in S. latissima grown at 0 °C, compared to those 

grown at 20 °C (Davison 1987). 

Thus, cold winter and spring temperatures have the potential to counteract high tempera-

tures later in the year and, accordingly, declines in marine forests will mainly occur in regions 

that experience higher temperatures throughout the entire year. Concomitantly, ocean warm-

ing over winter (IPCC 2019) will impair stress resilience in kelps, though MHWs during the 

cold seasons may not lead to an immediate loss of populations. By affecting the thermal plas-

ticity of kelp, not only rear-edge populations but also central populations may thus be endan-
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gered. Accordingly, aside from summer thermoclines which have a direct impact on kelp pop-

ulations, winter thermoclines with their impact on stress resilience are of major importance 

to kelp distribution (Müller et al. 2009, Assis et al. 2018). Future modeling approaches should 

therefore account for the entire environmental thermal history. 

 

7.1.2. Local adaptation or phenotypic plasticity in Saccharina latissima 

Saccharina latissima exhibits high plasticity in morphology, physiology and biochemistry and 

can thus acclimate to a broad range of abiotic conditions (reviewed by Bartsch et al. 2008). 

Genetic differentiation between several populations within the North East Atlantic phyloge-

netic group has been identified in several studies (Guzinski et al. 2016, 2020, Nielsen et al. 

2016b, Luttikhuizen et al. 2018, Neiva et al. 2018). These genetic differences provide prereq-

uisites for the emergence of ecotypes (King et al. 2018a, Guzinski et al. 2020), which can de-

velop after long-term exposure to selective environmental pressures, such as temperature or 

salinity (Nicotra et al. 2010). Thermal ecotypes were recently confirmed, although only subtle 

differences were found for the likewise broadly distributed kelp Laminaria digitata (King et 

al. 2019, Liesner et al. 2020a, Martins et al. 2020). Several studies– based on different physi-

ological and biochemical traits – have postulated ecotypic differentiation regarding tempera-

ture, salinity and light in S. latissima from the North East (Müller et al. 2008, Olischläger et al. 

2014, 2017) and North West Atlantic (Gerard et al. 1987, Gerard 1988, 1990, Gerard & Du 

Bois 1988). Saccharina latissima was proposed to separate into Arctic and temperate ecotypes 

based on a variety of approaches regarding set-ups and target parameters (Lüning 1975, 

Gerard & Du Bois 1988, Müller et al. 2008, Olischläger et al. 2014, 2017). Yet, ecotypic differ-

entiation did not persist in the next generation after the hybridization of two populations 

(Lüning 1975, Müller et al. 2008). Bolton & Lüning (1982) suggested high phenotypic plastic-

ity in S. latissima rather than thermal ecotypes with respect to growth and survival of game-

tophytes and sporophytes from several locations in Europe. However, it is known that locally-

adapted ecotypes can also exhibit high phenotypic plasticity (de Jong 2005). 

Many studies that have proposed thermal ecotypes based their conclusion on studies with 

field sporophytes (e.g. Lüning 1975, Gerard et al. 1987, Gerard & Du Bois 1988). In this study, 

physiological and biochemical traits of field sporophytes were shown to exhibit different plas-

ticity to temperatures (publication I & II) and habitat-specific variability independent of lat-

itudinal distribution (publication I & IV). These findings prove that studying field samples 



Chapter 7: Synoptic Discussion 

 

 

216 

 

impedes the direct comparison of different populations or experiments. Common garden ex-

periments, like those conducted by Liesner et al. (2020a) or Martins et al. (2020) on L. digi-

tata, are needed to definitely clarify the existence of local adaptations or ecotypes in S. latis-

sima. Therefore, Li et al. (2020a) and Monteiro et al. (2021) conducted common garden ex-

periments by applying the same temperatures and salinities on S. latissima from Roscoff (Brit-

tany) and the Arctic (Spitsbergen). Sporophytes from both locations were grown under ex-

actly the same laboratory conditions. The studies revealed supporting evidence for the exist-

ence of ecotypes in S. latissima. The sporophytes exhibited distinct variability in morphology 

and an overall stronger response was found at low temperatures (0 °C) in samples from Ros-

coff, while Arctic samples responded more strongly at higher temperatures (15 °C). However, 

Arctic sporophytes did not grow better at low temperatures and Roscoff sporophytes at 

higher temperatures, as expected for thermal ecotypes, thus, definite ecotypic differentiation 

could not be confirmed (Monteiro 2020). Thus, the question whether S. latissima exhibits dis-

tinct thermal ecotypes still remains unanswered and further research is needed. Luttikhuizen 

et al. (2018) hypothesized that S. latissima in Europe has not yet reached an equilibrium of 

fixation in genetic differentiation. This is expected to eventually occur if population structures 

are left undisturbed, potentially resulting in the evolution of ecotypes or even further separa-

tion within the species complex (Bolton 2010, Luttikhuizen et al. 2018). Reaching an equilib-

rium level, however, might be precluded by rapid alterations in habitats due to climate 

change.  

In conclusion, publication I, II and IV demonstrated that the hypothesized local adaptations 

have no ecological implications on S. latissima sporophytes with regards to increasing tem-

peratures in summer. Instead, the annual variability of ambient temperatures affects the ther-

mal susceptibility of sporophytes more severely. Nevertheless, habitat-specific differentiation 

was observed, proving that intraspecific variation is indeed overlooked (Bennett et al. 2019, 

Filbee-Dexter et al. 2020), even without clearly distinguishable ecotypes. 
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7.2. Implications for marine forests along the European coastline  

Marine forests are of high ecological and economical relevance given their extensive ecosys-

tem services. Their geographical distribution, particularly at the trailing edge, is majorly con-

trolled by high temperatures, as is expected from its cold-water adaptation. Though nutrient 

limitation or competition from other seaweeds also affect their distribution by influencing 

rear-edge populations, whereas the expanding edge distribution is more defined by light lim-

itation (Lüning 1984, Adey & Steneck 2001, Steneck et al. 2002). Yet, climate change has far-

reaching impacts on marine forest ecosystems (IPCC 2019, Smale 2020), threatening the di-

versity and resulting in shifts into novel ecosystem states (Frölicher et al. 2018, Harris et al. 

2018, King et al. 2018b, Smale et al. 2019). 

Saccharina latissima is one of the dominating kelp species along the European Atlantic Coast 

(Araújo et al. 2016). Large northward shifts are predicted for the species due to the ongoing 

borealization of the Arctic (Müller et al. 2009, Assis et al. 2018). Publication I demonstrated 

that short-term temperature increases in summer alone will not lead to an expansion of lead-

ing-edge populations, as specimens from Spitsbergen did not benefit from heatwave-like 

events in my experiments. In contrast, at the expanding edge, enhanced temperatures were 

ascertained to primarily contribute to the decline or even total loss of rear-edge kelp popula-

tions (Pinho et al. 2016, Wernberg et al. 2016, Assis et al. 2017, Burdett et al. 2019, 

Filbee-Dexter et al. 2020). Accordingly, southern populations of S. latissima from Brittany and 

Iberia are expected to disappear towards the end of this century (Müller et al. 2009, Assis et 

al. 2018). Sporophytes of S. latissima were reported to survive in temperatures up to 23 °C for 

a week, with mortality increasing at > 20 °C (Fortes & Lüning 1980, Bolton & Lüning 1982). 

Correspondingly, the modeling studies by Müller et al. (2009) set southern summer thermo-

clines at 19 – 21 °C and Assis et al. (2018) set physiological upper temperature tolerance lim-

its of S. latissima at 20.9 °C in summer and also accounted for other factors, such as sea ice, 

salinity and upwelling. The findings in publication I revealed that a gradual increase in tem-

perature allows rear-edge populations of S. latissima to endure temperatures up to even 25 °C 

for about two weeks, with increasing mortality only at temperatures > 23 °C. These findings, 

however, just relate to sporophytes. Gametophytes of Laminariales generally exhibit 3 – 4 °C 

higher thermal limits than sporophytes (tom Dieck 1993). Hence, even though Assis and col-

leagues also accounted for discrepancies in the physiological performance of different life-

cycle stages, the thermal tolerance of southern populations was potentially underestimated 
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in both modeling approaches (Müller et al. 2009, Assis et al. 2018). Nevertheless, in publica-

tion II, we demonstrated that yearly seasonal temperature history does alter thermal suscep-

tibility of S. latissima to marine heatwaves (MHWs). Longer periods of high temperatures or 

more MHW days led to lower thermal tolerances of field sporophytes from Helgoland. Conse-

quentially, prospective increased frequency and duration of MHWs (Oliver et al. 2018) will 

impair kelp populations, despite the determined higher thermal limit (publication I). Addi-

tionally, in situ variability in morphology and biochemical profiles of S. latissima (publica-

tion IV) generate different biochemical prerequisites to withstand temperature fluctuations. 

Yet, it should be noted that experiments in this study solely simulated short-term tempera-

ture increases in summer with sufficient nutrient supply (½ PES) (publication I & II). In the 

future, long-term experiments applying successive increases in temperature under ambient 

nutrient conditions will therefore be indispensable for robust predictions of the impact of 

ocean warming on the future distribution patterns of S. latissima populations. Further inte-

gration of empirical and modeling approaches will ultimately allow for better forecasts of the 

environmental impacts on marine forests (Franco et al. 2018). 

Still, the loss of marine forests, reduced extension and range contractions in Europe have al-

ready been reported in reams of studies (Bekkby & Moy 2011, Tuya et al. 2012, Raybaud et 

al. 2013, Voerman et al. 2013, Krumhansl et al. 2016, Filbee-Dexter 2020, Saha et al. 2020). 

This is certainly because temperature increases affect multifarious aspects of kelp ecosystems 

(Harley et al. 2006, 2012). Reproduction of Laminaria digitata, for instance, is inhibited at 

20 °C while fertility declines even between 18 – 19 °C (Bartsch et al. 2013). However, low tem-

peratures during early development are also known to constitute a large component of the 

thermal plasticity of kelp sporophytes (Liesner et al. 2020b) and rapid temperature increases 

also occur in winter (IPCC 2019). Furthermore, unbalanced multitrophic interactions of key-

stone predators, such as cod, crabs, sea otters and sea stars, that arise from sudden tempera-

ture increases, can potentially contribute to kelp ecosystem collapses and regime shifts to ‘sea urchins barrens’ (Christie et al. 2019b, Rogers-Bennett & Catton 2019, McPherson et al. 2021). 

Additionally, differences in thermal tolerances of macroalgal species can lead to outcompet-

ing of less-tolerant species (Krause-Jensen & Duarte 2014, Armitage et al. 2017, Straub et al. 

2019).  

It was proposed that in addition to temperature, multiple other abiotic factors contribute to 

the decline of kelp communities and that interactions between these factors affect resistance 

and resilience, e.g. between grazing and competition (Schiel et al. 2004, Wernberg et al. 2010, 
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Andersen et al. 2013). For instance, shifts from S. latissima dominated communities to algal 

turf communities have been observed in Europe, driven by increasing temperatures and eu-

trophication (Christie et al. 2009, 2019a, Andersen et al. 2011, Moy & Christie 2012). Publi-

cation III and V (see chapter 7.3) confirmed that the interactive effects between different 

abiotic factors should not be underestimated in future distribution models. Thus, simultane-

ous changes in environmental – abiotic and biotic – variables indicate an uncertain future for 

marine forests. Certainly, a fundamental understanding of the intra- and interspecific re-

sponse mechanisms of foundation species to variation in different drivers is essential. 

 

7.3. The future of Arctic marine forests under the impact of multiple drivers 

Local variations in abiotic factors drive the morphology and the biochemical profile of adult 

field sporophytes. Publication IV highlighted how strongly Saccharina latissima is affected 

by the respective physico-chemical settings in its habitat. Arctic kelp species are usually ex-

posed to very low temperatures and extreme seasonal variation in light climate and sea ice 

coverage. However, due to climate change, the Arctic is one of the most rapidly changing re-

gions in the world (Maturilli et al. 2013, Bischof et al. 2019, Meredith et al. 2019). Apart from 

temperature increases, the marine ecosystem is now undergoing dramatic declines in sea ice 

and increases in freshwater input and terrestrial-run-offs (Sundfjord et al. 2017), resulting in 

changing salinity, nutrient input and underwater light regimes (Hanelt et al. 2001, Filbee-

Dexter et al. 2019). Only little is known on the effects of interacting factors on Arctic seaweeds 

(Fredersdorf et al. 2009, Springer et al. 2017, Li et al. 2020a), despite the fact that their inter-

play might have synergistic or antagonistic impacts on the resilience and thermal susceptibil-

ity of kelps. 

To shed light on the interactive effects of temperature increases and hyposaline or nutrient-

enriched conditions in Arctic seaweeds, different two-factorial stress experiments were con-

ducted on field sporophytes of S. latissima (publication III: temperature × salinity and tem-

perature × nutrients) and young sporophytes of Laminaria solidungula (publication V: tem-

perature × salinity). Evaluating the impact of the abiotic factors individually, S. latissima ex-

hibited slightly enhanced growth activity and vitality under realistic Arctic temperature in-

crease (publication III). These findings are in accordance with their optimum temperature 

range, which is between 10 and 15 °C (Bolton & Lüning 1982) and previous reports on Arctic 

S. latissima (Iñiguez et al. 2016, Li et al. 2020a). In contrast to S. latissima, L. solidungula is 
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very well adapted to low temperatures (tom Dieck [Bartsch] 1992, Bartsch et al. 2008), and 

thus, samples revealed clear indications of heat stress when their optimum range of 5 – 10 °C 

of was exceeded (tom Dieck [Bartsch] 1992) (publication V). Variation in salinity can lead to 

osmotic stress in seaweeds, affecting both their physiological and biochemical status (Gerard 

et al. 1987, Lüning 1990, Gordillo et al. 2002, Karsten 2007). However, I can clearly rule out 

that hyposaline conditions alone, as they frequently occur in Arctic fjords, considerably affect 

the two kelp species (publication III & V).  

However, Nielsen et al. (2014) proposed that low salinity in combination with high summer 

temperatures might contribute to changes in the physiological status of S. latissima in the Bal-

tic Sea. A pronounced temperature effect, low impact of salinity and minor interactive effects 

were also detected in the early life stages of S. latissima (Li et al. 2020a, Monteiro et al. 2021). 

Contrary to these studies, no interaction between temperature and salinity in Arctic field spo-

rophytes was identified (publication III). Hypothesis III must therefore be partially re-

jected: Hyposalinity does not affect the thermal susceptibility of Arctic S. latissima, at least not 

in the tested – realistic – range. However, it is known that laboratory cultures and young spo-

rophytes, as studied by Li et al. (2020a) and Monteiro et al. (2021), are generally more sensi-

tive to changes in the environment than field sporophytes (Hanelt et al. 2001, Heinrich et al. 

2015, 2016). In accordance with publication III, field sporophytes of Arctic Alaria esculenta, 

another broadly distributed boreal-temperate kelp species, also did not show significant tem-

perature × salinity interaction effects (Fredersdorf et al. 2009). Furthermore, Li et al. (2020a) 

and Monteiro et al. (2021) revealed that interactive effects were less evident in the physiology 

than in the transcriptomics of S. latissima. In publication III, only investigated the main phys-

iological and biochemical traits were analyzed and might be another reason why no temper-

ature × salinity interactions were found. Even so, publication V revealed strong physiological 

and biochemical responses to interactive temperature and salinity treatments in young labor-

atory-grown L. solidungula, thus partially confirming hypothesis III: Hyposalinity affects the 

thermal susceptibility of L. solidungula. Complex interactions of temperature and salinity led 

to both synergistic and antagonistic effects, alternating in the different response parameters 

(publication V).  

No distinct responses to temperature increases under enhanced nutrient conditions in Arctic 

S. latissima could be identified (publication III). None of the examined parameters were af-

fected by artificial nutrient enrichment alone, in accordance with the study of Gordillo et al. 

(2006). They reported that the Arctic kelp species are not nitrogen-limited, although primary 

production is often limited by low nutrient availability in summer (Filbee-Dexter et al. 2019). 
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Even in combination with increased temperatures, enriched nutrient conditions did not sig-

nificantly improve the status of S. latissima, though appear to slightly support its growth and 

vitality. Thus, the expected enhanced nutrient availability during Arctic summers will not 

strongly affect the thermal susceptibility of Arctic S. latissima (hypothesis III).  

Over the past decades, Arctic coastal ecosystems have already experienced major changes in 

marine vegetation, i.e. the expansion of geographical distribution, increase in abundance, 

productivity or species richness (Krause-Jensen et al. 2020). In Kongsfjorden (Spitsbergen), 

massive changes in the benthic community were reported between 1996/1998 and 

2012/2013 (Hop et al. 2012, Bartsch et al. 2016). Saccharina latissima, amongst the dominat-

ing species, experienced slight increases in biomass and reductions in depth extension and 

the less abundant L. solidungula also showed decreased depth distribution over time. Further 

changes in geographical distribution and abundance are projected with the ongoing changes 

in the environment (Müller et al. 2009, Krause-Jensen & Duarte 2014, Assis et al. 2018). Some 

studies estimated that temperature increase could even more than double the kelp produc-

tion in some Arctic regions within the next twenty to thirty years (Filbee-Dexter et al. 2019). 

However, diversity may be lost if the temperate-adapted algal communities outcompete more 

sensitive species (Krause-Jensen & Duarte 2014). Species with wide distributional ranges and 

thus larger temperature tolerances, such as S. latissima, thus may successfully spread, but at 

the cost of ecological diversity (Wiencke et al. 1994, Kelly et al. 2012, Mineur et al. 2015, 

Sunday et al. 2015). 

Different model studies predict the ongoing borealization of southern Arctic habitats and 

hence further poleward expansion of S. latissima and L. solidungula, but concomitantly, the 

loss of L. solidungula populations at their southern range limit (Müller et al. 2009, Assis et al. 

2018). From my work, however, I can neglect that expansion of S. latissima could be solely 

based on short-term temperature increases, like during marine heatwaves (MHWs) in sum-

mer (publication I). Considering interactive environmental factors, Arctic S. latissima (pub-

lication III) and L. solidungula (publication V) both generally tolerate the changes predicted 

for the Arctic, although responses accrete with increasing pressure. In this context, publica-

tion III and V revealed that interactions can have complex beneficial and impairing effects on 

Arctic kelp species. In accordance with a study by Wiencke et al. (1994) on the temperature 

tolerance of seaweeds, I could show that the Arctic endemic L. solidungula was more sensitive 

to environmental change than the broadly distributed S. latissima (publication III & V). The 

findings confirm that S. latissima will likely increase in abundance under realistic climate 
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change scenarios in the Arctic and has the potential to outcompete more sensitive species, 

such as L. solidungula, resulting in subsequent changes in biodiversity. 

Still, when extrapolating my findings on Arctic marine forests, it has to be considered that the 

responses of L. solidungula (publication V) were based on young laboratory cultures, while 

the sporophytes studied of S. latissima were fully-grown and field-collected (publication III). 

Furthermore, the traits investigated in this study focused on the main physiological and bio-

chemical response mechanisms of the species. Other consequences, such as decreased spore 

settlement and gametophyte growth as was shown at elevated temperatures and low salinity 

for S. latissima (Lind & Konar 2017) could still occur. 

Additionally, temperature, salinity and nutrients are not the only drivers changing in Arctic 

ecosystems. For instance, the light regime is also continuously changing and might further 

impact Arctic kelps on multiple levels (Wiencke et al. 2006, Spurkland & Iken 2012, 

Filbee-Dexter et al. 2019). Scheschonk et al. (2019) compared the ability of S. latissima and 

L. solidungula to resist polar night conditions at increasing temperatures. Pronounced varia-

bility in physiological and biochemical traits was observed, primarily in the long-term carbon 

storage compound laminarin, indicating the adaptation of L. solidungula to long periods of 

darkness and low irradiance. However, downregulating transcriptomes to reduce energy con-

sumption are potential adjustments of Arctic S. latissima populations to darkness (Li et al. 

2020b). The ongoing decline in sea ice coverage enables earlier light transmission, shifting 

seasonal timing (Bischof et al. 2019). This might allow ‘season responders’, such as S. latis-

sima, to grow earlier in the year, resulting in direct competition with the ‘season anticipator’ 
L. solidungula. Projecting the current state of knowledge from both my studies (publica-

tion III & V) and the work of others, S. latissima will likely outcompete L. solidungula, result-

ing in a decline in diversity in Arctic marine forests and potentially even a change in Arctic 

ecosystem functions. To summarize, the findings of my thesis highlight the importance of fur-

ther investigation of the impact of abiotic interactions on Arctic marine forests. 
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7.4. Conclusion and future perspectives 

Reflecting on the underlying hypotheses, the following can be concluded: 

 

Hypothesis I: The geographical origin of Saccharina latissima is reflected in      

different phenotypes, and sporophytes exhibit habitat-specific 

signatures. 

The hypothesis can be partially confirmed: The geographical origin of S. latissima is, to a        

certain extent, reflected in different morphological, biochemical and genetic phenotypes, alt-

hough sporophytes do not exhibit habitat-specific signatures. 

 

 

Hypothesis II:  The seasonal thermal history determines the tolerance of Saccha-

rina latissima to marine heatwaves. 

This hypothesis can be confirmed: Seasonal thermal history changes the thermal susceptibil-

ity of S. latissima to marine heatwaves. 

 

 

Hypothesis III: Hyposalinity and nutrient enrichment affect the thermal suscepti-

bility of kelps from the Arctic. 

This hypothesis must be partially rejected but can also be partially confirmed: Realistic            

hyposalinity does not affect the thermal susceptibility of Arctic Saccharina latissima, but it 

affects the thermal susceptibility of the endemic Laminaria solidungula. Enhanced nutrient 

availability during Arctic summers does not particularly affect the thermal susceptibility of 

Arctic S. latissima.  
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In some marine barren regions, the natural recovery from previous kelp decline was observed 

decades ago (Pearse & Hines 1979). However, ongoing climate change exacerbates the status 

of kelps globally. Innovative and integrative management is needed to counteract the collapse 

of marine forests (Bonebrake et al. 2018, Jueterbock et al. 2021).  

Coastal conservation strategies include, for example, the translocation of kelp into deforested 

areas (Andersen et al. 2011) or sophisticated management of local pressures (Strain et al. 

2015). Still, conservation approaches, including ‘assisted evolution’ must be managed with 

extreme caution, otherwise they risk provoking the elicitation of damaging processes 

(Filbee-Dexter & Smajdor 2019). Changes in the seaweed diversity may have an effect on eco-

system functions, even if the ecological niche of foundation species is filled by more robust 

species (Mineur et al. 2015). Therefore, a better understanding of genetic diversity, as well as 

the physiological and biochemical mechanisms in various kelp species, is of major im-

portance. 

The aim of this study was to provide knowledge on the acclimation patterns of foundation 

species to temperature increases and interacting abiotic drivers along large geographical and 

environmental gradients. The findings clearly demonstrated that the broadly distributed kelp 

S. latissima cannot be regarded as a single homogenous physiological unit and within-species 

variation must not be underestimated. Habitat-specific differences in morphology, physiology 

and biochemical composition were found across the entire distribution range of S. latissima 

in Europe (publication I & IV). Publication I also revealed that expected short-term temper-

ature increases in summer do not equally affect S. latissima populations across latitudes. The 

hypothesized thermal ecotypes are negligible with regards to marine summer heatwaves, and 

instead, temperature history early in the year was confirmed to alter the thermal susceptibil-

ity of S. latissima (publication I & II). Ocean warming in the winter and early spring season 

might particularly affect stress resilience and hence contribute to the reduction of kelp that 

has already been observed and projected in Europe. Further studies that focus especially on 

environmental changes in winter are needed here for a better understanding of how kelps 

will respond to climate change. Moreover, previous studies have reported different tempera-

ture responses between life-stages (tom Dieck 1993), gametophyte sexes (Monteiro et al. 

2019) or thallus age (Lüning 1984), all of which will need to be investigated across latitudes. 

Interactions between different environmental factors are known to be very complex. The na-

ture of interactive effects can vary between species, life stages and response variables but also 

across latitudes (e.g. Fredersdorf et al. 2009, Heinrich et al. 2015, Martins et al. 2017, 

Christie et al. 2019b). Publication III and V demonstrated the importance of research on the 
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responses of kelps to interacting factors, especially regarding realistic ecological aspects and 

against the background of climate change. Saccharina latissima and the Arctic endemic Lami-

naria solidungula exhibited different sensitivity to drivers related to environmental change 

(publication III & V). The fact that even within the same species, the interaction of abiotic 

factors can generate both synergistic and antagonistic effects (publication V) highlights its 

need to be elaborated on in future approaches. Further knowledge on the interaction of driv-

ers in different seaweeds and its integration into conservation approaches will be key for 

maintaining marine forests in the North East Atlantic, if not across the entire globe. 
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