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Summary 

Arctic coastal ecosystems are currently facing severe environmental transformations due to 

ongoing climate change. Rates of Arctic sea surface temperature rise are far beyond the global 

average. Glacial, snow and permafrost melt are accelerating and precipitation rates are expected 

to increase, leading to extensive run-off plumes covering fjords. Run-off plumes alter many water 

column parameters, e.g., high concentrations of suspended particles reduce the flux of 

photosynthetically active radiation (PAR) and spectral composition; terrestrial and lithogenic 

material alter dissolved element concentrations. Along Arctic rocky coastlines, brown macroalgae, 

so called kelps (Laminariales), act as foundation species, providing the basis of life for many 

associated species. Recently, it was found that the thermal tolerance of kelps alone acts as weak 

predictor for their cold-distribution limit. Contributing to the knowledge of what defines the 

distribution of Arctic kelp populations, I combined in-situ monitoring with experimental 

approaches to analyse the acclimatisation potential and responses of kelps to environmental 

changes. Altered kelp performances can have cascading consequences to associated biota and is 

essential for the dynamics and functioning of future Arctic coastal ecosystems.  

In two in-situ studies, I found run-off plumes to significantly condition kelp populations, having 

the potential to change Arctic coastal ecosystem functioning. While run-off influenced kelps were 

characterised by higher nitrogen contents (publ. I), they also accumulated harmful elements 

(publ. II). As both changes have the potential to alter susceptibilities and responses of kelps 

towards environmental drivers, the local conditioning of populations has to be considered in 

climate projections. I further found the kelps’ microbiome to significantly respond to differences 

in run-off intensity, influencing the health, nutritional value and element cycling of kelp holobionts 

(publ. II). In three experimental studies, I focussed on the effect of changing PAR × temperature 

interactions. I showed that temperature influences are highly interactive with the prevailing PAR 

conditions (publ. III): Being exposed to high PAR levels, kelps overall experienced high-light 

stress, and acclimatised by a reduction of the light harvesting complex. Warm temperatures 

mitigated high-light stress and cold temperatures enhanced it. In publ. IV, I showed that the 

interaction of high-PAR × cold temperatures is detrimental for the temperate kelp Laminaria 

hyperborea, preventing its spread to higher latitudes. When kelps were exposed to low PAR levels, 

I found their overall physiological stress level to be reduced. However, kelps were also 

characterised by an overall low carbon content when PAR intensities are too low to maintain a 

positive net carbon balance, potentially resulting in habitat loss. The temperature impact under 

low-PAR availabilities was species dependent. Warm temperatures had the potential to further 

decrease the net carbon content of kelps, resulting in a temperature driven reduction of the lower 

depth distribution limit (publ. V).  
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These strong physiological and biochemical responses of kelps towards changes in PAR × 

temperature interactions, have consequences for the seasonal performance of kelps. The results 

of my studies suggest that high-PAR availabilities during polar spring cause high physiological 

stress levels, eventually being mitigated in summer by increasing temperatures and a reduction 

of PAR by run-off (publ. III). The response towards polar winter is likely to be strongly species 

dependent, being defined by a species’ net carbon balance. As run-off plumes establish a steep 

spatial gradient, PAR × temperature conditions vary greatly within a fjord. Generally, the run-off 

influence is highest in the inner fjord, decreasing towards the outer fjord. I found run-off to lead 

to an accumulation of harmful elements in kelps, which might cause a reduced algal performance 

in the inner fjord (publ. II). Further, limited PAR intensities in run-off plumes reduce the 

maximum distribution depth of the kelps (publ. V). Towards the outer fjord, PAR availability 

increases, eventually causing physiological and biochemical changes in kelps to counteract high-

PAR stress. As outer fjord boundaries have a great influence on the fjord environment, 

conditioning kelp populations (publ. I), research efforts must aim for a pan-Arctic approach to 

increase the understanding on general Arctic ecosystem functioning. The high spatial variability 

of present-day fjords makes it difficult to model future developments of Arctic coastal ecosystems. 

While extreme events such as marine heatwaves, cold spells, or the crossing of climate tipping 

points can lead to severe and immediate disruptions of ecosystems, gradual environmental 

changes alter the interspecific competition balance of kelps (publ. III, IV, V), which might lead to 

large scale changes of the ecosystem. While I argue that the presence and intensity of run-off 

plumes act as integrating predictor for kelp forest distribution, more undescribed parameters 

have to be explored, e.g., substrate availability.  

On a global scale, kelp forest losses at their warm distribution limit seem to outpace their 

expansion at high latitudes. Hence, the area of wild kelp forests and their contribution to global 

carbon sequestration might decline in the near future. A possibility to increase kelp carbon 

sequestration might be the implementation of kelp maricultures. High-latitude kelp maricultes 

might also provide a sustainable livelihood possibility. However, when farmed kelps are used for 

food production, the accumulation of heavy metals from run-off has to be considered (publ. II).  

Concluding, climate change induced Arctic run-off, and especially varying PAR availability, has 

drastic consequences on the performance of kelps, with the potential to limit Arctic kelp 

distribution. While I investigated the responses of kelp sporophytes, kelps have to complete their 

entire life cycle to establish stable populations. Hence, I propose future research to investigate the 

susceptibilities of the microscopic life stages. Further, it is crucial to understand and compare 

present-day spatial variability of abiotic conditions in fjords. Therefore, I propose the 

implementation of long-term monitoring stations, covering the fjord gradient.  
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Zusammenfassung 

Durch den Klimawandel ändern sich die Umweltbedingungen in arktischen Küstenökosystemen 

drastisch. Der Anstieg der Meeresoberflächentemperatur in der Arktis liegt weit über dem 

globalen Durchschnitt. Gletscher, Schnee und Permafrostböden schmelzen und es wird erwartet, 

dass die Niederschlagsmenge zunimmt. Dies führt zum Eintrag großer Mengen terrestrischer 

Sedimente in die Fjorde, verbunden mit der Änderung vieler Wasserparamter: hohe 

Schwebstoffkonzentrationen dämpfen die Intensität photosynthetisch aktiver Strahlung (PAR) 

und ihre spektrale Zusammensetzung; terrestrisches und lithogenes Material ändert die 

Elementkonzentrationen des Wassers. Entlang arktischer Felsküsten bilden braune Makroalgen 

(Laminariales) Kelpwälder und bieten die Lebensgrundlage für viele Organismen. Die 

Verbreitung von arktischen Kelps wird durch Temeraturtoleranz alleine nur unzulänglich 

beschrieben. Daher habe ich in-situ Beobachtungen mit experimentellen Ansätzen kombiniert, um 

die Verbreitung von arktischen Kelps und ihr Anpassungspotential auf sich verändernde 

Umweltbedingungen besser zu verstehen. Eine Veränderung der Kelpwälder kann weitreichende 

Folgen für das gesamte Ökosystem haben. Daher sind Kelpwälder von entscheidender Bedeutung 

für die Dynamik und Funktionalität zukünftiger Küstenökosysteme in der Arktis.  

In zwei in-situ Studien habe ich nachgewiesen, dass Sedimentfahnen Kelppopulationen und die 

Funktion arktischer Küstenökosysteme erheblich beeinflussen. Kelps unter starkem 

Sedimentfahneneinfluss waren durch höhere Stickstoffgehalte gekennzeichnet (Publ. I), 

akkumulierten jedoch auch schädliche Elemente (Publ. II). Beide Veränderungen haben das 

Potential, die Reaktionsfähigkeit von Kelps auf Umweltveränderungen zu beeinflussen. Daher 

müssen lokale Unterschiede zwischen Kelppopulationen in Klimawandelmodellen berücksichtigt 

werden. Zudem konnte ich zeigen, dass das Kelp-Mikrobiom von dem Sedimentfahneneinfluss 

abhängt, was die Ökosystem Leistungen des Kelp Holobionten beeinflusst (Publ. II). In drei 

experimentellen Studien, habe ich nachgewiesen, dass der Temperatureinfluss auf Kelps von der 

Interaktion mit den vorherrschenden Lichtbedingungen abhängt (Publ. III): Waren Kelps 

Starklicht ausgesetzt, zeigten sie ein hohes physiologisches Stresslevel, was zu einer Anpassung 

des photosynthetischen Lichtsammelkomplexes führte. Höhere Temperaturen minderten 

Starklichtstress, während niedrige Temperaturen ihn verstärkten. Für die Kelpart Laminaria 

hyperborea lagen niedrige Temperaturen in Verbindung mit Starklicht außerhalb des 

Toleranzbereiches, was ihre arktische Ausbreitung unter aktuellen Bedingungen verhindert 

(Publ. IV). Waren Kelps Schwachlicht ausgesetzt, sank ihr physiologisches Stresslevel. Allerdings 

zeigten diese Populationen einen geringen Kohlenstoffgehalt, was zu einem potentiellen Lebens-

raumverlust führt. Der Temperatureffekt unter Schwachlichteinfluss ist artenabhängig. Erhöhte 

Temperaturen hatten das Potential den Kohlenstoffgehalt der Kelps zu reduzieren (Publ. V). 
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Die starken physiologischen und biochemischen Reaktionen der Kelps auf unterschiedliche PAR 

× Temperatur Interaktionen hat Auswirkungen auf ihre Reaktionen im Jahreszeitenverlauf. Die 

Ergebnisse meiner Studien deuten darauf hin, dass hohe PAR Intensitäten im polaren Frühjahr 

Starklichtstress auslösen. Steigende Temperaturen im Sommer und gedämpfte PAR Intensitäten 

in Sedimentfahnen mindern den Starklichtstress (Publ. III). Die Reaktion während des polaren 

Winters ist vermutlich stark artabhängig und wird von dem Kohlenstoffhaushalt der Arten 

bestimmt. Da Sedimentfahnen einen ausgeprägten räumlichen Gradienten bilden, variieren PAR- 

und Temperaturbedingungen stark innerhalb eines Fjordes. Grundsätzlich ist der Einfluss der 

Sedimentfahnen im Fjordinneren am stärksten. Eine hohe Anreicherung von schädlichen 

Elementen in Kelps, könnte zu einer geringeren Produktivität der Kelps im Fjordinneren führen 

(Publ. II). Schwachlichtintensitäten begrenzen zudem die maximale Verteilungstiefe des 

Kelpwaldes (Publ. V). Äußere Fjordbereiche sind durch höhere PAR Intensitäten gekennzeichnet, 

was zu physiologischen und biochemischen Veränderungen der Kelps führt, um Starklichtstress 

zu reduzieren. Da Umweltbedingungen zwischen Fjorden stark variieren, müssen 

wissenschaftliche Aktivitäten einen pan-arktischen Ansatz verfolgen, um das Verständnis für 

arktische Küstenökosysteme zu erhöhen. Die hohe räumliche Variabilität der Fjorde erschwert 

die Modellierung zukünftiger arktischer Küstenökosysteme. Extremereignisse, wie marine Hitze- 

und Kältewellen oder Klimakipppunkte führen zu schwerwiegenden und unmittelbaren 

Ökosystemstörungen. Graduelle Veränderungen beeinflussen die interspezifische Konkurrenz 

der Kelps (Publ. II, IV, V). Während meine Ergebnisse zeigen, dass das Ausmaß von 

Sedimentfahnen als integrativer Indikator für die Verbreitung arktischer Kelpwäldern dienen 

kann, müssen weitere Faktoren untersucht werden, z. B. die Verfügbarkeit von Substrat. 

Weltweit scheint der Verlust von Kelpwäldern an ihrer warmen Verbreitungsgrenze ihre Ausbrei-

tung in der Arktis zu übertreffen. Daher könnten sowohl die Fläche von natürlichen Kelpwäldern, 

als auch ihr Beitrag zur Kohlenstoffbindung in naher Zukunft abnehmen. Eine Möglichkeit die 

Kohlenstoffbindung durch Kelps zu erhöhen, könnte die Einführung von Kelp Marikulturen sein. 

Diese könnten auch einen nachhaltigen Lebensunterhalt bieten. Bei der Nutzung der Kelps als 

Nahrungsmittel muss die Schwermetallanreicherung berücksichtigt werden (Publ. II).  

Klimawandel-induzierte Sedimentfahnen und die Änderung in der PAR Verfügbarkeit haben 

drastische Auswirkungen auf das Ökosystem und die Verbreitung arktischer Kelpwälder. 

Während ich die Reaktionen von Kelp Sporophyten untersucht habe, muss die Reaktion von 

mikroskopischen Lebensstadien ein Forschungsschwerpunkt werden, da Kelps ihren gesamten 

Lebenszyklus durchlaufen müssen, um stabile Populationen zu etablieren. Zudem muss die 

gegenwärtige räumliche Variabilität zwischen Fjorden verstanden und verglichen werden. Daher 

schlage ich die Einrichtung von Langzeit-Messstationen über den Fjordgradienten vor. 
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Abbreviations 

AA Arctic Amplification 

Acc Accessory pigments 

= 𝑐ℎ𝑙𝑜𝑟𝑜𝑝ℎ𝑦𝑙𝑙 c + 𝛽 𝑐𝑎𝑟𝑜𝑡𝑒𝑛𝑒 + 𝑓𝑢𝑐𝑜𝑥𝑎𝑛𝑡ℎ𝑖𝑛 

AMAP Arctic Monitoring and Assessment Programme 

AMOC Atlantic Meridional Overturning Circulation 

AOA Antioxidant activity (Re et al. 1999) 

C Total carbon content 

C:N Carbon to nitrogen ratio 

CO2 Carbon dioxide 

CTD Oceanographic instrument to measure conductivity, temperature and water depth 

DW Dry Weight 

DPS De-epoxidation state of xanthophyll cycle pigments after Colombo-Pallotta et al. 

(2006) 

=  
𝑍𝑒𝑎𝑥𝑎𝑛𝑡ℎ𝑖𝑛 + (0.5 ∗ 𝐴𝑛𝑡ℎ𝑒𝑟𝑎𝑥𝑎𝑛𝑡ℎ𝑖𝑛)

𝑉𝑖𝑜𝑙𝑎𝑥𝑎𝑛𝑡ℎ𝑖𝑛 + 𝐴𝑛𝑡ℎ𝑒𝑟𝑎𝑥𝑎𝑛𝑡ℎ𝑖𝑛 + 𝑍𝑒𝑎𝑥𝑎𝑛𝑡ℎ𝑖𝑛
 

Fv/Fm Maximum quantum yield of photosystem II 

FW Fresh weight 

gbif Global Biodiversity Information Facility; https://www.gbif.org/ 

Iλ Spectrally downwelling irradiance (µmol photon m-2 s-1 nm-1)  

IPCC Intergovernmental Panel on Climate Change 

Kd Light attenuation coefficient after Hanelt et al. (2001)  

=
1

𝑑𝑒𝑝𝑡ℎ1 (𝑚) −  𝑑𝑒𝑝𝑡ℎ2 (𝑚)
∗ ln (

𝑃𝐴𝑅 𝑑𝑒𝑝𝑡ℎ 2 (µ𝑚𝑜𝑙 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑚−2 𝑠−1)

𝑃𝐴𝑅𝑑𝑒𝑝𝑡ℎ 1 (µ𝑚𝑜𝑙 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑚−2 𝑠−1)
) 

MHW Marine heatwave 

N Total nitrogen content 

PAR Photosynthetically active radiation (also: photosynthetically available radiation) 

= ∑  𝐼𝜆
700
400  = µmol photons m-2 s-1 

Publ.  Publication 

SA Salinity 

SST Sea surface temperature 

VAZ Pool of xanthophyll cycle pigments 

= 𝑉𝑖𝑜𝑙𝑎𝑥𝑎𝑛𝑡ℎ𝑖𝑛 + 𝐴𝑛𝑡ℎ𝑒𝑟𝑎𝑥𝑎𝑛𝑡ℎ𝑖𝑛 + 𝑍𝑒𝑎𝑥𝑎𝑛𝑡ℎ𝑖𝑛 

× Symbol to mark interacting drivers 
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Glossary 
(Extended after Niedzwiedz 2021) 

Acclimation refers to the coordinated, fast and reversible adjustment of the phenotype in 

response towards one single environmental driver, while acclimatisation is the response 

towards several interacting environmental drivers (Collier et al. 2019). Thereby, a constant or 

increased performance is facilitated (Collier et al. 2019). Acclimation / Acclimatisation occurs in 

two phases: 1) short-term / acute response. 2) long-term / chronic response (Horowitz 2002). 

Adaption occurs across generations through natural selection of heritable phenotypic traits. The 

shift of the allele frequency potentially results in an increased performance in the prevailing 

environment and eventually a shift of the populations tolerance limits (Donelson et al. 2019). 

Albedo describes the fraction of incoming solar radiation being reflected by a surface, often 

expressed as percentage. High albedo: snow-covered surfaces; Low albedo: vegetation-covered 

surfaces or open water (IPCC 2018).  

Antioxidative response describes a defence system against oxidative stress, consisting of 

enzymatic and non-enzymatic (e.g., phlorotannins) processes (Rezayian et al. 2019).  

Arctic amplification describes the Arctic warming faster than the global average, being a 

prominent phenomenon of anthropogenic climate change (England et al. 2021; Previdi et al. 

2021).  

Blue carbon refers to the inorganic carbon taken up by living organisms of coastal and marine 

ecosystem that is stored as biomass or in sediments (IPCC 2018).  

Climate change describes a phenomenon in which climatic properties change in mean value or 

variability over an extended period, typically decades or longer (IPCC 2018). While climate change 

can be caused naturally, I generally refer to anthropogenic activities causing climatic changes, if 

not stated otherwise.  

Climate feedback describes a relationship between two climate quantities, where a perturbation 

of one leads to changes in a second climate quantity, which has an additional effect on the first 

(IPCC 2018).  

Climate forcing refers to the change of an external driver of climate change, e.g., the rise of 

atmospheric greenhouse gas concentration (Previdi et al. 2021) 

Compensation irradiance describes the PAR intensity at which photosynthetic processes 

balance respiration rates (Falkowski and Raven 2007). Compensation depth relates to the depth 

in which the light intensity matches the compensation irradiance (Falkowski and Raven 2007).  
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Coastal darkening in the Arctic refers to the reduced PAR transmission through the water 

column due to extensive coastal run-off plumes covering fjords, carrying a high concentration of 

suspended particles. The run-off plumes originate from climate change induced glacial and 

permafrost melt, as well as higher precipitation rates (Konik et al. 2021; publication V).  

Ecosystem engineer is a species that structures a species community, and modifies 

environmental conditions, species interactions, and the availability of resources. Ecosystem 

engineers can be both keystone and foundation species (Jones et al. 1977). 

Fitness describes the ability of an individual to survive and produce fertile offspring in the 

ambient environment (Orr 2009).  

Foundation species is a species that acts as ecosystem engineer by their presence not actions 

(Wernberg et al. 2024). 

Genotype is the sum of allele-pair types of a diploid organism (Mahner and Kary 1997).  

Kelp is used sensu stricto, referring to brown algae of the order Laminariales (Steneck et al. 2002; 

Bartsch et al. 2008).  

Marine heatwave describes a prolonged discrete event of anomalously warm water, lasting for a 

minimum of five consecutive days with temperatures warmer than the 90th percentile of a 30-year 

historical baseline (Hobday et al. 2016).  

Niche (Malanson et al. 1992; Severtsov 2013):  

- Fundamental niche: the entire suitable range of abiotic environmental conditions for a 

species; defined by adaptation 

- Realised niche: actual distribution area of a species; usually smaller than the fundamental 

niche, as it is bound by limits, e.g., physical dispersal barriers or biological interactions  

- Thermal niche: a species’ performance curve in response to temperature; often based on 

the response of one single, central population (King et al. 2017; Bennett et al. 2019) 

Optimum describes the environment / environmental condition at which a performance curve for 

a phenotypic trait expression is at its maximum (Wahl et al. 2020).  

Performance is a measure of the phenotypic expression of a fitness-related trait (Kingsolver and 

Huey 2003). A performance of zero marks the tolerance limits of an individual for an environment. 

Performance curve (= tolerance curve; Chevin et al. 2010) is a graph that describes the expected 

phenotypic trait expression (i.e., performance) of a genotype as a function of an environmental 

factor (Wahl et al. 2020).  

Phenotype is the set of trait characteristics of an organism that is influenced by the genotype and 

the environment (Mahner and Kary 1997).  
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Phenotypic plasticity (= acclimatisation potential; Somero et al. 2010) is the ability of a single 

genotype to produce different phenotypes in response towards the environment (Fox et al. 2019).  

Photosynthetically active ration (PAR; also: photosynthetically available radiation) is 

electromagnetic waves between 400–700 nm (Falkowski and Raven 2007). PAR availability 

refers to the combination of PAR intentsity, photoperiod and spectral composition.  

Sea surface temperature is the subsurface bulk temperature in the top few metres of the ocean 

(IPCC 2018).  

Stress:  

- cellular stress response: genetically conserved mechanism to protect cells from sudden 

environmental changes, threatening the damage of macromolecules (Kültz 2003; 2005).  

- core stress proteome: response to survive environmental fluctuations (Kültz 2003) and 

maintain a high performance (→ acclimation / acclimatisation). 

- oxidative stress: major component of cellular stress caused in an oxygenated 

environment. Can be the consequence of any kind of environmental stress, when electrons 

are transferred to oxygen, forming reactive oxygen species (ROS), destroying 

macromolecules → triggers antioxidative response (Bischof and Rautenberger 2012).  

- stressor: any kind of environmental driver moving away from the optimum of a species, 

triggering cellular stress response (Collier et al. 2019; Wahl et al. 2020).  

Temperature: In the frame of this thesis, I use the terms 

- ‘cold temperatures’ for suboptimal temperatures with regard to the reported temperature 

optimum of a species and 

- ‘warm temperatures’ as temperatures near a species reported thermal optimum 

Tolerance range is the width of a performance curve, which is determined by the genotype and 

can only be modified by adaptation. The tolerance limits are described by a performance of zero 

(Chevin et al. 2010).  
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1       General introduction 

1.1 The Arctic 

The Arctic describes a region at the northernmost part of the Earth, including the Arctic Ocean 

and its surrounding land masses of Europe, Asia and North America (Timmermans and Marshall 

2020). Its southern boundary varies depending on definition. The Arctic circle is often defined by 

the tilt of the earth’s axis, at approx. 66°32’N (Figure 1.1A green line; Murray et al. 1998), which 

marks the southern latitude at which at least one day of Polar Day (sun does not set for 24 

consecutive hours) and Polar Night (sun does not rise for 24 consecutive hours) prevail. However, 

this definition is neglecting climatologic (e.g., temperature, permafrost occurrence), geographic 

(e.g., presence of mountains) and oceanographic (e.g., currents) features. In this thesis, I will use 

the definition of the Arctic Monitoring & Assessment Programme (AMAP), as it includes the “Arctic 

circle, political boundaries, vegetation boundaries, permafrost limits and major oceanographic 

features” (Figure 1.1A yellow line; Murray et al. 1998).  

 

Figure 1.1: A) Map of the Arctic and southern boundary. Colour gradient: ocean depth (m). Green line: polar 

circle at approx. 66°32’N. Yellow line: southern boundary of the Arctic geographical coverage according to 

the Arctic Monitoring & Assessment Programme (AMAP). Map was created with ggOceanMaps (Vihtakari 

2024). B) Schematic display of factors influencing the global heat imbalance; modified after Fedorov et al. 

(2020). View from the sun. Polar regions (N: North Pole; S: South Pole) are less heated due to a smaller angle 

of incoming irradiance (schematically displayed in spring scenario). Polar regions are characterised by a 

high albedo (schematically displayed in spring scenario). The tilt of the earth’s axis (red line) causes 

extreme seasonality (northern hemishere perspective: Polar Day in summer; Polar Night in winter).  

 

Arctic weather and climate are characterised by extreme environmental conditions. Polar regions 

are less heated by the sun compared to the equator, due to the smaller angle of incoming 

irradiance (Figure 1.1B; Fedorov et al. 2020). Hence, the Arctic is characterised by low 
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temperatures throughout the year (Timmermans and Marshall 2020), leading to a year-round 

cover of large areas with snow and ice. The resulting high albedo is further reducing the energy 

uptake of polar regions (Figure 1.1B; Previdi et al. 2021). The global heat imbalance is enhanced 

by the tilt of the earth’s axis, leading to an extreme seasonality (Figure 1.1B; Fedorov et al. 2020). 

Arctic winters are characterised by monthlong periods of darkness (Polar Night), while in summer 

monthlong periods of light (Polar Day) prevail (Gattuso et al. 2020). The heat imbalance drives 

global atmospheric and oceanic circulations. In the North Atlantic, warm and saline surface water 

masses from the equator are transported poleward, cooling down by atmospheric heat loss 

(Eldevik and Nilsen 2013). Near the North Pole, cold, high-salinity water masses sink down, 

contributing to the global thermohaline circulation (Eldevik and Nilsen 2013; Rahmstorf 2024). 

Precipitation rates in the Arctic are highest over coastal areas that are influenced by warmer 

water masses and a high evaporation, usually decreasing towards the north and east (Serreze et 

al. 2003). Additional to precipitation and melt water drainage, the Arctic Ocean receives ~11 % of 

the worldwide river discharge (McClelland et al. 2012). In the past 40 years, the abiotic conditions 

have changed drastically in the Arctic. I will review underlying mechanisms and consequences in 

chapter 1.3.  

Even though weather and climate conditions are outside of the tolerance range (chapter 1.3.3) 

for many species, the Arctic provides unique ecosystems and habitats. Species living under Arctic 

conditions year-round are often characterised by specific adaptations, enabling them to thrive 

under extreme environmental conditions (Callaghan et al. 2004), e.g., Arctic microorganisms were 

found to metabolise at temperatures of -20°C (Rivkina et al. 2000). Further, many species, 

including insects, birds, and mammals, are migrating to the Arctic in summer months to breed, 

and to take advantage of Polar Day, the high food availability, and reduced predation and 

parasitism (Kubelka et al. 2022).  

Overall, Arctic coastlines comprise ~34 % of the world’s coastlines (Lantuit et al. 2012). While 

being highly productive (Attard et al. 2024), Arctic coastlines are also highly dynamic (Irrgang et 

al. 2022). They show a great geomorphic diversity, resulting from the interplay of various factors, 

i.a., cryolithogenic characteristics, glaciation effects, sea ice dynamics, sea-level changes, coast 

morphology, wave energy, erosion, air and sea temperature and storm intensities (Irrgang et al. 

2022). While tides only have little influence on Arctic coasts (ESA 2019), ice berg scouring can 

cause severe mechanical damage (Krause-Jensen et al. 2012). Coastlines along fjords are 

considered as a link between land and ocean. Inner fjord boundaries in the Arctic are usually 

dominated by glacial influences, while the outer fjord region is characterised by an oceanic 

compound (Cottier et al. 2010). Despite the extreme and dynamic environments, a large 

proportion of Arctic coastlines are suitable for marine forests (Filbee-Dexter et al. 2019). 
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1.2 Kelp forests 

Along rocky shores from temperate to polar regions, macroalgae form marine forests, dominating 

a total of ~25 % of the global coastlines (Krumhansl et al. 2016; Wernberg et al. 2019). Intertidal 

marine forests on the northern hemisphere are often dominated by brown algal species of the 

order Fucales, while brown algae of the order Laminariales thrive in the subtidal (Bringloe et al. 

2020). Tilopterales and Desmarestiales have also been described as habitat forming orders 

(Bringloe et al. 2020). As all of these species act as foundation species for marine forests, they can 

be referred to as “kelps” in a functional sense (Fraser 2012). In a stricter sense however, the term 

“kelp” is only referring to brown algae of the order Laminariales (Steneck et al. 2002; Bartsch et 

al. 2008). As I focus on Laminariales in this dissertation, I use the term “kelp” sensu stricto, not 

excluding that it can also be used otherwise.  

 

1.2.1 Ecological role of kelps 

Kelps act as ecosystem engineers, providing complex three-dimensional structures above the 

seafloor. Kelp forests are built by diploid sporophytes that can grow several tens of metres in 

height (Teagle et al. 2017; Wernberg et al. 2019). Sporophytes can have a lifespan of several years 

(Bartsch et al. 2008) and are structured into three main organs (Figure 1.2). Kelps are attached 

with a holdfast (rhizoid), typically to hard substrate, although exceptions can be found of 

specimens being attached to gravel on overall soft sediment (Bluhm et al. 2022; Filbee-Dexter et 

al. 2022). Castro de la Guardia et al. (2023) have found mixed substrata to support the same kelp 

cover, but with a lower canopy height compared to rocky shores. With the flexible stipe (cauloid), 

kelps become resistant against wave action and currents (Lüning 1990). Sporophyte growth is 

restricted to the meristem at the base of the blade (phylloid; Kain 1979). The phylloid is the area 

of photosynthesis and generally also of reproduction, although there are exceptions, e.g., 

sporophylls in Alaria esculenta (Munda and Lüning 1977). A schematic life cycle of the kelp 

Saccharina latissima can be seen in Figure 1.2 (modified after Diehl et al. 2024). When the 

sporophyte is becoming mature, sporangia accumulate into sori, producing microscopic 

meiospores, which develop into haploid gametophytes (Liu et al. 2017). If conditions do not allow 

fertility, gametophytes may remain vegetative for months or even years (tom Dieck 1993). 

Gametophytes show sexually dimorphic traits, with the females producing large eggs in oogonia 

and the males producing small, motile sperm in antheridia (Liboureau et al. 2024). Eggs and 

sperm fuse into a zygote, which grows to a sporophyte (Liboureau et al. 2024). The general life 

cycle sequence is conveyable to other kelp species (Liu et al. 2017), although recently variations 

in the kelp sexual system have been described (e.g., Liboureau et al. 2024).  
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Figure 1.2: Schematic kelp life cycle (here: Saccharina latissima). Blue: diploid phase. Yellow: haploid phase. 

Adult sporophytes (2n) release meiospores (1n), which develop to either female or male gametophytes 

(1n). Female gametophytes release eggs (1n); male gametophytes release sperm. Egg and sperm fuse to 

form a zygote (2n), which grows into a sporophyte. Microscopic pictures (I. Bartsch) are provided for 

additional information on the morphology of developmental stages. Sporophyte photograph: S. Forbord. 

Modified after: Diehl et al. (2024).  

 

It has to be considered that both diploid and haploid stages of the life cycle have to be completed 

to establish a population in a specific environment, even though sporophytes represent the life 

cycle stage that is ecologically and economically most relevant. The sporophyte thallus itself 

provides habitat for a variety of endo- and epibionts, with a large interspecific diversity. Christie 

et al. (2003) found 8000 individuals of 130 species on one single Laminaria hyperborea 

sporophyte. Thereby, rhizoid, cauloid and phylloid vary distinctly in the microhabitats they 

provide, with most species being found in the rhizoid (Figure 1.3A; Christie et al. 2003). Further, 

kelps are a hotspot for microscopic diversity, as they provide an attractive surface for 

heterotrophic microbial communities by generating oxygen and carbon rich mucus (Egan et al. 

2013). The kelp-associated microbial community is composed of prokaryotes (viruses, Archaea, 

bacteria) and eukaryotes (fungi) (Burgunter-Delamare et al. 2024). The relationships between 

macroalgae and their associated microbiome is based on metabolite exchange (Burgunter-

Delamare et al. 2023, 2024). The community of the kelp-associated microbiome depends on 

season and abiotic environmental factors (Bengtsson et al. 2010). As the microbiome shapes the 

development, morphology, fitness and physiology of the (kelp) host, it has been suggested to 

consider the kelp holobiont as one unit (Rosenberg and Zilber-Rosenberg 2016). The kelp-
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associated microbiome can further be an indicator for the health status and the ecosystem 

services of kelps (Burgunter-Delamare et al. 2023, 2024). Multiple kelp individuals act as 

foundation species, creating a unique environment by altering the surrounding physio-chemical 

environment (Figure 1.3B, C). The kelp canopy reduces the incoming irradiance, which provides 

habitat for low-light adapted species (Laeseke et al. 2019). Particle transport was shown to be 

significantly reduced in kelp forests, possibly having benefits for suspension feeders inhabiting 

kelp understory environments (Eckman et al. 1989). When photosynthesis exceeds respiration, 

the pH can significantly increase within kelp forests, which might be beneficial for calcifying 

species (Krause-Jensen et al. 2016). Further, kelps provide protection from predators and nursery 

ground for many ecological or economically important organisms (Teagle et al. 2017).  

As primary producers with a fast production of biomass, kelps are at the base of the benthic food 

web. Kelps were shown to have a high biosorption potential for cations from their surrounding 

seawater (Davies et al. 2003), incorporating them intercellularly during growth or via cell wall 

incorporated fucoidan and alginates (Zeraatkar et al. 2016). This accumulation makes seaweeds 

good food source for macromolecules for grazers (Kreissig et al. 2021), but, also posing the risk 

for accumulation of harmful elements (Costa et al. 2016). Many herbivore species, including snails, 

urchins, crustaceans and fish directly feed on kelps (Christie et al. 2009; Teagle et al. 2017). As 

those attract larger piscivores and top predators, e.g., birds and sharks, kelp forests support 

complex food webs (Graham 2004) and a high secondary production (Krumhansl and Scheibling 

2012; Teagle et al. 2017). Given the rapid production of biomass, but their ephemeral nature, the 

role of kelps in carbon sequestration remains controversial and subject of active research (e.g., 

Gallagher et al. 2022; Filbee-Dexter et al. 2023).  
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Figure 1.3: A) Kelp sporophyte as habitat. Associated species numbers for Norwegian Laminaria 

hyperborea after Christie et al. (2003). B) Kelp sporophytes as foundation species alter the physio-chemical 

properties of the water column (orange text). They provide the basis for many associated species (blue text). 

Many of their ecosystem services (green text) are economically relevant. C) Kelp forests around Nuuk, 

Greenland in June 2023. Saccharina latissima. © Sarina Niedzwiedz 
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1.2.2 Economic role of kelps 

In addition to their crucial ecological role, the ecosystem services provided by kelps are of great 

economic value (Sæther et al. 2024). Global estimates value the ecosystem services of kelp forests 

at an average of 500 billion US dollars per year (Eger et al. 2023). Kelp forests have a positive 

effect on fisheries of economically valuable fish and invertebrate species (Wernberg et al. 2019). 

Further, the high biodiversity associated to kelps attracts fishing and diving tourism (Wernberg 

et al. 2019). The effect of coastal protection of kelp forests by damping wave action has long been 

discussed (e.g., Mork et al. 1996; Dubi and Tørum 1996). However, in more recent studies, the 

positive effect of wave attenuation of kelps, has been found to be modest (Elsmore et al. 2024) 

and is rather attributed to coastal geometry and geology rather than the kelps themselves (Morris 

et al. 2020). Harvested kelps can be used for animal feed, fertiliser and human consumption 

(Figure 1.3B; Sæther et al. 2024). Fascinatingly, resources provided by kelp forests are thought 

to have facilitated the early colonisation of America from northeast Asia, by people following the 

“kelp highway” (Erlandson et al. 2007).  

Traditionally, kelps have been harvested from the wild. As the industrial interest in chemical 

compounds, as well as their utilisation in biomedicin, -material and -fuel increases, recent 

research has been focussing on optimising farming efforts (reviewed by Sæther et al. 2024).  

 

1.2.3 Cold-temperate species forming Arctic kelp forests 

Arctic kelp forests are mainly formed by cold-temperate kelp species, such as Alaria esculenta, 

Agarum clathratum, Eualaria fistulosa, Laminaria digitata, Laminaria hyperborea, Nereocystis 

luetkeana, Saccharina latissima, Hedophyllum nigripes, Saccorhiza dermatodea, Alaria elliptica, and 

Alaria oblonga (Filbee-Dexter et al. 2019). Only one truly Arctic endemic species was reported: 

Laminaria solidungula (Wilce and Dunton 2014). In studies of this disseration, I worked with 

S. latissima, A. esculenta, A. clathratum and L. hyperborea. An overview of their thallus, 

biogeographical distribution and thermal optimum in the European Arctic is displayed in 

Figure 1.4.  
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Figure 1.4: A) Kelp thalli (not to scale). ©: S. latissima, A. clathratum: Sarina Niedzwiedz. A. esculenta: Luisa 

Düsedau. L. hyperborea: Florian Stahl. B–E) Red points: distribution data of kelp species from Global 

Biodiversity Information Facility (gbif). Maps were created with ggOceanMaps (Vihtakari 2024). Yellow 

line: southern Arctic boundary after AMAP. Colour gradient: sea surface temperature (SST) of 2023 from 

the National Oceanic and Atmospheric Administration (NOAA) database. SST was averaged over the year in 

in grids of 1° lat×lon (mean SST [°C]). Rectangle in SST legend: species’ thermal optimum (after  

A) Bolton and Lüning (1982); B) Munda and Lüning (1977); C) Simson et al. (2015); D) Bolton and Lüning 

(1982). Data download: 29.05.2024. B) Saccharina latissima, C) Alaria esculenta, D) Agarum clathratum, E) 

Laminaria hyperborea; single observation on Svalbard is questionable, as the species is easily mis-identified.  

 

Saccharina latissima (Linneaus; Lane et al. 2006; sugar kelp) is one of the best-studied kelps, 

thereby serving as model to understand trait performance of kelps as response towards climate 

changes (Diehl et al. 2024). Its essential ecological (Diehl et al. 2024) as well as economical 

(Sæther et al. 2024) role has recently been reviewed. S. latissima is a cold-temperate kelp with a 

temperature optimum between 10–15°C (Bolton and Lüning 1982). It tolerates temperatures 
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from 0–25°C for >1 week (Diehl et al. 2021). It is distributed along the entire European coast, from 

northern Portugal to Svalbard (Figure 1.4B; Araújo et al. 2016). S. latissima tolerates salinities 

from SA 5–60 for several days (Karsten 2007) with an optimal growth between SA 23–31 (Bartsch 

et al. 2008). Generally, S. latissima has a high tolerance towards environmental changes, with a 

high phenotypic plasticity (Diehl et al. 2024). Based on genetic evidence (McDevit and Sauders 

2010) and a similar physiological reaction (Egan et al. 1989), Saccharina longicruris has been 

synonymised with S. latissima.  

Alaria esculenta (Linnaeus; Greville 1830; winged kelp) was reported to grow best at 

temperatures between 8–9°C, with temperatures of 16–17°C being reported as lethal (Munda and 

Lüning 1977). Hence, its warm distribution limit is farther north compared to S. latissima. Araújo 

et al. (2016) described the southern species limit in France, although a single observation in 

northern Spain was in the gbif.org database (Figure 1.4C). It can exhibit high performance at 

salinities of SA 10-50 (Karsten 2007).  

The temperature optimum of Agarum clathratum (Durmontier 1822; sieve kelp) has been 

described between 10–15°C (Simonsen et al. 2015). It is only occurring on the west coast of the 

Atlantic (Figure 1.4D). A. clathratum was classified as cryotolerant by Bringloe et al. (2022), 

thriving in areas with long-term minimum annual temperatures below 0°C. A. clathratum is 

reported to be a weak interspecific competitor in shallow waters (Gagnon et al. 2005). Vadas 

(1977) and Gagnon et al. (2005) described sea urchins to avoid feeding on A. clathratum.  

The kelp Laminaria hyperborea (Gunnerus, Foslie 1885) is widespread along the eastern Atlantic 

coasts (Figure 1.4E). Its temperature optimum is reported at 15°C (Bolton and Lüning 1982). Its 

northernmost distribution has been described at 71°N (Lüning 1985). On the gbif.org database, 

one single record of “Laminaria hyperborea” has been found on Svalbard, classified as human 

observation. L. hyperborea is easily mis-identified as either Laminaria digitata or Hedophyllum 

nigripes, due to similar morphological appearance (Dankworth et al. 2020). Despite extensive 

observational and molecular surveys in Kongsfjorden, Svalbard (Bartsch et al. 2016; Düsedau et 

al. 2024.), presence of L. hyperborea has not been confirmed. Hence, it is questionable whether 

L. hyperborea has yet spread to the Arctic. Hopkin and Kain (1978) reported a similar salinity 

tolerance for L. hyperborea and S. latissima. Sporophytes showed no growth reduction down to a 

salinity of SA 19. 

Being highly responsive to environmental changes, kelps are important indicator species 

(Wernberg et al. 2013; Krumhansel et al. 2016). Given their essential ecological role, their 

response can have cascading consequences for the entire ecosystem, making them important to 

study. Especially the direct comparison of the four introduced kelp species, covering different 

tolerances and geographical regions, allows conclusions to be drawn on ecological changes.  
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1.3 Climate change in the Arctic 

While the environmental conditions in fjords are highly dynamic, e.g., due to inner and outer fjord 

boundaries and geology (chapter 1.1), recently Arctic fjords have been subject to drastic 

environmental changes due to ongoing anthropogenic climate change. Although climate change is 

of global consequences, with drastic ecological as well as socio-economic impacts (IPCC 2023), 

the magnitude and direction of change greatly vary between regions (Burrows et al. 2011; 

Krumhansl et al. 2016). The Arctic has been monitored to be one of the fastest changing regions, 

as a result of climate forcings, climate feedbacks, as well as changes in the poleward energy 

transport (chapter 1.3.1; Previdi et al. 2021). In this chapter, I will elaborate why Arctic coastal 

ecosystems are expected to be among the most affected areas worldwide (Lantuit et al. 2012) and 

introduce the physical and chemical drivers that are most important for kelps. Figure 1.5A gives 

an overview of forces driving the abiotic environment in fjords.  

 

Figure 1.5: A) Schematic overview of forces affecting the abiotic environment in fjords for kelps, here 

habitat (HABITAT), temperature (TEMP.), the photosynthetically active radiation (PAR), pH (pH), and the 

chemical water composition (NUT., including macronutrients and (potentially harmful) micronutrients). 

The inner fjord boundaries are dominated by glaciers and run-off. Outer fjord boundaries are dominated by 
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the global current system. A fjord gradient is established. B) Aerial picture of a sea-terminating glacier in 

Kongsfjorden, Svalbard. Due to calving, many ice bergs can be seen. White arrow points to area of subglacial 

upwelling; visible by an area of brownish water (high concentration of suspended particles), which is 

lacking ice bergs as the upwelling current is pushing them away from the glacier front. © Sarina Niedzwiedz.  

C) Aerial picture of proglacial rivers, discharging run-off from land-terminating glacier and precipitation to 

the water columns’ surface in Kongsfjorden, Svalbard. Only one drift ice berg can be seen along the shore 

line (no calving). © Sarina Niedzwiedz. 

 

1.3.1 Physical changes 

The effect of increasing concentrations of atmospheric greenhouse gases has been described as 

the most important driver for global temperature rises (IPCC 2023). However, temperature 

changes in Arctic regions exhibit a different pattern compared to the rest of the world. For a large 

part of the 20th century, Arctic surface air temperatures have been decreasing, while the average 

global temperature has risen. This has been attributed to internal climate variability and regional 

cooling effects, e.g., of aerosols (England et al. 2021). Since the 1980s, however, the rate of 

temperature increases in Arctic regions is far beyond the global average (Arctic amplification, AA). 

Depending on the considered time frame and definition of the southern Arctic boundary, studies 

have reported that temperatures increase two to four times faster compared to the global average 

(Rantanen et al. 2022). Considering 1979-2021 and the area north of 66.5°N, Rantanen et al. 

(2022) found an average four-fold increase of temperature, with local variations. External drivers 

of climate change (climate forcings), such as atmospheric greenhouse gas concentrations, changes 

in solar irradiance and aerosols, have been found to attribute but not fully explain the extent of 

AA. Therefore, the contribution of climate feedback mechanisms to AA has to be considered 

(reviewed by Previdi et al. 2021): Differences in surface and tropospheric temperature changes 

cause altered energy fluxes (temperature feedback). Melting snow and ice decrease the surface 

albedo (surface albedo feedback). Cloud cover and moisture are predicted to increase (cloud and 

water vapour feedback). The overall increase in Arctic terrestrial vegetation cover further reduces 

the albedo, changes heat fluxes, as well as influences the atmospheric water vapour content 

(vegetation feedback). Additional to climate feedbacks, global changes in atmospheric and oceanic 

energy transport also contribute to AA. Not all regions of the Arctic are experiencing the same 

increase in temperature (Rantanen et al. 2022). Svalbard belongs to the fastest warming regions 

in the Arctic, warming at a rate twice as high as the Arctic average (Nordli et al. 2020). 

Temperature differences between fjords can be explained by a combination of offshore boundary 

conditions (e.g., currents) and local conditions (e.g., presence and depth of a fjord sill). In fjords 

with an extensive iceberg calving, the melting of icebergs has been described to cool down the 

surface water layer (Meire et al. 2017). As temperatures become tolerable for temperate kelps 

species, opening up more habitat, an overall poleward range expansion has been modelled 
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(Krause-Jensen et al. 2020; Assis et al. 2022). In a consequence, cryophilic kelp species are 

potentially outcompeted (Bringloe et al. 2022). Additional to the long-term temperature rise, 

marine heatwaves (MHWs) have been recorded to increase in frequency and intensity in the 

Arctic as result of abrupt sea ice melt (Schlegel 2020; Barkhordarian et al. 2024). MHWs are 

defined as a temperature increase above the 90th percentile of the 30-year climatology for more 

than five consecutive days (Hobday et al. 2016; Oliver et al. 2018). MHWs can have drastic 

consequences on ecosystems and might be the tipping point for alternative ecosystem states 

(Wernberg et al. 2016; Filbee-Dexter and Wernberg 2018; Straub et al. 2019). Filbee-Dexter et al. 

(2020) monitored massive kelp forest declines and replacement with low productive small 

filamentous (turf) algae after MHW events in southern Norway. Generally, MHWs have been 

classified as a major threat for kelp forests (Wernberg et al. 2013; Smale 2019).  

Compared to lower latitudes, the Arctic is characterised by low annual cumulative irradiance 

levels (Gattuso et al. 2006; 2020), due to the tilt of the earth’s axis and the consequential 

monthlong period of darkness in winter (Figure 1.1). The rhythm between Polar Night and Polar 

Day is one of the few abiotic factors not influenced by climate change. However, climate change 

has an effect on the PAR availability during Polar Day. Even though Schlegel et al. (2024) showed 

that for most Arctic fjords these changes are not significant due to high interannual variations, 

three clear overall patterns can be observed: 1) Elevated temperatures result in the loss of sea ice 

and in consequence a longer period of open water and a higher PAR availability in spring (Nicolaus 

et al. 2012; Payne and Roesler 2019; Ivanov 2023). 2) Glacial (Milner et al. 2017) and permafrost 

(Bintanja 2018) melt, as well as higher precipitation rates (Bintanja and Andry 2017) lead to 

increased run-off and a higher concentration of suspended particles, darkening the water column 

in summer (Konik et al. 2021). 3) With Arctic warming, cloudiness increases, reducing the 

irradiance that is transferred through the atmosphere and might penetrate the water column 

(Laliberté et al. 2021). Being primary producers, kelps use photosynthetically active radiation 

(PAR; λ 400–700 nm) to ultimately convert inorganic to organic carbon (primary production). 

They require an annual cumulative PAR of 49 mol photons m-2 yr-1 (Castro de la Guardia et al. 

2023) to maintain a net positive carbon balance, i.e., their carbon gain (photosynthetic rate) has 

to be higher than their carbon loss (respiration rate). In the Arctic, kelps are restricted to summer 

months to gain enough carbon to balance carbon loss during winter months.  
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1.3.2 Chemical changes 

Additional to changes in temperature and irradiance, freshwater input by run-off reduces the 

salinity of the water column. Low salinities at glacier fronts play an important role in the fjord 

food web, as zooplankton experiencing osmostic shock are easy, high-energy prey for higher 

trophic levels (Zajączkowski and Legeżyńska 2001). Low salinities can have an effect on the kelps’ 

ion levels and osmotic regulation, as well as the photosynthetic apparatus (Kirst 1990, Kirst and 

Wiencke 1995). Goldsmit et al. (2021) have found salinity to be among the top three predictors 

for kelp distribution in the Canadian Arctic, with a high variability between species. However, 

kelps in general have a high halotolerance (chapter 1.2.3). Fredersdorf et al. (2009) reported only 

few significant salinity effects in sporophyte responses of A. esculenta, however highlighting a 

higher sensitivity of microscopic life stages.  

In a typical fjord, temperature and salinity gradients stratify fjords into a surface layer, 

intermediate water masses and deep-water masses (Cottier et al. 2010). In spring and summer, 

freshwater run-off and temperatures of the surface layer increase, enhancing the stratification. In 

fjords that are covered by sea ice in winter, vertical mixing is restricted to autumn, when the 

surface layer loses heat to the atmosphere (Cottier et al. 2010). After a phytoplankton bloom in 

spring, the surface layer is generally nutrient depleted, leading to a high seasonal variation in 

nutrient concentration (Juul-Pedersen et al. 2015). To which extent surface nutrients are re-

supplied largely depends on the fjord’s glacier type. In fjords that are influenced by sea-

terminating glaciers, the glacial meltwater plume enters the fjord at depth, rising buoyantly to the 

surface. The buoyant plume creates a subglacial upwelling of nutrient rich deep-waters (Figure 

1.5A, B; Meire et al. 2017; Hopwood et al. 2020), having the potential to fuel a second 

phytoplankton bloom in summer (Juul-Pedersen et al. 2015). Katabatic and down-fjord winds 

further facilitate the mixture of water masses in front of sea-terminating glaciers (Hopwood et al. 

2020). In fjords that are influenced by land-terminating glaciers, the freshwater run-off is directly 

discharged to the surface by proglacial rivers (Figure 1.5A, C). Hence, the fjord system lacks the 

subglacial upwelling (Meire et al. 2017) and consequently the re-supply of nutrients from deep-

waters. Run-off plumes have been shown to be an important source for silica and iron from 

bedrock weathering; however, this applies only to a reduced extent for other nutrients, such as 

nitrate and phosphate (Meire et al. 2016). Therefore, the sources of macronutrients in land-

terminating glacier systems are terrestrial sources, which can be rich in inorganic and organic 

matter (McGovern et al. 2020). It has been suggested that the greening of the tundra may 

increasingly preclude terrestrial nutrients from reaching coastal ecosystems (Sørgaard et al. 

preprint). Overall, Meire et al. (2017) showed that the productivity of fjords with a sea-

terminating glacier was higher compared to fjords with a land-terminating glacier. Hence, they 

suggested that the fjords’ productivity decreases with climate change related glacial retreat. 
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Similar to other algae, kelps require nitrogen and phosphorous for photosynthesis and growth. 

Nitrogen is generally considered to be primarily limiting (Roleda and Hurd 2019). The nitrogen 

availability has been shown to influence thermal tolerance of kelps (Fernández et al. 2020). 

However, some kelp species can accumulate nutrients (Mortensen 2017), and use them during 

periods of low nutrient concentrations (Wernberg et al. 2019).  

Additional to macronutrients, primary producers require micronutrients, such as metals, for 

many physiological and biochemical processes, e.g., to stabilise protein structures, facilitate 

electron transport or catalyse enzymatic reactions (Torres et al. 2008). For instance, iron is 

involved in carbon and nitrogen fixation, reductive processes, chlorophyll synthesis and electron 

transport chains (Twining and Baines 2013). Manganese is required in photosystem II in the 

oxygen evolving complex (Twining and Baines 2013). Overall, the oceanic concentrations of these 

essential trace elements are low and often even limiting (Ash and Stone 2003). Arctic run-off 

plumes are characterised by high concentrations of particulate and dissolved elements, as they 

carry lithogenic material from bedrock weathering (Krause et al. 2021). Depending on run-off 

origin, the lithogenic material has different compositions, changing the water columns’ 

concentration of macrominerals and harmful elements, such as heavy metals, and legacy 

pollutants (Pittino et al. 2023). Kelps were shown to take up harmful elements intercellularly 

during their growth phase or via cell wall-incorporated fucoidan and alginates (Davis et al. 2003; 

Zeraatkar et al. 2016). This process is highly dependent on many factors, such as exposure time, 

temperature and pH (Zeraatkar et al. 2016). The impacts of run-off-induced increased 

concentration of harmful elements in the water column on Arctic kelp ecosystem functioning are 

unknown. 

The ocean’s CO2 chemistry is a complex interplay of various physical and biological factors with 

temporal and local differences (Lauvset et al. 2020). With the atmospheric CO2 concentration 

rising due to anthropogenic activities, the dissolved inorganic carbon and pH of the ocean are 

changing. Since 1980, an overall surface water pH decline of 0.017±0.001 pH units per decade was 

observed, with spatial differences (Ma et al. 2023). Generalising the impact of the seawater CO2 

chemistry on organisms is difficult, as it is highly species-specific and varies regionally. For 

calcifying organisms, e.g., bivalves, echinoderms or corals, severe negative effects have been 

recorded, due to a reduced ability to produce calcium carbonate structures (Fabry et al. 2008). As 

lower water temperatures further increase the solubility of calcium carbonate (Ma et al. 2023), 

Arctic ecosystems are generally considered to be especially vulnerable. Here, kelp forests have 

been proposed to provide potential refugia for calcifying organisms, as long photoperiods during 

Polar Day resulted in an increase of the pH (Krause-Jensen et al. 2016). 
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1.3.3 Biological changes depend on ecological niches 

The fundamental niche describes all combinations of environmental conditions suitable for a 

species, which is determined by adaptation (Malanson et al. 1992; Severtsov 2013). The realised 

niche refers to the actual biogeographical distribution of a species, being influenced by physical 

boundaries or competition. Hence, it is often a subset of the fundamental niche (Malanson et al. 

1992; Severtsov 2013). Climate change causes the realised niche of species to shift by changing 

the local environmental conditions. In response, a species can either migrate, acclimatise and/or 

adapt to the altered conditions (Donelson et al. 2019). Being sedentary, kelps cannot actively 

escape stressors by moving and had to develop a variety of physiological and biochemical 

strategies to maintain a high performance, e.g., survival, growth or reproduction, under varying 

environmental conditions. Here, I will conceptually introduce adaptation and acclimatisation in 

response to a single environmental parameter, as they are relevant for the ability of cold-

temperate kelps to respond to environmental changes (Figure 1.6). All important terms are 

defined in the glossary.  

 

Figure 1.6: Schematic performance curve in response to a gradient of a single environmental parameter. 

The performance curve represents the phenotype of a single genotype as function of maximised trait 

performance (e.g., growth; performance curve). The form and width of the performance curve is defined by 

adaptive processes. When the environmental parameter changes within the the tolerance limits of a species 

(Env1 → Env2), it can acclimate to maintain a maximised performance (P1 → P2). When the environmental 

parameter is optimal, the performance reaches its absolute maximum (PO). Conditions below the optimum: 

suboptimum. Conditions above the optimum: supraoptimum.  

 

Adaptative processes are based on differences between genotypes, i.e., allele-pairs, defining 

different phenotypes, i.e., sets of trait characteristics. Should the differences in phenotypes relate 

to differences in performance in a prevailing environment, heritable beneficial traits are subject 

to natural selection. Over generations, a population can change the form of its performance curve 
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and/or shifts its tolerance limits and adapt to an altered environment (King et al. 2017; Collier et 

al. 2019). Theoretically, adaptations can occur to any environmental condition, leading to highly 

specialised species. However, adaptive processes might be restricted when (1) the availability of 

beneficial genes is limited in marginal, fragmented populations, or (2) when continual 

immigration from central populations suppresses the establishment of local adaptation (Bridle 

and Vines 2006). Further, the rate of environmental change can outpace the change of genotype 

by natural selection, i.e., adaptive capacity (Martin et al. 2023). For example, Vranken et al. (2021) 

have shown that the rate of environmental change in western Australia occurs too fast for 

adaptive processes in the local kelp population.  

When the environment changes within the adapted tolerance limits of a species, an individual can 

modify its phenotype (phenotypic plasticity) to maximise trait performance under prevailing 

conditions (acclimatisation). Acclimatisation is achieved by a fast and reversible modification of 

the physiology and biochemistry of an individual (phenotype) (Collier et al. 2019). In an optimal 

environment, the species’ performance reaches its absolute maximum (Wahl et al. 2020). 

Towards the tolerance limits, the cellular stress level is increasing, and acclimatisation and repair 

mechanisms require cellular resources to mitigate negative effects of stressors, e.g., the damage 

of macromolecules (Kültz 2005). At the tolerance limits, acclimatisation mechanisms cannot 

counteract the stress inflicted damage, causing apoptosis and the organism’s death (Kültz 2005).  
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1.4 Objectives and research questions 

With ongoing climate change, Arctic coastlines are experiencing drastic environmental changes 

(chapter 1.3). With temperatures rising at a rate far beyond the global average, accelerating run-

off rates darken the water column and change the concentration of dissolved elements in fjords 

during summer months. To be able to maintain a stable population, kelps have to acclimatise to 

the changing environment, as they cannot actively migrate and climate change may outpace their 

adaptive potential (Vranken et al. 2021). To predict the performance and responses of a species 

towards climate change, models often use the fundamental thermal niche, potentially neglecting 

within-species variations (Bennett et al. 2019) and interacting drivers. Recently, Laeseke et al. 

(2024) have shown that the fundamental thermal niche alone has limited predictive power for the 

the biogeographical distribution (realised niche) of >70 % of seaweed species. They further 

highlighted that especially the physiological cold-tolerance limit was a weak predictor for 

distribution of seaweeds in polar regions.  

The overarching aim of my doctoral thesis is to assess what defines the boundaries of the realised 

niche of Arctic kelp forests. A shift of the kelps’ realised niche has cascading ecological and 

economical consequences. Hence, an increased understanding of kelp drivers and dynamics 

contributes to improving future local management and climate change mitigation guidelines. To 

target this aim, I investigate the performance of kelps towards three major abiotic factors 

potentially driving shifts in Arctic kelp forest ecosystems, namely temperature, PAR and an 

altered chemical composition in coastal run-off (Figure 1.7). To be able to draw reliable 

conclusions, I combine in-situ monitoring studies (publication I, II) with experimental studies 

(publication III, IV, V): I monitor the spatial variation in performance of kelps, responding to a 

latitudinal gradient of temperature × PAR interactions (publication I). I investigate variability in 

kelp holobiont functioning along coastal run-off gradients, focussing on the impact of the chemical 

composition of the water column (publication II). I assess the impact of marine heatwaves on 

kelp performance, under varying PAR intensities, mimicking different run-off influence 

(publication III). I explore the temperature × PAR tolerance limits of kelps to establish a two-

dimensional fundamental niche (publication IV, V). The experimentally determined 

temperature × PAR tolerance limits are the basis for a species distribution model (publication 

IV), and a model of the realised niche for the depth distribution of kelp forests along the fjord 

gradient (publication V).  
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Figure 1.7: Structure of this dissertation and drivers of publication I–V, contributing to assess what defines 

the boundaries of the realised niche of Arctic kelp forests. I assess the performance of kelps towards three 

major abiotic factors potentially driving shifts in Arctic kelp forest ecosystem, namely temperature, PAR 

and an altered chemical composition in coastal run-off. I monitor the spatial variation in performance of 

kelps, responding to a latitudinal gradient of temperature × PAR interactions (publication I). Further, I 

investigate performance variability of kelps along coastal run-off gradients, focussing on the impact of the 

chemical composition of the water column (publication II). I assess the impact of marine heatwaves on 

kelp performance, under varying PAR inetensities, mimicking run-off influence (publication III). I explore 

the temperature × PAR boundaries of kelps to establish a two-dimensional fundamental niche (publication 

IV, V). The experimentally determined boundaries are the base for a species distribution model 

(publication IV), and a model of the realised niche for kelp forests along the fjord gradient (publication V). 

 

I designed and contributed (chapter 1.5; Table 1.1) to five peer-reviewed research articles 

(chapters 2–6) to answer the following major research questions:  

Research question I: Can Arctic kelp populations be treated as one biochemical unit in 

climate projections? 

Using the kelp S. latissima as a model kelp, I analysed the biochemical composition of eight 

populations from fjords along the west coast of Svalbard. The different fjords were characterised 

by temperature and PAR differences. I hypothesised that kelps are acclimatised to and, therefore, 

conditioned by their local environment, which has possible consequences for their susceptibility 

towards environmental changes. → chapter 2 Publication I 

Research question II: How are heavy metals in run-off affecting kelp holobiont functioning?  

Kelp tissue samples from three areas with different run-off influence were sampled in Billefjorden, 

Svalbard, and analysed for their elemental mass fraction, biochemical response and associated 

microbiome. I used the kelp Saccharina latissima as model kelp. I hypothesised that the elemental 

mass fraction of kelps correlated positively with the dissolved elemental concentration of the 
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water column, which has consequences on physiological and biochemical processes. I 

hypothesised that an accumulation of harmful elements would result in an antioxidative response 

of the kelp. I hypothesised that the kelp-associated microbial community will respond to spatial 

differences in abiotic and host conditions, resulting in altered microbial species composition and 

potentially different ecosystem services of the kelp holobiont. → chapter 3 Publication II 

Research question III: How are Agarum clathratum and Saccharina latissima responding to 

marine heatwaves, being exposed to either high- or low-PAR availabilities? 

After acclimation of meristematic discs of A. clathratum and S. latissima to different PAR 

availabilities (3 vs. 120 µmol photons m-2 s-1), mimicking run-off intensities, the performance of 

samples was analysed in response to experimental marine heatwave scenarios (4–10°C). Based 

on its natural distribution, I hypothesised A. clathratum to perform better under low-light 

conditions. As the thermal optimum of both species was described between 10–15°C, I 

hypothesised that the performance of both species will increase with rising temperatures. Shifts 

in interspecific competition balances can have cascading consequences on the ecosystem.  

→ chapter 4 Publication III 

Research question IV: Why has Laminaria hyperborea not yet spread to Svalbard? 

In a three-month experiment, non-meristematic discs of Laminaria hyperborea were exposed to 

Polar Day (24 h L), long day (16:8 h L:D) and Polar Night (24 h D) light regimes under three 

different temperatures (0, 5, 10°C) to assess the boundaries of the species’ two-dimensional 

fundamental niche. I hypothesised that the interaction of Polar Day with cold temperatures is 

limiting and restricts the spread of L. hyperborea to higher latitudes. Given the thermal optimum 

of the species, I hypothesised rising temperatures to have beneficial effects on its performance. 

To assess the potential of L. hyperborea to spread to higher latitudes (realised niche), a species 

distribution model was created based on the experimental results. → chapter 5 Publication IV 

Research question V: How are temperature rises and run-off plumes affecting the realised 

niche of Alaria esculenta and Saccharina latissima along the fjord? 

Meristematic discs of A. esculenta and S. latissima from Kongsfjorden, Svalbard, were exposed to 

different temperatures (3–11°C). After acclimation to each temperature, I analysed their light-use 

characteristics to define the boundaries of their fundamental niche. I hypothesised to find 

increasing dark respiration and photosynthetic rates with rising temperature, due to higher 

enzymatic and metabolic activities. To be able to draw conclusions about both species’ future 

realised niche, I mapped the PAR availabilities along the fjord gradient and modelled their 

compensation depth. Given the complex run-off plume dynamics, I hypothesised to find strong 

spatial differences in the PAR availability and the kelps’ compensation depth.  

→ chapter 6 publication V 
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1.5 List of publications and declaration of own contribution 

The contribution of the candidate to each publication is provided in % of the total workload (up 

to 100 % of each category) in Table1.1.  

Table 1.1 Contribution of the candidate to publications of this dissertation in % of the total workload (up 

to 100 % of each category). 

Category 
Publication 

I 
Publication  

II 
Publication 

III 
Publication 

IV 
Publication 

V 

Experimental 
concept & design 

~ 70 % ~ 95 % ~ 50 % ~ 5 % ~ 70 % 

Experimental 
work & data 
acquisition 

~ 90 % ~ 60 % ~ 50 % ~ 30 % ~ 80 % 

Data analysis & 
interpretation 

~ 70 % ~ 80 % ~ 80 % ~ 10 % ~ 90 % 

Preparation of 
figures & tables 

100 % 100 % ~ 90 % ~ 20 % 100 % 

Drafting of the 
manuscript 

~ 85 % ~ 90% ~ 85 % ~ 5 % ~ 90 % 

 

Publication I (submitted May 2024) 

Sarina Niedzwiedz, Clara Voigt, Sebastian Andersen, Nora Diehl, Børge Damsgård, Kai Bischof 

(submitted May 2024) Local environmental settings condition biochemistry of Arctic kelp 

populations.  

SN and ND conceptualised the study under the supervision of KB. SN and SA conducted the field 

work with advice and supervision of BD. Parameter analyses and evaluation were conducted as 

follows: physical water parameters: SN, CV and SA. Biochemical parameter: SN and CV. Data 

interpretation: SN, ND and KB. SN wrote the manuscript, which was revised and reviewed by all 

co-authors.  

Publication II (submitted July 2024) 

Sarina Niedzwiedz, Claudia Elena Schmidt, Yunlan Yang, Bertille Burgunter-Delamare, Sebastian 

Andersen, Lars Hildebrandt, Daniel Pröfrock, Helmuth Thomas, Rui Zhang, Børge Damsgård, Kai 

Bischof (submitted July 2024) Run-off implications on Arctic kelp holobionts have strong 

implications on ecosystem functioning and bioeconomy.  

SN conceptualised the study under the supervision of KB. SN and SA conducted the field work with 

advice and support of BD. Parameter analyses and data evaluation was conducted as follows: 

physical water parameters: SN and SA. Biochemical parameters: SN. Elemental composition of 
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kelps and water: SN, CS, LH, with advice and supervision of DP and TH. Microbial community of 

kelps and water: SN, YY, BB-D and RZ. SN wrote the manuscript, which was revised, reviewed and 

accepted by all co-authors.  

Publication III (published) 

Sarina Niedzwiedz, Tobias Reiner Vonnahme, Thomas Juul-Pedersen, Kai Bischof, Nora Diehl 

(2024) Light-mediated temperature susceptibilities of kelp species (Agarum clathratum, 

Saccharina latissima) in an Arctic summer heatwave scenario. Cambridge Prisms: Coastal 

Futures. 2, e6. doi: 10.1017/cft.2024.5 

SN and ND designed, planned, and conducted the experiment. TRV and TJ-P assisted with sampling 

and provided advice and support during the design of the experimental set-up and methodology. 

SN, ND and TRV evaluated the data. SN wrote the manuscript, which was revised, reviewed and 

accepted by all authors. KB and ND supervised the study.  

Publication IV (submitted June 2024) 

Nora Diehl, Philipp Laeseke, Inka Bartsch, Margot Blight, Hagen Buck-Wiese, Jan-Hendrick 

Hehemann, Sarina Niedzwiedz, Niklas Plag, Ulf Karsten, Tifeng Shan, Kai Bischof (submitted June 

2024). Photoperiod and temperature interactions drive the latitudinal distribution of kelps 

under climate change.  

ND conceptualised the study under the supervision of IB and KB. ND and SN conducted the 

experimental work with advice and support of IB. Parameter analysis was conducted as follows: 

physiological and biochemical analysis: ND. Mannitol analysis: ND with support of NP and UK. 

Laminarin analysis: MB, HB-W and J-HH. DNA barcoding: TS. Data analysis with GL(M)M and 

geographic projections: PL. Statistical analysis: ND with support of SN. Data interpretation: ND, 

PL, IB and KB. ND wrote the manuscript, which was revised, reviewed and accepted by all authors.  

Publication V (published) 

Sarina Niedzwiedz, Kai Bischof (2023) Glacial retreat and rising temperatures are limiting 

the expansion of temperate kelp species in the future Arctic. Limnology and Oceanography. 

68, 816-830. doi: 10.1002/lno.12312 

SN conceptualised the study under supervision of KB. Sampling of field material, as well as 

experimental work was conducted by SN and KB. Analyses and presentation of the data was 

conducted by SN. SN drafted the manuscript, which was discussed and revised by KB.  
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Abstract 

Climate change causes temperature and light to change drastically in Arctic fjords, being the main 

drivers for ecosystem engineering seaweeds (kelps; Laminariales, Phaeophyceae). Climate 

projections on temperate kelps are often based on static performance curve, treating species as 

one homogenous unit. This might lead to mis-extrapolations, as the environmental history might 

change biochemical compositions, physiological responses and consequently susceptibilities 

towards stressors. We assessed how Arctic kelp populations react to their specific in-situ 

environment by sampling eight Saccharina latissima populations at several latitudes on the west 

coast of Svalbard, Norway. Analysing biochemical response variables (pigment content and 

composition; antioxidative activity; total carbon and nitrogen content) of sporophytes, we found 

a distinct clustering of the biochemical composition of S. latissima populations, which correlated 

significantly with their environmental setting. S. latissima responded strongly to changes in run-

off induced turbidity, i.e., light availability. High light availability caused a significant reduction of 

photosynthetic pigments and a high de-epoxidation state of the photoprotective xanthophyll 

cycle, indicating high light stress. Nevertheless, the kelps’ total carbon content increased. Their 

total nitrogen content increased with increasing turbidity, thus reacting to nutrients being washed 

into the fjord by run-off. We found no stress response to colder temperatures (3°C vs. 7°C), 

emphasising the importance of light as a driver of kelp distribution at high latitudes, and the 

necessity to include it in climate projections. Concluding, we found a high site-specific plasticity 

of Arctic S. latissima sporophytes, and high variation in biochemistry being strongly dependent on 

the sum of interacting environmental factors.
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1. Introduction 

Canopy-forming seaweeds of the order Laminariales, kelps, dominate temperate and Arctic rocky 

coastlines (Steneck et al., 2002, Wernberg et al., 2019). Kelp forests have been classified to be 

among the most productive ecosystems (Pessarrodona et al., 2022), acting as ecosystem engineers 

and foundation species, and thus providing habitat, nursery ground and food for many associated 

organisms (Eckman et al., 1989; Filbee-Dexter et al., 2019; Wernberg et al., 2019, 2024). Being 

sedentary, kelps cannot actively escape stressors and are susceptible to environmental changes. 

Within their genetically set tolerance limits, they have developed various physiological and 

biochemical mechanisms to respond to the sum of environmental changes, i.e., acclimatisation 

(Collier et al., 2019). Thereby, they maintain a high performance, e.g., growth and reproduction 

(phenotypic plasticity; King et al., 2017; Diehl et al., 2024). Energy requirements are lowest at a 

species optimum, increasing towards their tolerance limits, resulting in a reduced performance 

(Pörtner et al., 2005). A modification of the tolerance limits of species occurs over generations, by 

natural selection of favourable, heritable traits, i.e., adaptation (King et al., 2017; Collier et al., 

2019). 

The main driver for kelps’ latitudinal distribution is temperature, while light is defining their 

vertical distribution over depth (Fragkopoulou et al., 2022). Both, temperature and light, are 

changing drastically in Arctic fjords with global climate change (Gattuso et al., 2020; Previdi et al., 

2020, 2021; England et al., 2021; Konik et al., 2021). Vranken et al. (2021) have shown that the 

rate of change occurs too fast for adaptive responses in kelps. Given their key ecological role, the 

acclimatisation of kelps in future Arctic conditions has been subject to many recent studies. 

Increased water temperatures are predicted to result in an expansion of temperate kelp 

population to higher latitudes (e.g., Filbee-Dexter et al., 2019; Assis et al., 2022), while run-off 

induced deterioration of the underwater light climate has been shown to locally oppose this trend 

(e.g., Bartsch et al., 2016; Niedzwiedz and Bischof 2023; Düsedau et al., in revision). Studies 

projecting climate change developments are often based on tolerances from a single population 

and/or single-case experiment (Reed et al., 2011; Diehl et al., 2024). By this approach, it is 

assumed that populations along the entire biogeographical range react as one physiological and 

biochemical unit (King et al., 2017). However, Bennett et al. (2019) reviewed that susceptibilities 

towards abiotic stressors do not only vary between but also within one species, depending on a 

population’s geographic location, which is supported by several studies: Liesner et al. (2020) 

highlighted the importance of cold-seasons for the plasticity towards warming of 

Laminaria digitata. Gauci et al. (2022) found that the performance of L. digitata sporophytes 

increased if their gametophytes were cold-primed. Assessing the effects of marine heatwaves on 

north Atlantic kelp populations, Filbee-Dexter et al. (2020) concluded that local temperature 
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thresholds have to be considered in prediction on marine heatwave consequences. Niedzwiedz et 

al. (2022) showed that the susceptibility of the kelp Saccharina latissima towards experimental 

heatwaves strongly depends on the field conditions they experienced before the experiment. As 

cold-edge populations in general showed large within-species variation (Bennett et al., 2019), the 

upscaling of the responses of one, often temperate, population for the entire Arctic might pose 

some risk for mis-extrapolation due to local acclimatisation and adaptation processes.  

Saccharina latissima is a widely distributed, cold-temperate kelp species, occurring from northern 

Portugal to Svalbard (Araújo et al., 2016), with its temperature optimum being described between 

10–15°C (Bolton and Lüning, 1982). Given its essential ecological and economic role, it is well-

studied, serving as model species (Diehl et al., 2024; Sæther et al., 2024). Our study was guided by 

the question of how Arctic S. latissima is conditioned by its local environmental setting, as this 

would have consequences for climate projections and, potentially, local management activities. 

We targeted this question with an in-situ approach, using the abiotic conditions and variations in 

fjords along western Svalbard, Norway, as a natural long-term laboratory to assess the effect of 

environmental history on the biochemistry of S. latissima. We mapped the abiotic conditions 

(temperature, light availability) and sampled S. latissima individuals in eight fjords along a 

latitudinal gradient, analysing their biochemical responses (pigment composition, antioxidant 

potential, carbon and nitrogen content).  
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2. Material and Methods 

2.1 Sampling 

The Arctic Archipelago of Svalbard is located between ~77–80°N and characterised by strong 

environmental gradients. The sampling campaign was conducted from 05–16/08/2022 by ship 

(MS Spitsbergen). Saccharina latissima was collected at eight sampling stations along the west 

coast of Spitsbergen (Figure 1: 1–8; detailed map of different fjords with sampling locations: 

Figure A1). At each sampling station, similarly sized sporophytes (n=5) were collected from 5±2 

m water depth using a plant rake (Plant rake 19.000, acc. to Sigurd Olsen, KC Denmark, Silkeborg, 

Denmark). Subsamples were taken from each sporophyte by cutting discs, 2 cm2 in diameter, from 

the meristem, within two hours of sampling. All samples were dried in silica gel, which was 

replaced regularly. 

 

 

Figure 1: Sampling stations (1–8) of Saccharina latissima along the west coast of Svalbard. Mean seasurface 

temperature (SST) data (color gradient) were downloaded from the NOAA database 

(https://coastwatch.pfeg.noaa.gov/erddap/, downloaded: 08/05/2024; Chamberlain, 2024), integrating 

the SST in 2022 until sampling (01/01/–16/08/2022). Maps were created with ggOceanMaps (Vihtakari, 

2024). 
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2.2 Abiotic parameters 

CTD data. CTD profiles were run in open fjord water (except for station 4 and 5, where CTD and 

kelp sampling stations were the same). Water parameters (temperature [°C], salinity [SA], 

turbidity [NTU]) of the water column were measured using an RBR Maestro3 (RBR Ltd., Ottawa, 

Canada). The downcast profile was used to monitor an undisturbed turbidity profile. The CTD was 

lowered at a speed of approx. 1 m s-1. Data were smoothed by the mean for every meter interval. 

Values were reported as mean±SD of the upper 15 m of the water column.  

 

Light data. The spectrally down-welling irradiance (λ 400–700 nm) was measured with a 

RAMSES-ACC-UV/VIS radiometer (TriOS Optical Sensor, Oldenburg, Germany; alternative 

calibration) above the kelp forest in water depths from the surface until the bottom was reached 

(max 10 m). The irradiance of each wavelength (Iλ) was measured in mW m-2 nm-1 and converted 

to µmol photons m-2 s-1 after Niedzwiedz and Bischof (2023). By integrating Iλ from 400–700 nm, 

the photosynthetically active radiation (PAR) was calculated (Niedzwiedz and Bischof, 2023). The 

light attenuation coefficient (Kd) was calculated between the surface and 3 m water depth after 

Hanelt et al. (2001). The spectrum peak (nm) on 3 m water depth was defined as the wavelength 

with the maximum irradiance transmission through the water column.  

 

2.3 Kelp biochemistry 

Biochemical measurements are based on dry weight (DW).  

Pigment analyses. The kelp pigment composition reacts to cellular energy requirements and 

responds to light availability (Blain and Shears, 2019). Pigment concentrations were determined 

following Koch et al. (2015). Per specimen, two aliquots of 30–100 mg powdered material  

(n=3–5) were extracted in 1 mL 90 % acetone at 4°C for 24 h in darkness. The supernatant was 

filtered and analysed by a High-Performance Liquid Chromatography (HPLC; LaChromElite® 

system, L-2200 autosampler (chilled), DA-detector L-2450; VWR-Hitachi International GmbH, 

Darmstadt, Germany). After Wright et al. (1991), the pigments were separated in a Spherisorb® 

ODS-2 column (250 × 4.6 mm, 5 µm; Waters, Milford, MA, USA). Pigment peaks were identified 

and quantified using respective standards. Pigment concentrations were calculated as µg gDW-1. 

Accessory pigment content (Acc) was calculated as the sum of chlorophyll c, fucoxanthin and  

β-carotene. The ratio of accessory pigments to chlorophyll a (Acc:Chla) was calculated. The pool 

of xanthophyll cycle pigments (VAZ; µg gDW
-1) and its ratio to chlorophyll a was calculated 

(VAZ:Chla). The de-epoxidation state of xanthophyll cycle pigments (DPS) was determined after 

Colombo-Pallotta et al. (2006).  
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Antioxidative activity. Bischof and Rautenberger (2012) reported antioxidants to be a protective 

mechanism against all types of abiotic stressors. Following the ABTS·+ (2,2’-azino-bis-3-

ethylbenzthiazoline-6-sulphonic acid, 7 mM in biDest H2O) assay (Re et al., 1999), the kelps 

antioxidative activity (AOA) was determined. One aliquot of 50 mg powdered material (n=3–5), 

was dark extracted in 1 mL 70 % ethanol for 4 h at 47°C. 10 µL of the supernatant were mixed 

with 1 mL ABTS·+-working-standard (absorption range: 0.740±0.01;734 nm). After an incubation 

of 6 min, the absorption (λ 734 nm) was measured. AOA is reported as Trolox-equivalents (TE) by 

calibrating the ABTS·+-working-solution with a Trolox dilution series (6-hydroxy-2,5,7,8-

tetramethychroman-2-carboxylic acid; 2.5 mM in 70 % v/v ethanol). 

 

Carbon and nitrogen content. The total carbon (C) and total nitrogen (N) content, as well as their 

ratio (C:N) was analysed to draw conclusions about nutrient availability at different sampling 

stations (Atkinson and Smith, 1983). C and N contents were analysed using powdered material 

(2–3 mg; n=3–5). Samples were weighed into tin cartridges (5×9 mm) and combusted at 1000°C. 

Acetanilide was used as standard (Verardo et al., 1990). An elemental analyser (Euro EA 3000 

Elemental Analyser, EuroVector S.P.A., Milano, Italy) quantified the absolute C and N content 

automatically. Total C and N contents were expressed in mg gDW-1 and as ratio.  

 

2.4 Statistical analyses 

Data were evaluated, plotted and analysed in Rstudio (V 2023.12.1 using R-4.3.2-win; R Core 

Team, 2023), within “tidyverse” (Wickham et al., 2019). Maps were created with ggOceanMaps 

(Vihtakari 2024). As abiotic measurements were not independent from each other and often only 

point measurements, we did not evaluate them statistically, but only showed the mean and 

standard deviation over depth.  

The raw data of the biochemical measurements and model residuals were tested for normality 

(Shapiro-Wilk test, p>0.05) and homoscedasticity (Levene’s test, p>0.05). Outliers were removed 

from the dataset if they were classified as extreme (function: identify_outliers; package: rstatix; 

Kassambra, 2022). As prerequisites were met, a linear model was fit on each parameter (function: 

lm; package: stats; R Core Team, 2023). Sampling station was modelled as single-fixed effect to 

detect significant kelp responses to spatial variations. Analysis of variance was tested on the 

model (function: anova; package: stats; R Core Team, 2023). Pairwise performance (function: 

emmeans; package: emmeans; Lenth, 2024) was used to calculate the degrees of freedom, with 

Tukey’ø adjustment of the p-value. Pearson correlations were analysed (function: cor.test; 
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package: stats; R Core Team, 2023). Correlogram was plotted using the ggcorr-function (package: 

GGally; Schloerke et al., 2024). 

 

 

3. Results 

3.1 Abiotic parameters 

Water column measurements revealed a distinct latitudinal gradient of all parameters (Figure 2). 

Stations 1 and 2 in the south of Svalbard were characterised by cold temperatures (3.7±0.7°C) and 

highest turbidity values (2.8±2.0 NTU). At stations 3, 4 and 5 (mid of Svalbard) temperatures of 

5.5±0.9°C, and turbidity values 1.8±0.7 NTU were measured. Stations 6 and 7 in the north of the 

Archipelago were characterised by highest temperatures (6.6±0.3°C) and lowest turbidity values 

(0.4±0.1 NTU). Mean salinity values across all stations ranged between SA 32.0–33.8.  

Highest Kd values were measured at station 2 (Kd = 1.8±0.4) and 5 (Kd = 1.0±0.1). Stations 6, 7, and 

8 clustered very closely, being characteried by lowest Kd values (0.2±0.1). Spectrum peaks ranged 

between λ 510 and 580 nm, being highest at sampling station 2 (λ 577±3.7 nm) and 5 (λ 582±1.2 

nm). Mean PAR intensities per sampling stations at 3 m water depth ranged between 2.3–137 

µmol photons m-2 s-1.  

Complete CTD (temperature, salinity, turbidity) profiles over depth and the spectral resolution of 

PAR for each depth are provided in the appendix (Figure A2, Figure A3). 

 

Figure 2: Abiotic parameters along the Svalbard latitudinal gradient. Stations: 1 – Gnålodden, Hornsund. 2 

– Burgerbukta, Hornsund. 3 – Lyshamna, Bellsund. 4 – Bjørndalen, Isfjorden. 5 – Vòrneset, Ekmanfjorden. 6 

– Worsleyhamna, Woodfjorden. 7 – Alicehamna, Raudfjorden. 8 – Ytre Norskøya. A) CTD data. Temperature 

(°C), Turbidity (NTU) of the upper 15 m of the water column (mean±SD over depth; n (per station) = 1). 

Note: Station 8 is missing in the CTD profiles. B) Kd: light attenuation coefficient between the water’s surface 

and 3 m depth (mean±SD; n=1–3). Spectrum peak at 3 m water depth: wavelength (nm) with the highest 

irradiance (mean±SD; n=1–3).  
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3.2 Kelp biochemistry 

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

 

Table 1: Statistics of biochemical parameters of kelps. Results of Analysis of Variance (ANOVA) to evaluate 

the effect of station as single fixed effect. Significant results are marked in bold. Acc:Chla: ratio of accessory 

pigments to chlorophyll a. DPS: De-epoxidation state of xanthophyll cycle pigments. AOA: antioxidative 

activity. Total C: total carbon content. Total N: total nitrogen content. C:N: carbon to nitrogen ratio.  

Parameter numDF denDF F value p value 

Chlorophyll a 7 30 9.5 <0.001 

Acc:Chla 7 30 7.54 <0.001 

DPS 7 27 2.9 0.02 

AOA 7 26 5.2 <0.001 

Total C 7 31 4.5 0.001 

Total N 7 28 15.9 <0.001 

C:N 7 28 12.5 <0.001 

Note: numDF: numerator degrees of freedom. denDF: denominator degrees of freedom. 

 

Pigments. The pigment composition differed significantly between stations (Figure 3A). 

Chlorophyll a (µg gDW-1) concentration of samples from station 2 was 50–87 % higher than in other 

fjords. Acc (µg gDW-1) and VAZ (µg gDW-1) showed similar patterns (Figure A4). The Acc:Chla 

showed an increasing trend with higher latitude, being significantly lower at stations 1 and 2 

compared to stations 6 and 7. While only the de-epoxidation state of xanthophyll cycle pigments 

(DPS) of station 1 was significantly lower compared to station 6, an overall increase of DPS values 

with higher latitude was observed.  

Antioxidative activity. AOA (TE mM 100 mgDW
-1; Figure 3B) was significantly affected by sampling 

stations; however no latitudinal trend was found for the significant differences.  

Carbon and nitrogen content. The C and N content, as well as C:N were significantly affected by 

station (Figure 3C). Mean C content ranged between 280–345 mg gDW-1 and increased with higher 

latitudes, with the C content of station 1, 2 being significantly lower compared to station 7. Mean 

N (7.1–20.1 mg gDW-1) showed a decreasing trend with higher latitude, although station 7 had the 

overall highest N content. Mean C:N (15.9–47.4) of station 6 was significantly higher, compared to 

the other stations (except station 4).  
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Figure 3: Kelp biochemistry along the Svalbard latitudinal gradient (mean±SD; n=3–5). Stations:  

1 – Gnålodden, Hornsund. 2 – Burgerbukta, Hornsund. 3 – Lyshamna, Bellsund. 4 – Bjørndalen, Isfjorden.  

5 – Vòrneset, Ekmanfjorden. 6 – Worsleyhamna, Woodfjorden. 7 – Alicehamna, Raudfjorden. 8 – Ytre 

Norskøya. Different letters indicate significant (p<0.05) differences between stations. Some error bars are 

within the diameter of the symbol. A) Chl a: chlorophyll a concentration (µg gDW-1). Acc:Chla: ratio of 

accessory pigments to chlorophyll a. DPS: de-epoxidation state of xanthophyll cycle pigments. Β) AOA: 

Antioxidative activity (TE mM 100 mgDW-1). C) C: total carbon content (mg gDW-1). N: total nitrogen content 

(mg gDW-1). C:N: carbon to nitrogen ratio.  
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3.3 Correlations 

Correlations between abiotic parameters and kelp responses are shown in Figure 4. Overall, a 

latitudinal gradient of environmental parameters was observed: temperature increased with 

higher latitude; turbidity decreased with higher latitude. Temperature correlated negatively with 

turbidity and Kd. High turbidity values correlated with high Kd values.  

Kelp pigment concentrations (chlorophyll a, Acc, VAZ) correlated positively and pigment ratios 

(Acc:Chla, DPS) correlated negatively with turbidity, the spectrum peak and Kd. DPS was found to 

correlate positively with temperature and latitude and negatively with turbidity. The 

chlorophyll a concentration, Acc and VAZ correlated positively with each other. Although AOA 

correlated positively with PAR, this correlation was not significant.  

The total C correlated positively with temperature and latitude; and negatively with turbidity and 

Kd. Regarding total N these correlations were reversed, though not being significant.  

 

Figure 4: Linear dependency between kelp response parameters and abiotic conditions. Color scale: 

Pearson correlation co-efficient (r). PAR: photosynthetically active radiation. Kd: light attenuation 

coefficient. Acc: accessory pigments. VAZ: pool of xanthophyll cycle pigments. Acc:Chla: ratio of accessory 

pigments to chlorophyll a. DPS: de-epoxidation state of xanthophyll cycle pigments. AOA: antioxidative 

activity. C: total carbon content. N: total nitrogen content. C:N: carbon to nitrogen ratio. Asterisks: 

significance of correlation (*: p<0.05; **: p<0.01; ***: p<0.001).  
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4. Discussion 

The kelp Saccharina latissima is well-studied, being a key species in kelp forests along North 

Atlantic coasts (Araújo et al., 2016; Diehl et al., 2024). However, it is still unclear how its 

populations react to naturally occurring environmental variations at their cold-distribution limit. 

In this study, we analysed Arctic S. latissima populations from eight sampling stations along the 

west coast of Svalbard that were characterised by different environmental settings.  

 

4.1 Biochemical composition responds strongly to the local environment 

Using the environmental conditions along the west coast of Svalbard as natural laboratory, we 

assessed how local S. latissima populations were affected by naturally occurring abiotic variations. 

Therefore, we analysed their biochemical composition at each sampling station, relating them to 

differences in temperature and light availability, as they were described to be the most important 

drivers for kelp distribution (Fragkopoulou et al., 2022). We found clear spatial gradients along 

sampling stations for both drivers, increasing with higher latitude (Figure 1, 2).  

Fjord temperature patterns are influenced by currents (Cottier et al., 2010). Southern fjords in 

Svalbard were characterised by cold temperatures, being influenced by the Sørkapp Current 

carrying Arctic water masses (Konik et al., 2021). With higher latitude, we measured warmer 

temperatures, as the influence of the West Spitsbergen current increased, carrying warm Atlantic 

water masses (Svendsen et al., 2002). Thereby, all measured temperatures, ranging from 3–7°C, 

were well below the described growth optimum for S. latissima of 10–15°C (Bolton and Lüning, 

1982).  

Several experimental studies assessed how S. latissima responds to temperatures below their 

optimum: Monteiro et al. (2021) found an increasing trend of chlorophyll a and a significant 

decrease of the DPS between 0–15°C in young S. latissima of a temperate population (Roscoff, 

Brittany). Testing the same temperature range on young sporophytes from a Svalbard population, 

Li et al. (2020) also found decreasing DPS values with warmer temperature. As the DPS is part of 

the kelps’ intercellular stress response (Gross and Jakob, 2010), these results indicate cold 

temperatures to inflict more physiological stress than temperatures closer to the optimum. We 

would have expected a similar response along the temperature gradient in Svalbard fjords. 

However, we found a contrary response; warmer temperatures correlated with higher DPS values. 

Thereby, it has to be noted that both Monteiro et al. (2021) and Li et al. (2020) worked with young 

sporophytes from stock cultures, while we worked on adult sporophytes. Generally, sporophytes 

of different ages can show different response patterns to stressors (Martins et al., 2017). However, 

we do not assume that these different responses were due to age differences or altered thermal 
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tolerances, but are rather due to interactive effects of stressors. Interpreting the biochemical 

composition of populations in this study, it has to be considered that warmer temperatures 

correlated with less run-off and a clearer water column (i.e., lower turbidity, Kd; Figure 2, 4). 

Hence, we assume that high DPS values did not predominantly respond to changes in temperature 

but rather counteracted high-light stress. High-light availability might saturate the photosynthetic 

electron transport chain and deplete reductive equivalents (Bischof and Rautenberger, 2012). 

Excessive electrons contribute to form reactive oxygen species (ROS), which can destroy critical 

macromolecules (Sharma et al., 2012). DPS functions as protective mechanisms to dissipate 

excessive energy (Demmig-Adams and Adams, 1996), thereby reducing the potential of ROS 

formation. Kelps experiencing higher light availability were further characterised by a 

significantly lower chlorophyll a content, mitigating high light stress by reducing energy 

absorption. The ratio of Acc:Chla confirmed this response pattern, increasing with higher light 

availability (Figure 3, 4). This is indicating a reduction of the light harvesting antenna complex at 

photosynthetic reaction centres to prevent electrons being transmitted into the electron transport 

chain (Falkowski and Raven, 2007). As less electrons reduce the likelihood of ROS formation, 

oxidative stress is reduced (Kirk, 2011). Thereby, absolute PAR values, with a maximum of  

~140 µmol photon m-2 s-1 at 3 m water depth are noteworthy, as they are well below PAR values 

that kelps experience in other regions, e.g., in the German Bight (400–500 µmol photons m-2 s-1, 

Stahl et al., in revision). Niedzwiedz et al. (2024) argued that light stress at relatively low light 

intensities is caused by long photoperiod and the lack of a recovery phase. We found their 

experimental result confirmed by the responses to in-situ conditions.  

This line of argumentat further explains the findings of Diehl et al. (2021). They described overall 

low DPS values and exceptionally high growth rates as a response to experimental temperatures 

between 0–6°C (including in-situ conditions). To be able to compare experiments across latitudes, 

they exposed the Svalbard samples to a 16:8 h L:D cycle. Thereby, samples likely recovered from 

the intense light exposure of Polar Day (comparable to high-light stress) and, therefore, showed 

no response to temperature changes. We hypothesise that the overall, temperature-independent 

increase in performance, Diehl et al. (2021) found, is due to a more optimal light regime. These 

findings emphasise the importance of interacting stressors, when considering a species tolerance 

towards environmental conditions. Besides variation in light intensity, qualitative shifts in 

spectral composition have been observed. With increasing run-off influence, we found a shift of 

the spectrum peak to longer wavelengths (Figure 2, A3), which was especially pronounced at 

station 1, 2, and 5. While stations 1 and 2 were characterised by overall high turbidity, indicating 

a relatively higher sediment load, station 5 was dominated by a very red sediment type (“Old red 

sandstone”; Figure A5; Kavan et al, 2022), leading to this strong wavelength shift. Accessory 

pigments are closing the green gap of chlorophyll a, increasing the absorption spectrum of kelps 
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(Stomp et al, 2007). As Acc:Chla correlated negatively with the spectrum peak, the pigment 

composition did not respond to spectrum shifts. Hence, we conclude that the reduction of the light 

harvesting complex predominantly responded to reduce high-light stress, and not related to 

spectral shifts. 

We could not determine the same stress response in AOA as for DPS. As the samples were exposed 

to their respective environmental conditions during the whole growing season, we suggest that 

high-light stress was already effectively mitigated by changes in the pigment composition of the 

photosystem, preventing overall higher cellular stress response. As the AOA was significantly 

influenced by the sampling stations, we assume that parameters not quantified in this study might 

have triggered it.  

We found a clear trend of increasing total C content with higher latitudes, i.e., with warmer 

temperatures and higher light availability, though we cannot identify the parameter that caused 

the increase in C content. A higher C content might indicate more storage compounds, e.g., 

mannitol and laminarin (Graiff et al., 2016). Scheschonk et al. (2019) showed that S. latissima’s 

storage compounds were depleted by 96 % after three months of Polar Night. A reduced carbon 

content in run-off dominated fjord areas might increase the likelihood of S. latissima having an 

overall negative carbon balance, i.e., might run into starvation during winter months.  

C:N ratios above 20 indicated that kelps from all sampling stations were N limited (Atkinson and 

Smith, 1983). In summer, Arctic water masses are stratified by strong temperature and salinity 

gradients (Figure A2), leading to the absence of vertical mixing and a re-supply of deep-water 

nutrients (Cottier et al., 2010). The total N content showed a decreasing trend with higher latitude 

(Figure 3). We attribute this to the higher influence of run-off in southern Svalbard fjords (higher 

turbidity; Figure 2), carrying nutrients from terrestrial sources (McGovern et al., 2020). Thereby, 

station 7 is an exception, being characterised by kelps with a high N content. At station 7, 

temperature gradients over depth were very weak (Figure A2), showing almost no variation 

within the upper 15 m of the water column (Figure 2, A2). As salinity and turbidity differences 

were likewise not very pronounced, we suggest that station 7 might have been influenced by local 

upwelling, leading to a resupply of nutrients. C:N ratios were described to define the food quality 

of kelps (Lowman et al., 2022). An altered food quality of primary producers changes the efficiency 

of energy transfer to higher trophic levels (Lowman et al., 2022), thereby having an effect on the 

ecosystems nutrient cycling. Grazing rates of invertebrates are predicted to increase with higher 

temperatures within their tolerance range (Brown et al., 2004). Further, Traiger (2019) showed 

that high sedimentation rates due to Arctic run-off, reduced the grazing pressure on kelps. In 

northern Svalbard fjords, we measured higher temperatures and less turbidity, which might 

increase grazing pressure, in comparison to southern Svalbard fjords. While further studies have 



2       Publication I 
_______________________________________________________________________________________________________________ 

 
59 

to be conducted to assess these effects, it is highlighting the complexity of ecological responses 

towards climate change.  

 

4.2 Saccharina latissima does not react as one biochemical unit 

Bolton and Lüning (1982) described the temperature optimum for S. latissima between 10–15°C. 

Following the resulting performance curve, this indicates an increasing stress level as 

temperatures deviate from the optimum. Interacting with light, we found the opposite trend; 

stress levels increased with temperatures closer to the species optimum. Thereby, it has to be 

considered that temperature closer to the optimum might already have mitigated high-light 

stress, as was experimentally shown by Niedzwiedz et al. (2024). Further, we found kelps in most 

fjords to be N limited. Nutrient limitation was shown to weaken kelps, making them more 

susceptible for other stressors, such as UV radiation (Davison et al., 2007). We conclude that the 

sum of natural variation in present-day Arctic fjords leads to significant variations in the 

biochemical composition of kelps.  

Comparing the biochemical composition of S. latissima along the entire European gradient, Diehl 

et al. (2023) found neither a clear latitudinal gradient nor a clustering of populations driven by 

abiotic conditions. In their study, they focussed on temperature and salinity as main drivers, not 

measuring light availability or light-dependent responses (e.g., pigments). Based on the results of 

our study, we hypothesise that the inclusion of light availability might have resulted in a more 

distinct clustering of sampling stations; especially, phlorotannin concentrations in the study of 

Diehl et al. (2023) indicated the significance of light on the biochemistry of kelps and population 

differences.  

 

4.3 Concluding remarks 

In this field study, we compared eight Arctic S. latissima populations. We analysed their 

biochemical composition and related their response to differences in temperature and light 

availability of their local environment. This approach had two advantages: (1) we studied the 

biochemical composition towards realistic abiotic conditions and (2) all kelp populations were 

acclimatised to their respective abiotic condition; hence, long-term biochemical responses are 

determined.  

We found distinct differences in the biochemical composition of S. latissima, correlating with their 

sampling origin. While this indicates a high phenotypic plasticity of S. latissima, it also shows that 

it strongly depends on the local environmental history. Hence, the environmental history of field 

material and consequently the biochemical compositions have to be considered in climate 
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projections, as it changes susceptibilities towards (experimental) stressors. Further, our study 

highlights the necessity to consider the interaction of stressors, as it significantly changes 

tolerances (Wernberg et al., 2010). Hence, we conclude that performance curves must not be 

considered as static.  
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Appendix 

 

Figure A1: Locations of kelp and light sampling stations (circle) and CTD measuring stations (triangle); 

same location in subplot C) and D). A) 1 – Gnålodden, Hornsund. 2 – Burgerbukta, Hornsund.  

B) 3 – Lyshamna, Bellsund. C) 4 – Bjørndalen, Isfjorden. D) 5 – Vòrneset, Ekmanfjorden. E) 6 – 

Worsleyhamna, Woodfjorden. 7 – Alicehamna, Raudfjorden. 8 – Ytre Norskøya. Blue colour gradient: water 

depth (m). Dark grey area: land. Light grey area: glaciers. Maps were created with ggOceanMaps (Vihtakari, 

2022).  
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Figure A2: Complete CTD profiles (temperature [°C], salinity [SA], turbidity [NTU]) over depth (m) of each 

station. 1 – Gnålodden, Hornsund. 2 – Burgerbukta, Hornsund. 3 – Lyshamna, Bellsund. 4 – Bjørndalen, 

Isfjorden. 5 – Vòrneset, Ekmanfjorden. 6 – Worsleyhamna, Woodfjorden. 7 – Alicehamna, Raudfjorden. Data 

above 15 m (black line) were integrated for data in main text.  
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Figure A3: Spectral resolution (400–700 nm) of irradiance (µmol photons m-2 s-1 nm-1) from each station. 

1 – Gnålodden, Hornsund. 2 – Burgerbukta, Hornsund. 3 – Lyshamna, Bellsund. 4 – Bjørndalen, Isfjorden.  

5 – Vòrneset, Ekmanfjorden. 6 – Worsleyhamna, Woodfjorden. 7 – Alicehamna, Raudfjorden. 8 – Ytre 

Norskøya. Note: different y-axes of the subplots.  

 

 

 

Figure A4: Kelp biochemistry along the Svalbard latitudinal gradient (mean±SD; n=3–5). Stations:  

1 – Gnålodden, Hornsund. 2 – Burgerbukta, Hornsund. 3 – Lyshamna, Bellsund. 4 – Bjørndalen, Isfjorden.  

5 – Vòrneset, Ekmanfjorden. 6 – Worsleyhamna, Woodfjorden. 7 – Alicehamna, Raudfjorden. 8 – Ytre 

Norskøya. Acc: accessory pigments (sum of chlorophyll c, fucoxanthin and β-carotene; µg gDW-1). VAZ: pool 

of xanthophyll cycle pigments (sum of violaxanthin, antheraxanthin, zeaxanthin; µg gDW-1). VAZ:Chla: ratio 

of xanthophyll cycle pigments to chlorophyll a. Different letters indicate significant (p<0.05) differences 

between sampling stations.  
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Figure A5: Run-off plume in Ekmanfjorden, Svalbard. The plume is dominated by “Old red sandstone”; 

Kavan et al. (2022), reflecting the red part of the light spectrum. Picture: 31/08/2022, ©Sarina Niedzwiedz. 
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Abstract:  

Kelps (Laminariales, Phaeophyceae) are foundation species along Arctic rocky shores, supporting 

a high secondary production. Currently, climate change induced glacial and terrestrial run-off is 

accelerating, changing water column parameters, e.g., dissolved concentrations of (harmful) 

element. We investigate the impact of run-off on Arctic kelps, as their responses have ecological 

and economic consequences.  

We found the kelp Saccharina latissima to accumulate harmful elements (e.g., cadmium, mercury) 

originating from coastal run-off. As kelps are at the basis of the food web, this might lead to 

biomagnification, with potential consequences for high-latitude kelp maricultures. However, 

kelps might biomonitor environmental pollution or extract dissolved rare earth elements. We 

found the kelp’s microbiome to significantly respond to run-off influence, being an indicator for 

kelp health, the holobionts nutritional value and elemental cycling. The accentuated responses of 

kelp holobionts to environmental variability implies high susceptibility of Arctic coastal 

ecosystems to future climate changes. 

 

Keywords: 

Biochemistry, Heavy metals, Holobiont, Microbial community, Rare earth elements,  

Saccharina latissima 
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Introduction: 

Kelps (Laminariales, Phaeophyceae) act as foundation species from temperate to polar rocky 

shores (1), governing ecosystem functioning, resilience and biodiversity (2). Kelps are important 

primary producers in coastal zones (2), supporting high secondary production, e.g., microbes, 

invertebrates, fish and mammals (3). However, kelps are sensitive to environmental changes, 

resulting in an alteration of their productivity and biomass production at local and global scales 

(4; 5). A change of kelp health has cascading ecological and economic consequences.  

Global climate changes become especially evident in the Arctic, with temperatures increasing far 

beyond the global average rate (6; 7). Thereby, high Arctic coastlines have become habitable for 

cold-temperate kelps, such as Saccharina latissima (8–10) and an overall future range expansion 

of kelps to higher latitudes is expected (11–13). Rising temperatures also result in accelerated 

glacial melt, thawing permafrost and higher precipitation rates (14–16) leading to higher 

discharge of freshwater and terrestrial material into Arctic fjords (17). These run-off plumes alter 

physical water conditions. Temperature and salinity differences between the run-off and marine 

water masses stratify the fjord water column, establishing strong gradients (18). Increased 

concentrations of suspended particles result in a darkening of Arctic fjords in summer (19–21). 

Changes of physical water conditions affect benthic primary producers in the adjacent 

ecosystems, which resulted in a shift in the kelp forest community and a reduced depth 

distribution in an Arctic fjord system since 1996 (22). 

Further, run-off alters the chemical properties of the water column, carrying nutrients, organic 

matter and littoral material into the fjord (23; 24) as well as a wide range of legacy pollutants 

stored during the last decades in the glacial ice (25). Increased dissolved element concentrations 

were shown in glacial run-off plumes in polar fjords (24), many of which act as micronutrients 

(26). Kelps were shown to have a high biosorption potential for ions from seawater (27). This 

results in high nutritional values of kelps due to the accumulation of bioactive compounds (28). 

However, increased concentrations of biologically harmful elements, such as dissolved mercury 

(dHg) were also detected in freshwater discharge (29) and fjord sediments (30). Kelps were 

shown to take up heavy metals (27; 31) intracellularly during their growth phase (32) or via cell 

wall incorporated alginates and fucoidan, which chelate heavy metals (27). The heavy metal ion 

uptake and accumulation are highly dependent on temperature, pH, dissolved metal 

concentration in the water column, presence of competing metal ions, and exposure time 

(reviewed by 32). A high mass fraction of biologically harmful metals (e.g., bCu, bPb) results in 

oxidative stress and could result in decreasing kelp performance, e.g., reduced growth rates (33).  

Kelps are a hotspot for microscopic biodiversity (34). The kelp-associated microbial communities 

can serve as an indicator for kelps health, as it is largely dependent on host conditions, changing 
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when the kelp is stressed (35; 36). Further, the microbial communities depend on abiotic factors 

(37). Heterotrophic bacteria provide a crucial link in the food web, connecting kelp primary 

production with kelp consumers, by degrading released particulate organic matter (38; 39). 

Hence, environmental changes affecting the kelp holobiont might have consequences for the 

entire food web and ecosystem.  

The aim of this in-situ study is to assess the impact of run-off on Arctic kelp holobionts functioning 

to draw conclusions on future Arctic coastal ecosystems and potential bioeconomic impacts. 

Therefore, we collected S. latissima sporophytes at the end of the run-off season in Billefjorden, 

Svalbard. We compared kelp samples that were influenced by glacial run-off (samples were 

collected with increasing distance to a sea-terminating glacier) or terrestrial run-off (samples 

were collected with increasing distance to a land-terminating glacier) to a control area (samples 

from relatively clear coastal water) (Figure 1A). We analysed the elemental composition of kelps, 

their biochemical response and associated microbial community and related these responses to 

physical and chemical water column mapping. The findings of our study have implications for 

present-day spatial as well as near-future temporal changes, and the work was guided by three 

hypotheses: I) We hypothesise that high concentrations of dissolved elements in run-off result in 

higher elemental mass fractions in kelps. II) As heavy metals, such as Cu and Pb, have been shown 

to lead to oxidative stress in algae (33), we expect high heavy metal mass fractions to correlate 

with higher antioxidant activities. III) We hypothesise that the kelp-associated microbial 

community will be influenced by different environmental and host conditions in the respective 

areas, resulting in altered microbial species composition. 

We found kelps accumulating elements from run-off discharge, correlating with biochemical 

responses and microbial community changes within a few kilometres area, indicating a high 

spatial ecological variability. While samples from the glacial and terrestrial run-off areas were 

more similar to each other compared to the control area, differences between them relate to near-

future changes in ecosystem functioning with glaciers retreating. High contents of biological 

harmful elements (e.g., bHg, bCd) in kelps at run-off dominated coastlines are likely to be 

bioavailable for the Arctic food web. Hence, harmful elements might biomagnify in higher trophic 

levels and be potentially passed on to humans. Changes in the kelp-associated microbial 

community indicated run-off to influence the holobionts health, their nutritional value, as well as 

changes in its elemental cycling. Concluding, we found kelps to be a potential biomonitor for the 

bioavailability of environmental metals and harmful elements in coastal ecosystems; the kelp-

associated microbiome could serve as biomonitor for the kelp health status and the ecosystem 

services of the kelp holobiont.  
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Results: 

For overview reasons, all statistical results are displayed in Table 1 (ANOVA) and are, therefore, 

not given in the text. Kelp parameters were analysed in response to sampling area (control area, 

glacial run-off area, terrestrial run-off area) and sampling station (A–I) (Figure 1A).  

 

Table 1: Statistical results of kelp responses. Results of Analysis of Variance (ANOVA) to evaluate the 

effect of sampling area or station as single fixed effects. Significant results are marked in bold. DPS: De-

epoxidation state of xanthophyll cycle pigments.  

Parameter Fixed 
effect 

numDF denDF F value P value 

Elemental mass fraction in kelps 
Aluminium (Al) Area 2 68 23.1 <0.001 

Station 8 61 10.6 <0.001 
Iron (Fe) Area 2 66 30.7 <0.001 

Station 8 61 9.1 <0.001 
Manganese (Mn) Area 2 67 20.6 <0.001 

Station 8 61 20.7 <0.001 
Copper (Cu) Area 2 69 13.2 <0.001 

Station 8 63 5.8 <0.001 
Cobalt (Co) Area 2 68 1.2 0.3 

Station 8 60 5.3 <0.001 
Cadmium (Cd) Area 2 69 5.6 0.006 

Station 8 63 2.9 0.007 
Lead (Pb) Area 2 68 16.1 <0.001 

Station 8 62 8.2 <0.001 
Mercury (Hg) Area 2 68 53.1 <0.001 

Station 8 61 28.8 <0.001 
Biochemistry 
Chlorophyll a Area 2 69 6.5 0.002 

Station 8 62 3.1 0.006 
DPS Area 2 68 14.5 <0.001 

Station 8 63 5.1 <0.001 
Antioxidant 
activity 

Area 2 69 8.5 <0.001 
Station 8 63 3.8 0.001 

Biodiversity indices 
Shannon 
entropy 

Area 2 64 7.0 0.002 
Station 8 57 5.4 <0.001 

Pielou evenness Area 2 63 15.5 <0.001 
Station 8 57 6.2 <0.001 

Relative abundance of microbial taxa 
Bacteroidetes Area 2 64 9.4 <0.001 

Station 8 58 5.77 0.001 
Proteobacteria Area 2 64 4.4 0.02 

Station 8 55 9.5 <0.001 
Alphaproteo-
bacteria 

Area 2 64 0.07 0.93 
Station 8 56 4.82 <0.001 

Gammaproteo-
bacteria 

Area 2 64 4.55 0.01 
Station 8 58 5.05 <0.001 
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Flavobacteria Area 2 64 12.2 <0.001 
Station 8 58 6.8 <0.001 

Tiotrichales Area 2 62 18.2 <0.001 
Station 8 56 4.42 <0.001 

Pirellulales Area 2 61 17.3 <0.001 
Station 8 55 5.74 <0.001 

Planctomycetes Area 2 61 17.3 <0.001 
Station 8 55 5.74 <0.001 

Saprospirales Area 2 64 3.7 0.03 
Station 8 56 3.3 0.003 

Rhodobacterales Area 2 64 0.07 0.93 
Station 8 56 4.8 <0.001 

Note: tested values are the means of replicates (Area: N=3; Station: N=6–9) numDF: numerator degrees of 

freedom. denDF: denominator degrees of freedom. 
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Abiotic parameters shown run-off influence 

Water column mapping revealed area-specific differences in the underwater light climate 

(Figure 1B; PAR, Kd, turbidity), as well as in temperature and salinity (Figure 1C). The water 

column of the control area was not stratified. In the control area, we detected a comparably high 

photosynthetically available radiation (PAR) at 5 m water depth (42.2±3.7 µmol photons m-2 s-1), 

hence low light attenuation (Kd; 0.22±0.01) as well as low turbidity values (0.5–1.6 NTU). 

Temperature ranges (6.3–6.7°C) were low. Highest salinities were measured in the control area 

(SA = 31.8). In both glacial and terrestrial run-off area, light intensities at 5 m water depth were 

lower and Kd and turbidity higher than in the control area (Glacial run-off area: 35.4±5.6 µmol 

photons m-2 s-1, 0.30±0.05; 1.0–3.6 NTU; Terrestrial run-off area: 30.7±2.8 µmol photons m-2 s-1, 

0.25±0.03; 0.9–3.0 NTU). Further, the water column was markedly stratified. Temperature and 

salinity values were lower towards the surface (~0–3 m), compared to 10 m water depth. 

Temperature amplitudes were highest in the glacier run-off area (6.0–6.8°C). Warmest 

temperatures were measured in the terrestrial run-off area (7.1°C). Salinity differences resembled 

temperature patterns, with lowest salinities close to the surface, increasing with increasing water 

depth. Lowest salinities were measured in the terrestrial run-off area (SA = 28.9).  
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Figure 1: Abiotic parameters at the study site in Billefjorden, Svalbard. A) Map of Billefjorden, 

Svalbard. Right upper corner: overview map of Svalbard; red rectangle: Billefjorden. A–C: Control area. D–

F: Glacial run-off area; NSB: Nordenskjölbreen. G–I: Terrestrial run-off area; ED: Ebbadalen; HD: 

Hørbyedalen; RD: Ragnardalen; PYR: Pyramiden (uninhabited miner’s settlement). Yellow points, A–I: 

Position of kelp sampling. Purple points: Positions of CTD/light measurements. Red arrows: direction of 

run-off inflow. Map: RStudio, PlotSvalbard (100). Satellite image fjord water: toposvalbard.npolar.no; 

06.02.2023. B, C) Section plots of abiotic conditions in sampling areas in Billefjorden (control, glacial run-

off, terrestrial run-off) from 0–10 m depth on 30th August 2022. Red arrow: direction of run-off inflow to 

the run-off areas. Note the different x-axis. Black dots (B) / white vertical lines (C): actual light/CTD 

measurements in water column. White areas within section plots: insufficient data to support model.  

B) Colour gradient: photosynthetically available radiation (PAR; µmol photons m-2 s-1; scale as log to 

highlight low PAR intensities). Contour: turbidity (NTU). Numbers above depth transects: light attenuation 

coefficient (Kd). C) Colour gradient: temperature (°C). Contour: salinity (SA).  
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Kelp elemental composition changes with run-off intensity 

Dissolved elements in the water column are marked as delement (Supplementary Figure 1), 

while the biological elements in kelps are noted as belement (Supplementary Figure 2). 

Dissolved element concentrations at 5 m water depth correlated positively with belement mass 

fraction in kelps. This correlation was significant for Mn (Figure 2A). Over all sampling stations, 

the macrominerals bK > bNa > bCa > bMg were the most abundant belements with mass fractions 

between ~5–80 mg gDW
-1 (Figure 2B). Rare earth elements (bLa–bLu) showed higher mass 

fractions in kelps that were influenced by run-off inflow, compared to the control area. The ratio 

between biological and dissolved rare earth elements ranged between 920 in Ho and 48500 in Ce 

(Figure 2C). The mean cumulative mass fraction of all rare earth elements ranged between  

1.06–4.63 µg gDW
-1.  

The mass fractions of bAl, bFe, bMn, bCu, bCo, bCd, bPb and bHg (µg gDW
-1) can be seen in 

Figure 2D. Except for bCo, all element mass fractions were significantly affected by sampling area. 

For each area, distinct overall patterns were observed: Control area: the mean mass fraction of all 

belements was lowest. Except for bCo, there are no significant mass fraction differences within 

the area, independent of the sampling station. Glacial run-off area: The belemental mass fraction 

at sampling station E was significantly lower compared to D or F for all elements except bCd and 

bHg. Except for bAl, bMn and bCd, there was a trend of decreasing element mass fraction with 

increasing distance to the meltwater run-off inflow. Terrestrial run-off area: compared to the 

other areas, mean element mass fractions were highest, except for bFe, bCd and bPb. Within the 

area, elemental mass fractions were significantly decreasing with increasing distance to the 

meltwater run-off inflow, except for bMn and bCd. The bHg mass fraction in the terrestrial run-off 

area had the highest relative difference to the other areas, being ~60 % higher compared to the 

glacial run-off area and ~72 % higher compared to the control area.  
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Figure 2: Element mass fraction in kelps. The elemental mass fraction in S. latissima was analysed in 

response to control (purple, ABC), glacial run-off (green, DEF) and terrestrial run-off area (orange, GHI) in 

Billefjorden (N=6-9 per sampling station). DEF and GHI are ordered with increasing distance to run-off 

inflow (see Figure 1A; distance between sampling stations A–I on x-axis are not to scale). A) Pearson 

correlation coefficient r between dissolved element concentrations in the water column (5 m depth) and 

element mass fractions in kelps. Asterisk: Significant correlation (* P<0.05). B) bElement mass fraction of 

macrominerals (mg gDW-1) in kelps. C) Ratio between biological (µg gDW–1) and dissolved (µg mL-1) rare earth 

elements (REE; 88). Right side of the plot: mean cumulative REEs per sampling station (µg gDW-1). D) bMetal 

mass fraction (µg gDW-1). Linear trend line: visualisation of elemental mass fraction (µg gDW-1) gradient in 

sampling area. Grey area: 95 % confidence interval. Different letters within plots: significances between 

sampling area. Cd subplot: Maximum levels (ML) after Banach et al. (79), based on French recommendations 

(105). 
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Kelp biochemical composition changes with run-off intensity 

The chlorophyll a content was significantly affected by sampling area and station (Figure 3A). 

Mean kelp chlorophyll a of the sampling stations ranged between 232–431 µg gDW-1. The 

chlorophyll a content was significantly higher in the glacial run-off area (384±173 µg gDW-1) 

compared to the control (258±74 µg gDW-1) and terrestrial run-off area (282±121 µg gDW–1). Within 

the areas, no overall pattern could be detected.  

The de-epoxidation state of xanthophyll cycle pigments (DPS) varied significantly among all areas 

(Figure 3B). DPS was highest in the terrestrial run-off area (0.20±0.07) and lowest in the glacial 

run-off area (0.10±0.04). Within the glacial run-off area, DPS significantly decreased with 

increasing distance to the run-off inflow. Within the terrestrial run-off area, this was seen as a 

trend.  

The antioxidant activity (Figure 3C) differed significantly between areas, being higher in the 

control area (204±52 TE mM 100 mgDW
-1) than in the glacial (181±44 TE mM 100 mgDW

-1) and the 

terrestrial run-off area (152±36 TE mM 100 mgDW-1). We detected no significant differences within 

the run-off areas. 

 

Figure 3: Biochemical response of kelps. The kelps biochemical response was analysed in response to 

control (purple, ABC), glacial run-off (green, DEF) and terrestrial run-off area (orange, GHI) in Billefjorden 

(N=6-9 per sampling station). DEF and GHI are ordered with increasing distance to run-off inflow (see 

Figure 1A; distance between sampling stations A–I on x-axis are not to scale). Different letters within plots: 

significances between each area. Linear trend line: visualisation of biochemical composition gradient in 

sampling area. Grey area: 95 % confidence interval. A) Chlorophyll a (µg gDW-1). B) DPS: De-epoxidation 

state of xanthophyll cycle pigments. C) AOA: Antioxidant activity (TE mM 100 mgDW-1).  

 

Kelp-associated microbial community changes with run-off intensity 

Across all samples, we identified 4457 Amplicon Sequence Variants (ASVs). Both Shannon entropy 

and Pielou evenness were significantly affected by sampling area, being lower in the control area 

compared to the glacial and terrestrial run-off area (Figure 4A, B).  

Kelp-associated microbial communities showed distinct clustering between areas (Figure 4C). All 

microbial taxa were significantly affected by sampling area and station (P<0.05), except the class 
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Alphaproteobacteria and the order Rhodobacterales. Most significances between sampling 

stations were across areas, hence, showing no clear patterns within areas. All kelp-associated 

microbial communities were dominated by Proteobacteria (especially Gammaproteobacteria) 

and Bacteriodetes (~58 %; Figure 4D). Their abundance was highest in the control area, 

compared to the glacial and terrestrial run-off area. The same pattern was observed for 

Flavobacteria (Control: 28.2±12.6 %; Glacial run-off: 14.4±9.7 %; Terrestrial run-off: 16.2±7.8 %) 

and Tiotrichales (Control: 15.1±10.9 %; Glacial run-off: 4.8±4 %; Terrestrial run-off: 3.1±3.5 %). 

Planctomycetes (Control: 4.4±2.9 %; Glacial run-off: 12.9±4.9 %; Terrestrial run-off: 10.7±6.1 %) 

had a lower abundance in the control area compared to the run-off dominated areas. The 

Saprospirae differed significantly between glacial (8.1±6.7 %) and terrestrial run-off area (4.2±4.1 

%), both not differing significantly compared to the control area (5.5±3.3 %). The 

Rhodobacterales showed no spatial variation in their abundance. The relative abundance of the 

free-living microbial community is displayed in Supplementary Figure 3.  

Figure 4: Kelp-associated microbial community. The microbial community was analysed in response to 

control (purple, ABC), glacial run-off (green, DEF) and terrestrial run-off area (orange, GHI) in Billefjorden 

(N=6-9 per sampling station). DEF and GHI are ordered with increasing distance to run-off inflow (Figure 

1A; distance between sampling stations A–I on x-axis are not to scale). Different letters within plots: 

significances between sampling areas. A, B) Linear trend line: visualisation of diversity indices in sampling 

areas. Grey area: 95 % confidence interval. A) Shannon diversity index. B) Pielou evenness. C) Non-metric 

multidimensional scaling (nMDS) ordinations showing the relative abundance of kelp-associated microbial 

groups in each area based on Bray-Curtis dissimilarities (stress value ≤ 0.05). D) Heatmap showing the 

mean relative abundance of kelp-associated microbial community taxa (≥ 1%) in each sampling area.  
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High ecological variability between run-off systems 

Kelps significantly differed in their elemental composition, biochemical response, and associated 

microbial community (Figure 5). Their clustering coincided with spatial changes of run-off 

intensity and associated water parameters (e.g., temperature, light availability, dissolved element 

concentrations). Responses of kelps from glacial run-off and terrestrial run-off areas were more 

similar to each other than to the control area. Metal mass fractions in kelps correlated positively 

with each other and negatively with the relative abundance of microbial taxa, with many of the 

correlations being significant. The antioxidant activity correlated negatively with metal mass 

fraction in kelps, which was significant for Hg and Mn.  

 

Figure 5: Correlations between response parameters. A) Linear dependency between kelp response 

parameters. Colour scale: Pearson correlation co-efficient (r). Asterisk: significance of correlation  

(*: P<0.05; **: P<0.01; ***: P<0.001. B) Non-metric multidimensional scaling (nMDS) ordinations showing 

kelp responses based on Bray-Curtis dissimilarities. AOA: Antioxidant activity. Significant vectors: solid 

arrow, larger labelling (stress value ≤ 0.01). Non-significant vectors: dashed arrow, smaller labelling. 
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Discussion:  

In the Arctic, global climate change causes glaciers and permafrost to melt, and increases 

precipitation rates (14–16), resulting in extensive run-off plumes dominating many coastal areas 

(20). Run-off plume differences relate both to present-day spatial variations, with the run-off 

plume influence being highest in the inner fjord region (18), as well as near-future temporal 

changes, with glaciers retreating (40; 41). Run-off plumes were shown to change the water 

column physical parameters and carry nutrients, but also be the origin of harmful elements, such 

as heavy metals (23; 42; 43). Along Arctic rocky coastlines, kelp holobionts function as foundation 

species, providing the basis for many associated species. If and how kelp holobiont health and 

functioning changes with variation in run-off is largely unknown, even though their responses can 

have cascading consequences for the entire ecosystem (38; 39). 

We found the element content, biochemistry and associated microbial community of Saccharina 

latissima to strongly respond to changes in run-off influence (clear water vs. glacial and terrestrial 

run-off), implying high ecological variability between run-off systems (Figure 5, 6). We found the 

dissolved element concentration in the water column to correlate positively with element mass 

fractions in S. latissima specimens, indicating run-off origin, hence, supporting Hypothesis I. The 

element mass fractions in kelps correlated negatively with the antioxidant activity, contradicting 

Hypothesis II. This might be due to the degradation of antioxidants due to chronic heavy metal 

exposure (44). We detected significantly different abundances of many kelp-associated microbial 

taxa, correlating negatively with belement mass fraction. Altered relative abundances of the 

microbial community relate to changes in nutritional value of kelps and the ecosystems elemental, 

e.g., carbon, cycling (Hypothesis III). 

In this interdisciplinary approach, we highlight the complexity of ecological interactions, 

presenting new connections and implications of run-off influence on Arctic coastal ecosystem 

functioning. In the following, we discuss the possible ecological consequences and present 

potential bio-economical perspectives of our findings. As run-off is predicted to accelerate in the 

future, the run-off induced change in Arctic coastal ecosystems is likely to intensify. 
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Figure 6: Run-off influence on Arctic coastal ecosystem functioning and bioeconomy. The target areas 

of this study (control area, glacial run-off, terrestrial run-off) relate both to present-day spatial differences, 

as well as near-future temporal changes, when glaciers retreat. Responding to the sum of environmental 

conditions in each area (temperature, salinity, light availability, dissolved element concentration), we found 

significant changes in the kelp element content, biochemistry, and associated microbial community. While 

we cannot prove the causal dependency between the response parameters (but only correlations), their 

individual changes pose extensive consequences for high trophic levels, the ecosystem element cycling, but 

also bioeconomic potential.  

 

Ecosystem functioning 

By mapping the environmental conditions of the water column within each area, we validated run-

off presence in the glacial and terrestrial run-off area, detecting a stratified water column. In 

contrast, the water column in the control area was well-mixed. The generally small temperature 

and salinity amplitudes in all areas (Figure 1) can be attributed to the sampling campaign being 

conducted in late August, hence, at the end of the run-off season (45) with weak run-off plumes 

being present. However, the sampled kelps were exposed to the environmental conditions of their 

respective area during the entire run-off season. Hence, we argue that our chosen sampling areas 

are suitable to draw general conclusions about run-off effects on Arctic kelp holobiont functioning.  

Being exposed to different environmental conditions such as light, temperature, salinity and 

dissolved element concentrations, we found S. latissima to strongly respond to the environmental 

conditions at the different sampling areas (Figure 5B) (often even sampling stations). This 

confirms the conclusion of Diehl et al. (46), reviewing that S. latissima is highly plastic in its 

environmental response. The significant variations across all measured kelp responses implies 

high ecological variability between run-off systems.  
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Seaweeds have long been known for their ability to accumulate ions from the surrounding water 

column (47). We confirmed this by showing that the mass fraction of all elements in kelps 

correlated positively with dissolved elements in the water column (Figure 2A). The positive 

correlation indicates that the belements were accumulated from run-off discharge. The 

correlation was only significant for Mn. We attribute this to the high variability of run-off plumes 

and the dissolved element concentrations being only a point measurement of the whole run-off 

season. The accumulation of ions makes seaweeds good food sources for macrominerals, e.g., bNa, 

bMg, bK and bCa, which we detected to be the most abundant belements in kelps (31; 48) 

(Figure 2B). Further, we found higher metal mass fractions with higher run-off influence, such as 

bAl, bFe, bMn, bCu, bCo (Figure 2D). Many metals have physiological roles in algae, e.g., are used 

to stabilise protein structures, catalyse enzymatic reactions or facilitate electron transport (49). 

Twining & Baines (26) review the requirements of trace metals for marine phytoplankton, e.g., 

describing bFe and bMn to be essential in the photosynthetic electron transport chain. Overall, the 

concentration of these essential (trace) metals in the ocean is low and can even limit primary 

production (50). As Arctic run-off plumes are characterised by increased concentrations of trace 

metals (11; 29), these habitats might be attractive for algae. However, we also detected harmful 

elements, such as bCd and bPb in the run-off influenced kelps. Thereby, the toxicity of metals 

seems to be related to the production of reactive oxygen species and an unbalanced cellular redox 

status (51). Generally, seaweeds are able to accumulate a certain amount of heavy metals without 

any toxic effect, as their polysaccharides chelate them (47). Nevertheless, negative effects of heavy 

metals on their morphology, growth, or photosynthetic and metabolic processes have been 

described. Cd, Pb or Hg can substitute essential trace elements in proteins or enzymes (52), and 

we found them in significantly higher mass fraction in the run-off influenced kelps compared to 

the control area. In freshwater green algae, Al was described to lead to chloroses, necrosis and 

tissue weakening (53). The interactive stress of Cu and Cd treatments resulted in overall reduced 

growth in Macrocystis pyrifera (54). Kumar et al. (55) described cascading antioxidant responses 

to mitigate Cd toxicity in the green alga Ulva lactuca. Ahamad & Shuhanija (56) reported severe 

reductions of the maximum quantum yield of photosystem II and membrane disruption as 

response of a red alga to an increased Hg mass fraction. Costa et al. (33) classified Cu and Pb as 

stress factors for Sargassum cymosum, becoming evident in reduced growth rates, an increase in 

phenolic compounds acting as antioxidants, and inhibition of the electron transport rate, despite 

higher chlorophyll a content. In this study, the chlorophyll a content was significantly higher in 

the glacial run-off area (Figure 3A); however, this might also be due to other abiotic parameters, 

e.g., reduced light availability in run-off plumes (Figure 1B; 57). Further, we found the antioxidant 

activity to be significantly lower in the run-off areas (Figure 3C). This might either be due to 

reduced light availability in the run-off plumes, leading to less oxidative stress (58), or chronic 
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heavy metal exposure, resulting in oxidative degradation of antioxidants (44). We conclude that 

the sum of abiotic factors in the study areas conditioned kelps. The environmental differences 

and/or altered host conditions might be the reason for changes in the relative abundance of many 

microbial taxa (35). 

Generally, the macroalgal surface is an attractive substrate for heterotrophic microbial 

communities, as macroalgae generate oxygen during photosynthesis and further excrete carbon-

rich mucus (59). Marzinelli et al. (35) described the microbial community from stressed Ecklonia 

radiata individuals to be more similar to each other than to unstressed individuals, which was 

also confirmed by Burgunter-Delamare et al. (36) for S. latissima. We also found the relative 

abundance of the kelp-associated microbial taxa to depend strongly on the area the kelps were 

sampled in, with the microbial communities from the two run-off areas clustering closer 

compared to the control area (Figure 4C). Thereby, the Shannon and Pielou indices (Figure 4A, 

B) were lower in the run-off areas compared to the control area, indicating a reduced species 

richness and evenness. Cundell et al. (60) stated that the kelp-associated microbial community is 

not directly related to the free-living microbial community in the water column. We also found 

distinct differences between the kelp-associated and free-living microbial community, e.g., the 

absence of Planctomycetes in the water column (Supplementary Figure 3). Bacteroides, 

Alphaproteobacteria, and Gammaproteobacteria are considered to be among the most common 

taxa for macroalgae (59; 61), which we also confirmed in this study. Rhodobacterales have been 

described as early colonizers of marine surfaces, with the ability to fix nitrogen (62). We detected 

no significant difference in Rhodobacterales between sampling areas. As we used the kelp surface 

above the meristem for epiphytic microbial analyses, we assume a later stage of microbial 

succession on the kelp tissue. High abundances of Planctomycetes have been described to be 

associated with Laminaria hyperborea and Saccharina latissima (36; 61; 63). Planctomycetes have 

a high number of sulfatases, genes that are described to degrade sulphated polysaccharides (64). 

Saprospiraceae were also described to play an important role in metabolising complex carbon 

resources (65). We detected them to have highest abundances in the glacial run-off area.  

While this study can neither untangle which (interacting) environmental parameter(s) triggered 

which kelp response, nor prove a causal link between kelp responses, but only correlations, our 

data clearly show high variability in kelp holobiont composition and functioning between run-off 

systems. This highlights the complexity of kelp responses to Arctic climate change.  

Environmental implications 

Being primary producers, kelps serve as food sources for many associated species along Arctic 

coastlines. As also shown in this study, Pinto et al. (51) stated that algae accumulate heavy metals 

at chronic exposure. As a consequence, they found the algae pass on heavy metals to higher trophic 
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levels, indicating bioavailability. The ingestion of metal contaminated kelps was shown to have 

negative impacts on the fitness of grazers, such as sea urchins (i.e., growth, fertility, development; 

66) and might result in bioaccumulation and biomagnification of heavy metals across the Arctic 

food web, which could already be shown for bHg (67; 68). As we found the bHg mass fractions in 

the terrestrial run-off area to be 60–70 % higher compared to the other areas, the 

biomagnification of bHg across the food web might be increased when glaciers retreat on land. 

Altered pigment composition and consequently photosynthetic output can alter the kelps carbon 

metabolism (69). Differences in the kelps carbon to nitrogen ratio change the food quality of kelps 

(70). Further, altered relative abundances of microbial taxa being related to metabolising complex 

carbohydrates might have consequences for the food web. Brown algae are excreting sulphated 

polysaccharides as mucus, e.g., fucoidan (71), which are important for micrograzers and filter-

feeders. However, due to its complex structure, fucoidan has been described to be difficult to 

degrade and be stable over centuries in sediments (72). Hence, Buck-Wiese et al. (72) have 

proposed fucoidan to contribute an underestimated proportion of kelp related blue carbon. 

Planctomycetes use fucoidan as a carbon source (63). Due to their ability to break down complex 

sugars, they serve as a crucial link in the food web, contributing to the nutritional value of kelps 

(38). We found Planctomycetes to have a significantly higher abundance in run-off dominated 

areas compared to the control area. This indicates a higher nutritional value of kelps; however, it 

might alter the ecosystem elemental cycling and eventually decrease kelp carbon sequestration.  

Being at the basis of the food web and responding strongly to dissolved elements, macroalgae 

have long been proposed as biomonitors for the bioavailability of heavy metals. Commonly used 

macroalgae for bioindication are, for example Ulva, Porphyra, and Fucus (73). Biomonitors offer 

a direct, time-integrated proxy for the bioavailability of heavy metals in its environment. Our 

study shows a high potential to use S. latissima as passive biomonitoring organism for heavy 

metals, being a sedentary and cosmopolitan species that is easy to taxonomically identify (46). 

Thereby, age-related exposure time of different phylloid parts have to be considered. While the 

use of bioindicators poses some risk of under- or overestimating the bioavailability of certain 

elements due to biological, specific selection, a relative comparison between sites can be 

performed, as shown by our study or Kim et al. (74), using S. latissima to biomonitor heavy metals 

in the New York region, USA.  

To assess the health status of kelps, Burgunter-Delamare et al. (36) propose the development of a 

kelp’s microbiome as a bioindicator. They found distinct differences between healthy and 

diseased S. latissima on amplicon sequence variant (ASV) level. We confirm the potential of using 

altered microbial communities to resolve environmental influences. While kelp individuals from 

all sampling stations looked healthy, showing no external sign of physiological stress like 



3       Publication II 
_______________________________________________________________________________________________________________ 

 
92 

extensive areas of degradation, the associated microbial community responded to the sum of 

abiotic factors and changes in host conditions. In this context, we emphasise the necessity to 

conduct studies assessing kelp holobiont functioning in ecological studies. It has long been 

suggested to study holobionts as one unit, as the microbiome shapes the host’s development, 

morphology, fitness and physiology (reviewed by 75). In this study, we found that altered relative 

abundances of microbial taxa has consequences for the functional profile of the kelp-associated 

microbial community, likely responding to host conditions in the respective sampling areas. 

Higher abundances of certain microbial strains (e.g., Planctomycetes) might also alter the 

ecosystem services of kelps.  

Bio-economical perspectives 

The high biosorption potential of kelps holds both risks and potentials for high-latitude bio-

economical perspectives. Thereby, further studies have to be conducted to assess the general and 

local feasibility and ecological consequences of these bioeconomic perspectives. The following 

discussion is, therefore, neither a risk assessment nor does it provide (policy-based) 

recommendations for management. However, we specifically advise against the harvest of wild 

kelp populations, given their crucial ecological role.  

In the near future, over 2 billion people are expected to face food insecurity due to climatic and 

anthropogenic changes (76). Seaweeds have the possibility to increase food yields (76). As high-

latitude fjords become tolerable for temperate kelp species with ongoing climate change, 

seaweeds for human consumption have been discussed to be a sustainable livelihood possibility 

(31). Thereby, their biosorption potential of heavy metals has to be considered. Currently, 

European Union legislation concerning heavy metal maximum levels in kelps is limited, with an 

exception of France (77). Kreissig et al. (31) evaluated the trace metal content of different 

seaweed groups in Greenland. Even though they found mass fractions of I and Cd to exceed the 

stricter French regulations, they classified Arctic kelps as promising food source. Shaughnessy et 

al. (78) found Cd and As levels in S. latissima to reach critical levels for consumption. While we 

also found the Cd mass fractions of S. latissima to exceed the French regulations of 0.5 µg gDW
-1 in 

all samples, levels for Pb, Hg, Mn, and Fe were below maximum levels (79). Thereby, the significant 

differences in kelp metal content within a small area (Figure 1A, 2D) are noteworthy and have to 

be considered regarding the location to implement high-latitude maricultures and the evaluation 

of the best suited harvest time.  

While the biosorption of heavy metals poses a possible risk for food consumption, the cultivation 

of S. latissima in areas with high heavy metal load may serve as biomitigation measure, extracting 

heavy metals from the water column (32). Costa et al. (80) highlighted that competition with 

different ions was minor in macroalgae. Hence, they offer an ecologically safe, cheap, and more 
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efficient method to decontaminate wastewater (32). We argue that harvesting cultivated 

S. latissima in Arctic fjords being dominated by run-off discharge might be a possibility to reduce 

biologically harmful element biomagnification (e.g., bHg) across the Arctic food web. Further, 

harvesting cultivated kelps in fjords with high run-off and metal load might pose an eco-friendly 

method for rare earth element mining (algal mining; 81). We found that rare earth element 

content (bLa–bLu) responded strongly to sampling station, showing the ratio between biological 

and dissolved element content to be in the magnitude of 104 (Figure 2C). It has to be considered 

that this ratio depicts a momentary condition during the sampling time, as dissolved element 

concentrations in run-off are highly variable (23). Measuring mean cumulative rare earth element 

mass fraction, a maximum of 4.3 mg kgDW-1 was reached. The possibility of phytomining rare earth 

elements was experimentally tested (e.g., 33; 82) in several macroalgal species, who highlighted 

the capabilities of macroalgae as universal biosorbent for rare earth elements. All studies 

recorded a high species dependency of the biosorption potential.  
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Methods:  

Experimental design 

This study was conducted using in-situ samples of the kelp Saccharina latissima from Billefjorden. 

Billefjorden is located on the west coast of Spitsbergen at 78°N. The region between Brucebyen 

and Kapp Ekholm (Figure 1; A–C) is mostly characterised by relatively clear coastal water. The 

Nordenskjölbreen glacier (NSB) is terminating into Adolfbukta, discharging glacial run-off 

(Figure 1; D–F) (83). Petuniabukta (northernmost bay) is characterised by terrestrial run-off 

gathered by Hørbyedalen, Ragnardalen and Ebbadalen (Figure 1; G–I) (84).  

Water column mapping was conducted during mid-day on 30th August 2023. We measured five 

stations (0–10 m depth; Figure 1; purple points) within each area, in proximity to, and in between, 

kelp sampling stations (Figure 1; yellow points).  

Kelp samples were collected between the 22–30 August 2022. In each area, similar-sized 

sporophytes of S. latissima were sampled at three sampling stations with a plant rake (Plant rake 

19.000, acc. to Sigurd Olsen, KC Denmark, Silkeborg, Denmark) at 5±2 m water depth. A schematic 

overview of the kelp and water sample preparation in the lab is provided in Supplementary 

Figure 4 and 5. 

Physical water parameters 

We measured spectrally downwelling irradiance (RAMSES-ACC-UV/VIS radiometer, TriOS Optical 

Sensor, Oldenburg, Germany) from 400–700 nm in water depths from 0–10 m (alternative 

calibration). The irradiance of each wavelength was measured. Conversion from mW m-2 nm-1 to 

µmol photons m-2 s-1 and PAR integration were performed after Niedzwiedz & Bischof (21). The 

light attenuation coefficient (Kd) was calculated for the PAR after Hanelt et al. (85), between the 

surface and 5 m water depth. 

CTD profiles were measured with a SWiFT CTDplus Turbidity (Valeport, St Peters Quay, United 

Kingdom). On each CTD profile, we measured temperature (°C), salinity, and turbidity (NTU). 

Outliers were removed from the raw data. Trimmed data were smoothed by the median for each 

full meter.  

Elemental composition 

A detailed description of all preparatory work and instrument settings are provided as supporting 

information. Limits of detection (LODs) and limits of quantification (LOQs) were calculated 

according to DIN 32645:2008-11 based on method blanks, with LOD defined as 3×standard 

deviation (SD) and LOQ as 10×SD. 

Water samples for delement concentration were taken along with the kelp samples from 5 m 

depth (Figure 1A, yellow points), with a trace metal free Niskin bottle (KC Denmark, Silkeborg, 
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Denmark). Four technical replicates of water samples were filtered (DigiFILTER 

polytetrafluoroethylene (PTFE) membrane, 0.45 μm pore size, PerkinElmer; Waltham, USA) and 

stabilised using 100 µL concentrated HNO3. dElements were measured by using a seaFAST SP2 

system (Elemental Scientific; Omaha, USA) coupled online to a triple quadrupole ICP-MS/MS 

system (Agilent 8900, Agilent Technologies; Tokyo, Japan). Analytes were preconcentrated on two 

columns filled with Nobias chelate-PA1 resin (HITACHI High-Tech Fielding Corporation; Tokyo, 

Japan) buffered by 4 mol L-1 ammonia acetate buffer (pH = 6.0 ± 0.2) and eluted with 1.5 mol L-1 

HNO3. To correct for instrumental drift, a 1 µg L-1 Niob (Nb) solution was used as an internal 

standard. Certified reference material AQUA-1, SLEW-4 and NASS-7 (National Research Council 

Canada; Ottawa, Canada) were used for method validation (recovery rates; LOD; LOQ: 

Supplementary Table 1).  

Kelp material (~10 cm wide stripe above meristem) for belement analyses, was rinsed with 

ultrapure water and freeze-dried, before powdering and homogenising with a ball mill (Agate; 

Planeten Kugelmühle PM400, Retsch; Düsseldorf, Germany). Of each sample, 100 mg of three 

technical replicates were weighed into 55 mL TFM (modified PTFE) digestion vessels. For 

digestion, 0.1 mL HBF4, 5 mL HNO3, 2 mL HCl and 1 mL H2O2 were added (adapted from 86) and 

TFM vessels were placed in a closed-vessel microwave-assisted digestion system (Mars 6, CEM 

Corporation; Matthews, USA). The microwave was set to reach a maximum of 200°C after a 

suitable and efficient temperature ramping (Supplementary Table 2). The sample digests were 

quantitatively transferred into 50 mL DigiTubes and diluted to 50 mL with ultrapure water. Along 

with each batch, two blank digestion vessels containing only reagents were processed to monitor 

procedural contaminations and carry-over effects. For method validation, CRM NIST-3232 (Kelp 

powder Thallus laminariae, National Institute of Standards and Technology, Gaithersburg, USA) 

was digested under the same conditions (recovery rates; LOD; LOQ: Supplementary Table 3). 

The digested samples were measured with a triple quadrupole ICP-MS/MS system (Agilent 8800, 

Agilent Technologies; Tokyo, Japan) coupled to an ESI SC-4DX FAST autosampler (Elemental 

Scientific; Omaha, USA). The recovery of all certified elements was between 80–120 %. The 

standard deviation of all non-certified elements between measurements was 2–90 % of the mean 

(Supplementary Table 3).  

Ratio belements : delements. To estimate the transfer potential of rare earth elements from the 

water column to kelps (87), we calculated the ratio of biological rare earth element mass fraction 

(µg gDW
–1) to dissolved element concentration in 5 m water depth (µg mL-1) (88).  

Biochemical composition 

Algal pigment content responds to light availability and cellular energy requirements (89). 

Pigment composition was determined after Koch et al. (90). 30 mg silica-dried, powdered, 
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meristematic material (N=6–9) were analysed and dark extracted in 1 mL 90 % acetone for 24 h 

at 4°C. The filtered supernatant was analysed by a High-Performance Liquid Choromatography 

(HPLC; LaChromElite® system, L-2200 autosampler (chilled), DA-detector L-2450; VWR-Hitachi 

International GmbH, Darmstadt, Germany). The pigments were separated after a gradient 

according to Wright et al. (91), by a Spherisorb® ODS-2 column (250×4.6 mm, 5 µm; Waters, 

Milford, MA, USA). Respective standards were used to identify and quantify pigment peaks (DHI 

Lab Products, Hørsholm, Denmark). The accessory pigments were calculated as the sum of 

chlorophyll c, fucoxanthin and β-carotene. The ratio of accessory pigments to chlorophyll a was 

calculated. Pigment contents were calculated in µg gDW-1. The de-epoxidation state of xanthophyll 

cycle pigments (DPS) was calculated after Colombo-Pallotta et al. (92).  

Antioxidants serve as a mechanism of protection against abiotic stressors (58). Antioxidant 

activity was determined after Re et al. (93), following the ABTS·+ (2,2’-azino-bis-3-

ethylbenzthiazoline-6-sulphonic acid, 7 mM in biDest H2O) assay. One aliquot of 50 mg silica-

dried, powdered, meristematic material (N=6–9) was dark extracted in 1 mL 70 % ethanol for 4 h 

at 47°C. 10 µL of the supernatant were mixed with 1 mL ABTS·+-working-standard (absorption 

range: 0.740±0.01;734 nm). The absorption (734 nm) was measured after 6 min incubation. 

Antioxidant activity was calculated as Trolox-equivalents (TE) by calibrating the ABTS·+-working-

solution with a Trolox dilution series (6-hydroxy-2,5,7,8-tetramethychroman-2-carboxylic acid; 

2.5 mM in 70 % ethanol).  

Microbial community 

An area of 10×10 cm above the meristem was swabbed with a sterile cotton swab and immediately 

frozen at -80°C until analysis. Bacterial DNA was extracted using the QIAamp DNA Mini Kit 

(QIAGEN, Hilden, Germany) following the manufacturer’s instructions. Qubit (ThermoFisher 

Scientific, Darmstadt, Germany) was used to detect the concentrations of extracted DNA. For 

microbial community composition analysis, the V4–V5 regions (515F: 5’-

GTGCCAGCMGCCGCGGTAA-3’ and 907R: 5’-CCGTCAATTCMTTTRAGTTT-3’) of the bacterial 16S 

rRNA gene from DNA extracts were amplified using the PCR procedure (94; 95). Quantified 

amplicons were sequenced using the Illumina Nova platform (Shanghai Hanyu Biotech lab, 

Shanghai, China), generating 250 bp paired-end reads. Raw reads were quality filtered using 

Trimmomatic (v.39) with standard parameters (96). Amplicon Sequence Variant (ASV) were 

clustered based on high-quality sequences with a 100 % similarity and taxonomically classified 

based on the Greengenes database (v13.8) (97). To ensure comparability of subsequent analysis, 

these ASVs were rarified to 49,918 sequences per sample for α diversity analyses.  

 

 



3       Publication II 
_______________________________________________________________________________________________________________ 

 
97 

Statistical analysis 

All statistical analyses were run in RStudio (V 2023.12.1 using R-4.3.2-win; 98). Data were 

evaluated and plotted within “tidyverse” (99). Section plots and maps were created with 

“PlotSvalbard” (100). All reported values were rounded to significant digits.  

The normality (Shapiro-Wilk text, P>0.05) and homoscedasticity (Levene’s test, P>0.05) of the 

raw data and model’s residuals were tested. Outliers were removed from the dataset, if they were 

classified as extreme (function: identify_outliers; package: rstatix; 101). As the data met 

requirements, a linear model was fit on each parameter (function: lm; package: stats; 98). 

Sampling area and station were modelled as single fixed effect, to analyse spatial differences of 

kelp responses. Analysis of variance was tested on the model by using the “anova” function. 

Pairwise performance (function: emmeans; package: emmeans; 102) was used to calculate the 

degrees of freedom, with Tukey adjustment of the p-value. Pearson correlation analyses were 

calculated (function: cor.test; package: stats; 98). Correlogram was plotted using the ggcorr-

function (package: GGally; 103). 

Using non-metric multidimensional scaling (nMDS), kelp population structures between areas 

were tested, based on Bray-Curtis dissimilarities. Variables were fit onto unconstrained 

ordinations (function: envfit; package: vegan, 104) to explore relationships between kelp 

responses and environmental drivers. 

 

Data availability:  

All data supporting this study are openly available. Water parameters (temperature, salinity, 

turbidity, available light, element concentration): 

https://doi.pangaea.de/10.1594/PANGAEA.968625 

Kelp responses (pigments, antioxidant activity, elemental mass fraction): 

https://doi.pangaea.de/10.1594/PANGAEA.968627 

Elemental content of certified reference material is provided as Supporting information.  

The microbial sequences obtained in this study have been deposited in the NCBI SRA database 

under the ID number: PRJNA1097779 

 

https://doi.pangaea.de/10.1594/PANGAEA.968625
https://doi.pangaea.de/10.1594/PANGAEA.968627
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Supplementary Methods 

Preparatory laboratory work 

Preparatory laboratory work was performed in a class 10000 or 1000 clean room. Type I reagent-

grade water (18.2 MΩ cm, ultrapure water) was obtained from a Milli-Q Integral water 

purification system equipped with a Q-Pod Element and a 100 nm endfilter (Merck; Darmstadt, 

Germany). P.a. grade concentrated nitric acid (HNO3; ROTIPURAN®, w = 65 %, Carl Roth 

GmbH + Co. KG; Karlsruhe, Germany) and hydrochloric acid (HCl; ROTIPURAN®, w = 37 %,  

Carl Roth GmbH + Co. KG; Karlsruhe, Germany) were purified by double sub-boiling using a 

perfluoroalkoxy alkane (PFA) acid purification systems (Savillex; Eden Prairie, USA) operated 

under clean room conditions. Glacial acetic acid (C₂H₄O₂; Optima™, Fisher Scientific GmbH; 

Schwerte, Germany), Ammonia solution (NH3; Optima™, w = 20–22 %, Fisher Scientific; Schwerte, 

Germany), hydrogen peroxide solution (H2O2; ROTIPURAN® Ultra, w = 31 %, Carl Roth 

GmbH + Co. KG; Karlsruhe, Germany) and tetrafluoroboric acid (HBF4; ultrapure, w = 38 %,  

Chem-lab NV; Zedelgem, Belgium) were used without further purification. For quantification of 

analytes, external calibrations were performed using single element standards (Carl Roth GmbH; 

Karlsruhe, Germany or Sigma-Aldrich; Missouri, USA) and custom-made multi-element standards 

(all traceable to NIST standards) of different compositions (Inorganic Ventures; Christiansburg, 

USA) to cover the targeted analyte concentration ranges. All plastic consumables were  

pre-cleaned in solutions of HNO3 (w = 1–2 %) for a minimum of one week and rinsed with 

ultrapure water prior to use. Microwave digestion vessels were cleaned (2×) in a steam cleaner at 

90°C for 8 h (65 % HNO3; Easy Trace Cleaner Evolution II, ANALAB, Paris, France). 

 

Analysis of dissolved elements in water samples 

Water samples (elemental composition, microbial community) were taken along with the kelp 

samples (Figure 1; yellow points), with a trace metal free Niskin bottle (KC Denmark, Silkeborg, 

Denmark). In total, 18 fjord water samples were collected using a 1.7 L trace-metal free Niskin 

water sampler (KC Denmark; Silkeborg, Denmark), filled into 0.5 L high-density polyethylene 

(HDPE) bottles and kept frozen (-20°C) until further processing. Prior to multi-element analysis, 

water samples were filtered through DigiFILTERs™ (polytetrafluoroethylene (PTFE) membrane, 

0.45 μm pore size, PerkinElmer; Waltham, USA) and collected in 50 mL DigiTUBE®s 

(PerkinElmer; Waltham, USA). After filtration, water samples were stabilised using 100 µL 

purified concentrated HNO3 and stored in the dark at 4°C until analysis. 

Elements in seawater were measured by using a seaFAST SP2 system (Elemental Scientific; 

Omaha, USA) coupled online to a triple quadrupole ICP-MS/MS system (Agilent 8900, Agilent 

Technologies; Tokyo, Japan). Analytes were preconcentrated on two columns filled with Nobias 
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chelate-PA1 resin (HITACHI High-Tech Fielding Corporation; Tokyo, Japan) buffered by 4 mol L-1 

ammonia acetate buffer (pH = 6.0±0.2) and eluted with 1.5 mol L-1 HNO3. To correct for 

instrumental drift, a 1 µg L-1 Niob (Nb) solution was used as an internal standard.  

The ICP-MS instrument was optimised daily using a tuning solution containing Li, Co, Y, Ce and Tl 

to maintain a reliable day-to-day performance. The system was operated in He/H2 mode and 

equipped with a x-lense. The certified reference materials (CRMs) AQUA-1 for drinking water, 

SLEW-4 for estuarine water and NASS-7 for open ocean seawater (all provided by National 

Research Council Canada; Ottawa, Canada) were used for method validation. Recovery rates 

(between 80 % and 150 %) are provided in Table S1. 

 

Analysis of elements in kelp samples 

After sampling, the kelp material (approx. 10 cm wide stripe above meristem; cut with ceramic 

knife) was rinsed with ultrapure water and freeze-dried for 72 h. It was powdered and 

homogenised using a ball mill (Agate; Planeten Kugelmühle PM400, Retsch; Düsseldorf, 

Germany). Of each sample, three aliquots of 100 mg were weighed into 55 mL TFM (modified 

PTFE) digestion vessels (MARS6, CEM Corporation; Matthews, USA). For digestion, 0.1 mL HBF4, 

5 mL HNO3, 2 mL HCl and 1 mL H2O2 were added (adapted from 85). Afterwards, the TFM vessels 

were placed in a closed-vessel microwave-assisted digestion system (Mars 6, CEM Corporation; 

Matthews, USA). The microwave was set to reach a maximum of 200°C after a suitable and efficient 

temperature ramping (Table S2).  

The sample digests were transferred quantitatively into 50 mL DigiTUBE®s (PerkinElmer; 

Waltham, USA) and diluted to 50 mL with ultrapure water to reduce acid concentration. Along 

with each batch, two blank digestion vessels containing only reagents were processed to monitor 

procedural contaminations and carry-over effects. Furthermore, two vessels containing the CRM 

NIST-3232 (Kelp powder Thallus laminariae, National Institute of Standards and Technology; 

Gaithersburg, USA) were digested for method validation. Recovery rates are contained in 

Table S3 (between 80–121 %). In addition to the certified elements numerous non-certified 

elements were quantified.  

The digested samples were measured by means of a triple quadrupole ICP-MS/MS system (Agilent 

8800, Agilent Technologies; Tokyo, Japan) coupled to an ESI SC-4DX FAST autosampler 

(Elemental Scientific; Omaha, USA). To correct for instrumental drift, an 

Iridium(Ir)/Rhodium(Rh) solution (10 µg L−1) was used as an internal standard. The ICP-MS 

instrument was optimised daily using a tuning solution containing Li, Co, Y, Ce and Tl to maintain 

a reliable day-to-day performance. The system was operated in 5 different gas modes and 

equipped with a x-lense. In addition to the CRM, an in-house reference multi-element solution 

comprising different single-element standards and custom-made multi-element standards was 

used for validation with respect to elements not certified for the CRM. 
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Supplementary Figure 1: Concentration (ng L-1) of dissolved elements on 0 m and 5 m depth in the control, 

glacial run-off and terrestrial run-off area. Concentration is shown as log(ng L-1) to highlight low 

concentrations. 

 

 

 

 

 

 

 
Supplementary Figure 2: Mass fractions (µg gDW-1) of kelp elements depending on sampling station. A–C: 

Control area. E–F: Glacial run-off- G–I: Terrestrial run-off. A) Heatmap of all determined elements 

(alphabetically ordered) in kelps. Mass fraction is shown as log(µg gDW-1) to highlight low mass fractions. 
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Supplementary Figure 3: Heatmap showing the mean relative abundance of free-living microbial 

community taxa (≥ 1 %) in each sampling area on 5 m water depth. Relative abundance is shown as Log(Rel 

abun) to highlight low abundances. 

 

 

 

 

 

 

 
Supplementary Figure 4: Schematic preparation of kelp samples. 1. Microbial community: Swab area of 

10×10 cm above meristem with a sterile cotton swab for 30 s and freeze samples on -80°C until analysis.  

2. Elemental composition: Rinse area above meristem with type I reagent grade water and freeze-dry.  

3. Biochemistry: Dry meristematic discs in silica gel for pigment analysis and antioxidant activity. 
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Supplementary Figure 1: Schematic procession of water samples from surface and 5 m depth. Microbial 

community: Prefilter on GF-C before sterile filtration on 0.22 µm sterile filter. Elemental composition: 

Freeze water on -20°C and filter on 0.45 µm filter before analyses. 

 

 

Supplementary Table 1. Recovery (%) of all certified and non-certified elements of CRM AQUA-1 SLEW-4, 

NASS-7 (N=4). Limits of detection (LOD; ng L-1) and limits of quantification (LOQ;  

ng L-1) were calculated according to DIN 32645:2008-11 (106) based on 14 method blanks (N=14), with 

LOD defined as 3 × standard deviation (SD) and LOQ as 10 × SD of the blank. 

Element 
Recovery (%) Concentration (ng L-1) 

AQUA-1  SLEW-4 NASS-7 LOD LOQ 

Al 85.42 - 163.15 30.86 43.91 

Ti 83.26 - 136.72 1.62 2.39 

V 110.12 103.24 94.37 0.34 0.80 

Mn 107.94 96.98 98.35 4.40 13.77 

Fe 104.69 96.83 99.90 71.18 79.66 

Co 94.74 103.38 97.46 0.05 0.12 

Ni 108.09 101.59 95.41 0.79 1.21 

Cu 105.75 103.67 95.33 2.81 8.39 

Zn 108.57 104.43 102.84 12.00 32.19 

Y 116.89 - 108.50 0.00 0.01 

Cd 148.43 104.84 94.73 0.06 0.11 

La 111.04 - 105.08 0.01 0.02 

Ce 110.45 - 105.59 0.02 0.05 

Pr 111.49 - 105.87 0.00 0.00 

Nd 104.53 - 100.45 0.01 0.02 

Sm 103.25 - 98.62 0.00 0.00 

Eu 110.34 - 104.22 0.01 0.02 

Gd 142.35 - 108.24 0.01 0.02 

Tb 135.24 - 115.18 0.00 0.01 

Dy 111.11 - 102.73 0.00 0.00 

Ho 112.63 - 106.29 0.00 0.01 

Er 106.80 - 101.24 0.00 0.01 

Tm 111.67 - 110.32 0.00 0.01 

Yb 105.84 - 100.57 0.00 0.01 

Lu 120.95 - 114.46 0.00 0.01 
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Pb 110.82 110.76 122.38 0.33 0.86 

Th 38.87 - 69.45 0.09 0.27 

U 113.15 89.29 79.99 0.04 0.12 

 

 
Supplementary Table 2: Microwave temperature ramping for kelp digestion. 

Stage Ramp (min) Hold (min) Temperature (°C) Power (W) 

1 05:00 10:00 50 400 

2 10:00 30:00 20 400 

3 30:00 30:00 50 400 

4 30:00 59:59 200 1600 

5 10:00 30:00 100 800 

 

 
Supplementary Table 3: Mass fractions (mg gDW-1) of all certified and non-certified elements of CRM Kelp 

powder Thallus laminariae, SKU: 3232, NIST, USA (N=19). Limits of detection (LODs) and limits of 

quantification (LOQs) were calculated according to DIN 32645:2008-11 (106) based on 14 method blanks 

(N=14), with LOD defined as 3 × standard deviation (SD) and LOQ as 10 × SD of the blank. 

Element

s 

Mean 

(µg gDW-1) 

±SD Recovery CRM 

3232 (%) 

LOD 

(µg gDW-1) 

LOQ 

(µg gDW-1) 

Certified elements 

Ca 12 473 000 1 084 001 102 9.98 33.3 

Cd 390 60 93 0.0155 0.0517 

Cr 6000 970 101 1.07 3.57 

Cu 3 100 580 80 0.547 1.82 

Fe 685 000 36 600 102 7.26 24.2 

Hg 110 12 93 0.115 0.382 

K 77 000 000 8 126 000 101 1110 3690 

Mg 5 915 000 498 100 97 3.64 12.1 

Mn 29 660 3 780 121 5.53 18.4 

Mo 230 23 94 0.0545 0.182 

Na 15 500 000 1 260 000 95 13.7 45.8 

Pb 1 030 150 99 0.129 0.429 

Zn 26 940 1 980 98 1.66 5.52 

Non-certified elements Deviation SD 

from mean 

(%) 

  

Al 1 070 000 20 600 1.9 9.98 33.3 

Ba 72 200 6 260 8.7 0.0495 0.165 

Be 35 7 20.0 0.000434 0.00145 

Bi 27 9 33.3 0.00782 0.0261 

Ce 1 550 210 13.5 0.0348 0.116 

Co 305 33 10.8 0 0 
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Dy 75 11 14.7 0.00162 0.00538 

Er 42 7 16.7 0.0017 0.00566 

Eu 25 3 12.0 0.00596 0.0199 

Gd 80 13 16.3 0.000843 0.00281 

Ho 13 2 15.4 0.000267 0.00089 

La 660 90 13.6 0.0163 0.0544 

Li 1 150 220 19.1 0.505 1.68 

Lu 7 1.4 20.0 0.000485 0.00162 

Nd 480 80 16.7 0.0125 0.0417 

Ni 2 700 320 11.9 0.0323 0.108 

P 4 200 000 545 000 13.0 20 66.8 

Pd 400 50 12.5 0 0 

Pr 130 20 15.4 0.000728 0.00243 

Rb 25 400 4 490 17.7 0.0175 0.0584 

Ru 3 1.4 46.7 0.0178 0.0593 

Sb 60 9 15.0 0.000306 0.00102 

Sc 440 150 34.1 0.00295 0.00985 

Sm 95 17 17.9 0 0 

Sn 90 24 26.7 0 0 

Sr 820 200 122 700 15.0 0.0859 0.286 

Tb 11 1.2 10.9 0 0 

Th 170 21 12.4 0.00332 0.0111 

Ti 43 300 4 350 10.0 27.5 91.8 

Tm 8 4 50.0 0.000348 0.00116 

U 230 25 10.9 0.00312 0.0104 

V 4 560 610 13.4 0.468 1.56 

Yb 95 85 89.5 0.0136 0.0452 
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https://youtu.be/TaZxT9NBcTM 

S1: Video transect (by Tobias Reiner Vonnahme) through a kelp forest near Nuuk (01.05.2022) taken 0.5 m 

(+-0.5m) over the bottom or kelp canopy. The transect starts at about 12 m water depth and ends at the 

surface. Between ca.12 m and 10 m (2:08 min) the kelp species Agarum clathratum, Saccharina latissima, 

and Alaria esculenta dominate. Between ca. 5 m (2:35 min) and 2 m, A. clathratum is absent, while and first-

year A. esculenta is most abundant. Laminaria sp. becomes increasingly abundant from ca 3-1m depth. 

 

 

S2: Monthly temperature (a-d) and photosynthetically available radiation (PAR; µmol photons m-2 s-1) (e-

h) from a marine monitoring station (GF3, G-E-M.dk/data; https://doi.org/10.17897/KMEK-TK21) 

showing median (solid red line), interquartile ranges (dotted lines), and the total range (light red) of the 

measurements at 1 m (a,e), 5 m (b,f), 10 m (c,g), and 15 m (d,h) depth between 2005 and 2021 at the nearby 

marine monitoring station (G-E-M.dk/data). Treatment light intensities and temperatures are shown as 

blue lines.  

https://www.google.com/url?q=https://youtu.be/TaZxT9NBcTM&sa=D&source=docs&ust=1708421196246047&usg=AOvVaw36mELY1tFZcJn8G4Ef9KNG
https://doi.org/10.17897/KMEK-TK21
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S3: Logarithm of photosynthetically available light (PAR) over water depth (m) in Kongsfjorden, Svalbard. 

Red crosses: single measurements. Black circles: Mean PAR±SD. Blue line: linear model of PAR intensities 

over depth ±95 % confidence interval. Data from Niedzwiedz & Bischof (2023b) 

https://doi.org/10.1594/PANGAEA.951173. The experiment's low-light conditions (3 µmol photons m-2 s-

1) are at ~15 m water depth.  

 

 

 

S4: Estimates of mean daily (sec) photosynthetically available radiation (PAR; µmol photons m-2 s-1) at 1 

(a), 5 (b), 10 (c) and 15 (d) m depth in July since 2008 shown as median (solid red line) and interquartile 

ranges (dotted red line). Estimates are based on PAR measurements at 2 m over the bottom from 

ClimateBasis Nuuk (https://doi.org/10.17897/8Z2W-D993, Asiaq) and light attenuation based on PAR 

profiles measured at a nearby marine monitoring station (GF3, G-E-M.dk/data; 

https://doi.org/10.17897/KMEK-TK21). Treatment light intensities are shown as blue horizontal lines.  
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Abstract 

Due to a global rise in temperature, recent studies predict marine species shifting towards higher 

latitudes with profound consequences for Arctic ecosystems. We investigated the impact of 

interacting abiotic drivers (photoperiod × temperature) under climate change scenarios on the 

northward distribution potential of the temperate kelp Laminaria hyperborea (Laminariales, 

Phaeophyceae) as a case species. The ecosystem engineering L. hyperborea is widespread along 

European coasts, but is not yet found in the High Arctic, although it can survive several months of 

low temperatures and darkness. To investigate its ability to extend northward in the future, we 

conducted a long-term multi-factorial experiment using tissue of adult sporophytes collected from 

Porsangerfjorden, Norway – a site close to the species’ currently documented northernmost 

distribution margin. The samples were exposed to three different photoperiods (PolarDay, 

LongDay, PolarNight) at 0, 5 and 10°C for three months. Optimum quantum yield of 

photosynthesis (Fv/Fm), dry weight, pigments, phlorotannins and storage carbohydrates were 

monitored. Both, physiological and biochemical parameters, revealed that L. hyperborea was 

strongly influenced by the differences in photoperiod and their interaction with temperature, 

while temperature changes alone exerted only minor effects. The Fv/Fm data were integrated into 

a species distribution model to project a possible northward expansion of L. hyperborea. The 

combination of extended day lengths and low temperatures in summer appeared to be the limiting 

reason for further northward spreading of L. hyperborea until recently. However, with water 

temperatures reaching 10°C in summer, this kelp will be able to thrive also in a High Arctic 

seasonal light regime. Moreover, no indications of physiological or biochemical stress to Arctic 

winter warming were found. Consequently, L. hyperborea has a high potential for spreading 

northwards under further warming conditions, which may significantly affect the structure and 

function of Arctic ecosystems.  
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1. Introduction 

Global warming is a main driver of global biodiversity loss and leads to the redistribution of 

species worldwide (Sunday et al., 2012; Wilson et al., 2019). Compared to the global average, 

Arctic regions have warmed nearly four times faster over the last four decades (Rantanen et al., 

2022), with similar trends observed in air temperature and sea surface temperature (SST) 

(Skogseth et al., 2020). The rapid temperature increase particularly threatens polar coastal 

ecosystems, which form an ecologically exceptional environment with a unique biological 

diversity (Bringloe et al., 2020).  

Changes in aquatic temperature regimes directly affect physiological and biochemical processes 

of organisms and have been identified as a main predictor of biogeographic patterns in seaweeds 

(Lüning, 1990; Adey and Steneck, 2001; Fragkopoulou et al., 2022). Consequently, temperature 

changes have drastic effects on the distribution of marine species worldwide, especially at their 

warm and cold distribution margins (Sunday et al., 2012, 2015). In the Arctic, warming leads to 

an increase in new substrates and habitats for intertidal and subtidal species due to the associated 

fast sea ice melting and glacier retreats (Krause-Jensen et al., 2020). Therefore, polar areas are of 

special interest to ecologists to document and understand the effects of rapid temperature 

changes on the redistribution of taxa (Callaghan et al., 2004; Bringloe et al., 2020; Assis et al., 

2022). Modelling studies provide an excellent approach to predict ongoing northward 

distributional shifts of temperate seaweeds as a result of increasing SSTs (Assis et al., 2018a, 2022; 

Krause-Jensen et al., 2020). It is assumed that the higher habitat availability in the Arctic (Krause-

Jensen et al., 2020) will favor the invasion for non-polar species with consequences for the 

structure and function of Arctic communities (Wassmann et al., 2011). Though, to date, we still 

lack knowledge about changes in seaweed abundance and their effects on the Arctic environment 

(Filbee-Dexter et al., 2019). Invasive seaweeds or changes in species’ diversity can have extensive 

cascading consequences on the functioning of native ecosystems, such as biotic interactions 

between habitat formers and epiphytic biota (Thomsen et al., 2010). Thus, what the future brings 

is still “an uncertain path forward for the Arctic biome” (Bringloe et al., 2020). 

While temperature progressively increases in polar environments, seasonal changes in light 

regimes remain unaltered, with months-long periods of Polar Night and constant light conditions 

during Polar Day. The annual cycle of photoperiods dictates large-scale periodic changes in 

reproductive biology and productivity as the latter is the prerequisite for phototrophic carbon 

acquisition. Thus, light availability and photoperiod affects primary production and ecological 

processes at the very base of food webs in polar environments, including species composition and 

reproduction (Wiencke et al., 2009; Berge et al., 2015). In addition, SST also varies strongly over 

the year (see Supplementary Table S1). The fluctuating light and temperature conditions over 
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the course of the year lead to adaptive responses in polar seaweeds, which adjust their life cycles 

to the specific polar conditions (Wiencke et al., 2009; Zacher et al., 2009). 

The interaction of increasing temperatures under various photoperiodic light conditions has 

rarely been investigated (Roeber et al., 2021; Lebrun et al., 2022). Physiologically, the interplay of 

the light regime and temperature conditions is highly important in seaweeds. For example, high 

photon fluence rates during cold-temperature periods lead to damage at photosystem II 

(Niedzwiedz et al., 2024), since enzymatic repair mechanisms are too slow to maintain a 

functioning photosynthetic apparatus under high light stress (Farrugia Drakard et al., 2023). 

Seaweeds have developed various physiological and biochemical mechanisms to acclimate to 

changes in environmental conditions (Hurd et al., 2014; Wiencke and Bischof, 2012 and 

references therein). However, seaweeds lack mobile life-cycle stages for long-distance migration, 

and are, hence, particularly affected by ongoing ocean warming (Reed et al., 2016; Straub et al., 

2019). As sedentary organisms, seaweeds are dependent on mechanisms that limit dispersal such 

as release of planktonic spores, transport through external vectors, or long-distance drifting 

(Tronholm et al., 2012; Hurd et al., 2014). Kelps typically have adaptive mechanisms that are too 

slow for rapid changes in the environment (Vranken et al., 2021). 

Kelp forests provide numerous ecosystem functions to associated organisms, such as shelter and 

food and also act as a carbon sink (Teagle et al., 2017), but are also of high economic value (Eger 

et al., 2023). Despite their capability to acclimate to changing environmental conditions, strong 

declines of kelp forests were reported at their warm-edge distribution limits, mainly as a 

consequence of SST increase (Sorte et al., 2010; Filbee-Dexter and Wernberg, 2018; Filbee-Dexter 

et al., 2020), which has far reaching consequences for biodiversity and ecosystem functioning 

(Wernberg et al., 2024). Concurrently, changed abundances of kelp species, such as Saccharina 

latissima and Alaria esculenta, were observed in polar regions (Bartsch et al., 2016; Fredriksen 

and Kile, 2012; Düsedau et al. in revision). But, it was also observed that warming winters can 

have negative consequences for their physiological traits, such as photosynthesis and biomass 

formation (Scheschonk et al., 2019; Gordillo et al., 2022). 

The target species for this study, Laminaria hyperborea, is an important ecosystem engineering 

kelp (Phaeophyceae, Laminariales) that forms highly productive ecosystems along rocky 

shorelines from temperate to polar regions (northern Norway) (Teagle et al., 2017; Wernberg et 

al., 2019; Smale, 2020). It occurs along European coasts between 40–71°N, i.e., from Northern 

Portugal to Northern Norway (Lüning, 1985), with a north-easternmost distribution at the 

Murman coast of the Kola Peninsula, Russia (Schoschina, 1997). As a perennial kelp, it can live up 

to 18 years in northern Norway (Sjøtun et al., 1993). It survives minimum temperatures of -1.5°C 

and a maximum of 20°C (Bolton and Lüning, 1982; Lüning, 1986; tom Dieck, 1993), and grows 

over the entire temperature range between 0 and 20°C, with an optimum at 10–15°C (Bolton and 
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Lüning, 1982; tom Dieck (Bartsch), 1992). Laminaria hyperborea generally reproduces from fall 

to mid-winter (Kain and Jones, 1975) and may also reproduce during darkness (Lüning, 1980). 

Moreover, the gametophytes survive and mature, albeit very slowly, down to a temperature of 0°C 

(Sjøtun and Schoschina, 2002), with the optimum being between 5 and 17°C (Kain, 1979). It is, 

therefore, surprising that this kelp has not yet been reported from the High Arctic (see Box). 

Lüning (1986) indicated that long photoperiods in the High Arctic could be a limiting factor for 

the northern occurrence of L. hyperborea, as sporophytes thrive during short days and in complete 

darkness, while formation of new lamina is decreasing with increasing day length and completely 

inhibited in summer (Lüning, 1986; Bartsch et al., 2008).  

In studies on distribution changes of L. hyperborea, the species was predicted to expand to 

Svalbard and further east in the White Sea until the end of the century (Assis et al., 2016, 2018a), 

determining winter temperatures as the main driver for its distribution. However, experimental 

data are lacking and the restricted capabilities of statistical models limit such predictions 

(Fragkopoulou et al., 2022). Seasonality as a critical abiotic factor has not yet been considered in 

the models on seaweed distribution in the Arctic.  

In this study, we evaluated for the first time the effects of photoperiod × temperature interaction 

by simulating seasonal variations in temperatures and the polar light regime in a three-month 

multi-factorial experiment. Using L. hyperborea as the case species, we investigated how the 

interplay of both factors affects physiological and biochemical traits. Our study was guided by the 

hypothesis long photoperiods might be a limiting factor for the further northward distribution of 

L. hyperborea, following Lüning (1986). Accordingly, the extended periods of long days and the 

Polar Day in the High Arctic could limit the distribution of L. hyperborea compared to the Low and 

Sub-Arctic regions. We incorporated the physiological data into a geographical model to simulate 

the habitat suitability along the latitudinal gradient under different SST scenarios.  

The study was driven by two research questions: 

1) How does L. hyperborea respond physiologically and biochemically to simulated past, 

present and future SST conditions during different seasons in the High Arctic? 

2) Will L. hyperborea be able to spread throughout the High Arctic under future climatic 

conditions? 

 

BOX: 

Gbif.org already lists an occurrence of “Laminaria hyperborea” for Spitsbergen as “human 

observation” (https://www.gbif.org/occurrence/2399478326). Individuals of “L. hyperborea” 

were also reported from Isfjorden and Kongsfjorden (see Fredriksen et al., 2019 and references 

therein). However, it is important to note that L. hyperborea can be difficult to distinguish from 

Hedophyllum nigripes and Laminaria digitata due to their similar morphological appearance 



5       Publication IV 
_______________________________________________________________________________________________________________ 

 
140 

(Longtin and Saunders, 2015; Dankworth et al., 2020). Both, L. digitata and H. nigripes are found 

widespread in the Arctic from the East (Spitsbergen) to the West (Canadian Arctic) (Bartsch et al., 

2016; Dankworth et al., 2020, Düsedau et al. in revision). As L. hyperborea may have been 

misidentified formerly, and so far, there is no molecular evidence of L. hyperborea from Svalbard, 

we are convinced that L. hyperborea has not yet spread throughout the High Arctic and that the 

observations from Spitsbergen are probably erroneous. 

 

 

2. Material and Methods 

2.1. Sampling and Species Identification 

SCUBA divers collected adult sporophytes of Laminaria hyperborea (Gunnerus) Foslie at 

approximately 8 m depth near the Holmfjorden Research Station at Porsangerfjord (Finmark, 

Norway; 70.2°N 25.3°E) in late June 2022. The sporophytes were stored in a tank with fresh deep-

water flowthrough (~10°C, SA 31) for one week and then, due to technical problems, hung in the 

shade from the pier until further processing (13.7±0.9°C, SA 30.4±0.8). In mid-July, non-

meristematic discs (Ø 28 mm) from the central part (>10 cm above the meristem and >20 cm 

below the distal end) of 39 sporophytes (10–30 discs per sporophyte) were cut and transported 

moist, cool (<10°C) and dark to the Alfred Wegener Institute for Polar and Marine Research in 

Bremerhaven, Germany, where the experiment was conducted.  

Due to difficulties in morphological identification for the digitate Laminariaceae (Longtin and 

Saunders, 2015), we screened all collected specimens genetically. For molecular identification of 

the individuals, subsamples of each collected sporophyte were preserved in silica gel. Genomic 

DNA was isolated using a plant genomic DNA extraction kit (DP305, Tiangen Biotech, China) 

according to the manufacturer’s instructions. Species identification was conducted following the 

method developed by Mauger et al. (2021), which was based on amplification of a fragment of the 

mitochondrial COI gene (COI-5P). Briefly, two PCR reactions (PCR1 and PCR2) were conducted 

using a Taq Master Mix kit (Accurate Biology, China) and run on a T‑gradient thermocycler 

(Biometra, Germany). The PCR primers and programs were as described in Mauger et al. (2021). 

PCR products were visualised under UV light after electrophoresis on agarose gels stained with 

GelRed. Species were identified according to the patterns of amplified fragments in Mauger et al. 

(2021). 

 

2.2. Experimental Set-Up 

For recovery, the samples were maintained in seawater at 5°C at 30–35 µmol photons m-2 s-1 (24:0 

h light:dark, ProfiLux 3 with LED Mitras daylight 150, GHL Advanced Technology, Kaiserslautern, 

Germany) for a week (Fig. 1). The applied photon fluence rate was based on measurements at a 
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depth of ~7.5 m in Kongsfjorden, Svalbard (Niedzwiedz and Bischof, 2023b), since Kongsfjorden 

can be seen as a model ecosystem for the future of Arctic fjord systems (Bischof et al., 2019). After 

recovery, the samples were exposed to the photoperiod treatments (24:0 h light:dark – PolarDay, 

18:6 h light:dark – LongDay, 0:24 h light:dark – PolarNight) and gradually acclimated to the 

temperature treatments (0, 5, 10°C) over four days. The three temperature set-ups were based on 

winter (December, January, February) and summer (June, July, August) SSTs measured at 0–20 m 

in Kongsfjorden, Svalbard between 1980 and 2022 (see Supplementary Table S1).  

 

 

Figure 1: Experimental set-up. Grey-dashed area: maintenance of the sporophytes in the field. Dotted lines: 

maintenance of samples in the field and recovery in the laboratory. Week 0 (w0), w4, w8, w12: biochemical 

sampling during the experiment. Photoperiodic treatments: PolarDay = 24h light : 0h dark, Long = 18h 

light : 6h dark, PolarNight = 0h light : 24h dark. d = days, w = week(s). 

 

Each replicate (n = 4) was set up containing 20 “healthy” discs (Fv/Fm >0.6, data not shown; Dring 

et al., 1996) from 8–10 individuals, evenly distributed avoiding pseudo-replication. The 

experiment ran for three months. During the entire experiment, samples were kept in aerated 2 L 

clear plastic bottles in Provasoli-enriched artificial seawater (SA 31, 1/40 PES, Provasoli, 1968; 

modifications: HEPES-buffer instead of Tris). The nutrient conditions of 1/40 PES (13.7 µmol NO3- 

L-1, 0.55 µmol PO43- L-1) were based on realistic winter nutrient conditions in Kongsfjorden, 

Svalbard (Norway) (Bischof et al., 2019). The water was changed twice a week. Experimental 

sampling was conducted after three days of recovery (w0), in week 4 (w4), week 8 (w8) and at 

the end of the experiment (w12). 
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2.3. Physiological Parameters 

The physiological vitality of all samples was checked as photosynthetic activity every week by 

measuring the maximum quantum yield of photosystem II (in vivo chlorophyll-fluorescence of 

photosystem II; Fv/Fm) using a pulse-amplitude-modulated fluorometer (Imaging-PAM, Walz 

GmbH, Effeltrich, Germany). The Imaging-PAM was set up to an initial fluorescence signal (Ft) 

between 0.15 and 0.2.  

Biomass (dry weight) of the samples was monitored every four weeks (w0, w4, w8, w12). For this 

purpose, sample discs were randomly picked and freeze-dried (Alpha 1–4 LO plus, Martin Christ 

Gefriertrocknungsanlagen GmbH, Osterode am Harz, Germany) before weighing (DW in g). In 

addition, all discs were photographed every two weeks with a 9 cm2 reference grid and their area 

(cm²) analysed with ImageJ (Version 1.52a, Java 1.8.0_112, Wayne Rasband, National Institute of 

Health, USA).  

 

2.4. Biochemical Parameters 

For the biochemical analyses, samples were shock-frozen in liquid N2 and stored at −80°C until 

further processing. The samples were freeze-dried before analyses (Alpha 1–4 LO plus, Martin 

Christ Gefriertrocknungsanlagen GmbH, Osterode am Harz, Germany). 

Mannitol and laminarin are the main carbon storage compounds in kelps. Mannitol was analysed 

after Diehl et al. (2020), using the chromatographic method by Karsten et al. (1991). Laminarin 

was extracted from freeze-dried material with 50 mM MOPS buffer at 4°C for 5 h and measured 

following the method of Becker et al. (2017) and Becker and Hehemann (2018).  

Pigment composition and photo-protective mechanisms, namely de-epoxidation state of the 

xanthophyll cycle pigments (DPS) and phlorotannins, were also monitored every four weeks. 

Absolute pigment content of chlorophyll a (Chla), accessory pigments (Acc = Fucoxanthin + 

Chlorophyll c2 + β-Carotin) and the pool of the xanthophyll cycle pigments (VAZ = Violaxanthin + 

Antheraxanthin + Zeaxanthin) were determined following Diehl et al. (2021). DPS was calculated 

following Colombo-Pallotta et al. (2006). The concentration of phlorotannins was measured 

according Cruces et al. (2012), following the protocol in Springer et al. (2017).  

 

2.5. Geographic Projection of experimental results  

We projected Fv/Fm as response variable in a mechanistic approach (Kearney and Porter, 2009). 

The effect sizes of photoperiod, temperature, exposure time with and without their interaction 

terms on Fv/Fm were first estimated with a generalised linear model (GLM). We included weights 

to account for the unequal sample sizes over the course of the experiment. Inclusion of a random 

term for subsample-structure (i.e., aquariums as nested variable) as tested with a generalised 
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linear mixed effect model (GLMM) was not significant and thus omitted (not shown). The best 

model was selected based on the Akaike information criterion (AIC). The parameter estimates for 

the environmental variables were used to make projections of the algal vitality in response to 

temperature and photoperiodic conditions across the geographic area of interest to predict 

potential suitable distribution ranges of the species under current and enhanced SSTs. We chose 

a conservative threshold of Fv/Fm ≤0.3, as continuous low Fv/Fm result in death for kelps. Thereby, 

our study focused on changes in habitat suitability along a latitudinal gradient from continental 

Europe to Svalbard, Norway. 

 

2.5.1. Preparation of environmental layers 

For geographic projection of the model results, we prepared raster layers for daily photoperiod 

(day length) conditions and daily SST with a resolution of 5 arcmin. For daily photoperiod layers 

we made one raster layer for each day of the year with photoperiod in hours per pixel based on 

latitude with the daylength()-function from the “geosphere”-package for R (Hijmans et al., 2022). 

For daily temperature, we first downloaded monthly means of SST averaged over the years 2000–

2014 (corresponding to the timespan covered by the widely used BioOracle v2 data set; Assis et 

al., 2018b) from the NOAA Optimum Interpolation (OI) SST V2 data set as provided by the NOAA 

PSL, Boulder, Colorado, USA, from their website at https://psl.noaa.gov (downloaded November 

28th, 2022; Reynolds et al., 2002). We used a generalised additive model (GAM) to interpolate daily 

SST values per pixel for our projection raster layers. The period of 2000–2014 reflects the present 

scenario and baseline SST conditions. To simulate future warming scenarios, we used daily SST 

and photoperiod data for the year 2023, which was the warmest recorded year in the North 

Atlantic since 1979 (Copernicus, 2023), and added +1°C.  

 

2.5.2. Geographic projection of Fv/Fm 

We used the final model to predict how Fv/Fm of L. hyperborea will respond to environmental 

conditions over a prolonged time period (one year) in the geographic region of interest. Fv/Fm best 

reflected the overall observed responses of L. hyperborea to the experimental treatments, 

although it is generally a rather dynamic parameter influenced by many external and internal 

factors (Diehl et al., 2024; Hurd et al., 2014 and references therein). Unlike under constant 

laboratory conditions, SST and photoperiod change over the course of the year with the seasons. 

Therefore, we iteratively predicted for every consecutive day of the year how exposure to daily 

resolved conditions would affect the Fv/Fm. With the final adjusted model we predicted Fv/Fm for 

each pixel j of the temperature and photoperiod layers for each day n of the year: FvFmn,j ~ FvFmn-

1,j + β1×timej,n + β2×tempj,n + β3×photoperiodj,n + (interaction terms), resulting in a total number of 

365 prediction layers per year. For daily predictions, time was set to the constant value of 1. We 
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further replaced the original model intercept with the Fv/Fm value from the previous day (i.e., with 

FvFmn-1, j), except for n = 1, where we used the original intercept of the model. This was done 

because the original intercept of the model represented the Fv/Fm at the start of the laboratory 

experiment and, therefore, was equivalent to samples in perfect condition. For a final map, we 

summed for each pixel the total number of days per year with a predicted Fv/Fm below the chosen 

threshold of 0.3. 

L. hyperborea reproduces (i.e., release of spores) and grows during the fall and winter season, with 

earliest and latest spore release between middle of September and middle of April, respectively 

(Kain, 1971; Lüning, 1986). Therefore, starting the year with January 1st as first day and the 

original intercept was feasible. 

 

2.6. Statistical Analyses and Software 

All statistical analyses were done with “R” version 4.2.2 (R Core Team, 2022). The data sets of raw 

data as well as residuals of models were tested for normal distribution (Shapiro-Wilk test, 

p>0.05), homogeneity of variance (Levene’s test, p>0.05) and were checked visually with dot plots 

(Zuur et al., 2013). As the F-statistic is robust to a moderate deviation from the normal distribution 

for small sample sizes with respect to type I errors and no beneficial effects of the transformation 

were found (Blanca et al., 2017), the non-normally distributed data sets were not transformed. 

Linear models were fitted on the data sets, using the “lm” function and significant differences of 

the response variables to the interactive fixed-effects temperature (T), photoperiod (P) and 

sampling time (S) were assessed using a fitted linear model using analyses of variances (ANOVA) 

(Package: stats; R Core Team, 2022). For the parameters Fv/Fm and area repeated measures 

ANOVAs were applied. Pairwise comparisons were performed, using the “emmeans” function with 

“sidak” correction (Package: emmeans; Lenth, 2024). The level of significance was set to p<0.05. 

Statistical results are summarised in Table 1.  

Correlations of the response parameters were tested using Spearman correlation (function: 

cor.test; R Core Team, 2022), after testing for normality. Data were visualised with the “ggcor” 

function (Package: GGally; Schloerke et al., 2023). 

For all analyses and plotting of the species distribution model, we used “R” version 4.2.2 (R Core 

Team 2022) with the packages “terra” (Hijmans et al., 2023), “tidyr” (Wickham et al., 2023), 

“ggplot2” (Wickham, 2016), “mgcv” (Wood, 2023), “tmap” (Tennekes, 2018) and “lme4” (Bates et 

al., 2015). 
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3 Results 

All statistical results are summarised in Table 1 and are not given in the plots and the text for 

overview reasons.  

 

Table 1: Statistics of the physiological and biochemical parameters of Laminaria hyperborea.  

Fv/Fm = optimum quantum yield of photosynthesis, DW = dry weight, Chla = chlorophyll a, Acc = accessory 

pigments, VAZ = pool of xanthophyll cycle pigments, DPS = de-epoxidation state of the xanthophyll cycle.  

T = temperature, P = photoperiod, S = Sampling Time. PD = PolarDay, LD = LongDay, PN = PolarNight. 

Significances are highlighted in bold.  

Parameter  p-value Direct comparison 

Fv/Fm 

T < 0.001 0°C < 5°C < 10°C  

P < 0.001 PD < LD < PN  

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

0-LD 

T × P < 0.001 strong interaction  

DW 

T 0.009 0°C ≤ (5°C = 10°C)  

P < 0.001 PD > LD > PN  

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

0-LD, 5-LD, 10-LD 

T × P 0.007  
moderate 

interaction 
 

T × S 0.005  
increasing impact of T throughout the 

experiment 

P × S < 0.001  
increasing impact of P throughout the 

experiment 

T × P × S 0.335   

Chla 

T < 0.001 (0°C = 5°C) < 10°C  

P < 0.001 (PD = LD) < PN  

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

0-LD, 5-LD 

T × P 0.057 no interaction  

T × S 0.002  
increasing impact of T throughout the 

experiment 

P × S 0.011  
increasing impact of P throughout the 

experiment 

T × P × S 0.135  
 

 

Acc 
T < 0.001 (0°C = 5°C) < 10°C  

P < 0.001 (PD = LD) < PN  
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S < 0.001 w0 > w12 
0-PD, 5-PD, 10-PD 

0-LD, 5-LD 

T × P 0.263 no interaction  

T × S < 0.001  
increasing impact of T throughout the 

experiment 

P × S 0.004  
increasing impact of P throughout the 

experiment 

T × P × S 0.228   

VAZ 

T 0.086 0°C = 5°C = 10°C  

P 0.305 PD = LD = PN  

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

0-LD, 5-LD 

T × P 0.923 no interaction  

T × S 0.003  
increasing impact of T throughout the 

experiment 

P × S < 0.001  
increasing impact of P throughout the 

experiment 

T × P × S 0.029   

DPS 

 

T < 0.001 0°C > 5°C > 10°C 

w12: no sign 

w8: PD/LD → 0°C > 5°C > 10°C 

       PN → (0°C = 5°C) > 10°C 

P < 0.001 (PD = LD) > PN 

w12: no sign 

w8: 0°C → PD-LD (< 0.001) 

       0°C → PD-PN (< 0.001) 

       5°C → PD-PN (< 0.001) 

S < 0.001 w0 = w12 but: w0 < w8 

T × P < 0.001 strong interaction  

T × S < 0.001  
increasing impact of T throughout the 

experiment 

P × S 0.001  
increasing impact of P throughout the 

experiment 

T × P × S 0.016  
increasing impact of T×P throughout the 

experiment 

Phlorotannins 

T 0.319 0°C = 5°C = 10°C  

P 0.416 PD = LD = PN  

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

T × P 0.054 no interaction  

T × S 0.082   
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P × S 0.661   

T × P × S 0.164   

Mannitol 

T 0.491 0°C = 5°C = 10°C  

P < 0.001 (PD = LD) > PN  

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

T × P 0.483 no interaction  

T × S 0.624   

P × S < 0.001  
increasing impact of P throughout the 

experiment 

T × P × S 0.557   

Laminarin 

T < 0.001 0°C < (5°C = 10°C)  

P < 0.001 (PD = LD) > PN  

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

5-LD 

T × P < 0.001 strong interaction  

T × S < 0.001  
increasing impact of T throughout the 

experiment 

P × S < 0.001  
increasing impact of P throughout the 

experiment 

T × P × S 0.185   

 

 

3.1 Species Identification 

Based on our molecular-genetic data, 37 specimens were identified as Laminaria hyperborea 

(Gunnerus) Foslie, while two specimens were determined as Laminaria digitata (Hudson) J.V. 

Lamouroux (Supplementary Fig. S1a–c). Unfortunately, two out of 20 discs were assigned to L. 

digitata in all treatment replicates 2 and 3. These L. digitata discs could not be identified during 

the experiments and, hence, not excluded a priori, but with only 10 % “contamination” by a wrong 

taxon, we are confident that the data are representative for the target species.  
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3.2 Physiology 

The physiological vitality expressed as optimum quantum yield of photosystem II (Fv/Fm; Fig. 2) 

of Laminaria hyperborea was highly affected by temperature (p<0.001), photoperiod (p<0.001) 

and their interaction (T×P; p<0.001). The samples were particularly stressed when long 

photoperiods were paired with cold temperatures. Significant decreases in Fv/Fm were 

determined already after two weeks (w2) at 0°C under Polar Day (= 0-PolarDay) and under Long 

Day (= 0-LongDay) conditions, while vitality of samples at the 5°C Polar Day treatment  

(= 5-PolarDay) started to diminish only in w6. After three months (w12), lowest Fv/Fm values were 

recorded at 0-PolarDay, with values of 0.34±0.07. Both, a shorter photoperiod in combination 

with very low temperatures of 0°C, as well as higher temperatures under PolarDay conditions 

resulted in significantly higher Fv/Fm values (0-LongDay: 0.53±0.06; 5-PolarDay: 0.48±0.05) in 

w12. All 10°C samples, as well as all PolarNight samples and the 5-LongDay treatment, remained 

above Fv/Fm values of 0.6 during the entire period, independently from the photoperiod. 

 

 

Figure 2: Vitality (maximum quantum yield of photosystem II; Fv/Fm) of Laminaria hyperborea, monitored 

weekly over three months under different temperature and photoperiod combinations. Values are means ± 

SD (n = 4). The threshold for a “good” (viable) physiological status is marked by the dotted line (Dring et al., 

1996). 

 

 

Dry weight (DW in g; Fig. 3) of the samples was mainly affected by the different photoperiods 

(p<0.001) and also by temperature (p<0.01). While all samples weighed approx. the same at the 
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beginning of the experiment (w0, p>0.05), significant increases in DW were determined for 

PolarDay (p<0.001) and LongDay (p<0.001) over time (sampling (S): p<0.001). Further, 

particularly the interaction of longer photoperiods and higher temperatures resulted in the 

strongest weight gains with weights up to 184±14% in the 10-PolarDay treatment (T×P; p<0.01). 

Although PolarNight conditions had no significant effect on DW, a trend to weight loss (0-

PolarNight 87±18%, 5-PolarNight 90±10%, 10-PolarNight 93±7%) was observed after three 

months of PolarNight exposure. A change of DW due to growth or shrinking of the samples can be 

excluded since none of the treatments revealed a significant difference in area (cm²) between w0 

and w12 (data not shown here, but uploaded on PANGAEA). 

 

 

Figure 3: Dry weight (DW) of Laminaria hyperborea, monitored every four weeks over three months under 

different temperature and photoperiod combinations. Values are means ± SD (n = 4). 
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3.3 Storage Carbohydrates 

Although larger differences in mannitol (mg g-1 DW) and laminarin (mg g-1 DW) content were 

measured in the samples in w0, none of the treatments differed significantly regarding both 

carbohydrates. 

We did not measure significant changes in mannitol (Fig. 4a) at PolarDay and LongDay, whereas 

the concentrations decreased at PolarNight, progressively more with increasing temperatures, 

while the opposite was determined for laminarin (Fig. 4b). Its content remained the same for 

PolarNight, but increased significantly at PolarDay and LongDay.  

Mannitol was strongly affected by the different photoperiods (p<0.001), whereas neither 

temperature alone, nor T×P had a significant impact during the experiment. Concentrations in the 

PolarDay and LongDay treatments remained the same (S: p>0.05), while a decrease of mannitol 

in PolarNight samples was observed over time. Though, with approx. -200 mg g-1 DW this decrease 

was only significant for 10-PolarNight (p<0.001), a trend to decreasing mannitol concentrations 

at 5-PolarNight was detectable (approx. -100 mg g-1 DW). Yet, overall mannitol concentrations in 

the PolarDay and LongDay samples were significantly higher than in the PolarNight samples 

(p<0.001). The significant decrease in the PolarNight treatments resulted in a strong positive 

correlation with DW over time (Fig. 6). 

For laminarin, strong impacts of photoperiod (p<0.001), temperature (p<0.001) and T×P 

(p<0.001) were determined. Contrary to mannitol, laminarin concentration did not decrease in 

the PolarNight treatments, but increased during LongDay and PolarDay. Significant increases of 

approx. +200–250 mg g-1 DW over time were only detected in treatments combining long 

photoperiods and enhanced temperatures (S: 5-LongDay p<0.001; 5-PolarDay p<0.01; 10-

PolarDay; p<0.001), resulting in significant lower laminarin concentration at 0°C than at 5°C 

(p<0.001) and 10°C (p<0.01). Accordingly, a very strong positive correlation between laminarin 

and DW was detected (Fig. 6). 
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Figure 4: Storage carbohydrates of Laminaria hyperborea, monitored every four weeks over three months 

under different temperature and photoperiod combinations. (a) Mannitol (b) Laminarin. Values are means 

± SD (n = 4). 
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3.4 Light Response Parameters 

Chlorophyll a (Chla; µg g-1 DW) and the accessory pigments (Acc; µg g-1 DW) (Table 2) decreased 

significantly over time under PolarDay conditions and at 0-LongDay and 5-LongDay (p<0.01–

0.001), while the concentrations in PolarNight-treated samples remained the same. Significant 

impacts of temperature were found (p<0.001), overall resulting in lower Chla and Acc 

concentrations at 0 and 5°C than at 10°C. While 0-PolarDay and 5-PolarDay resulted in 

concentrations of about one third of the respective PolarNight treatments, Chla and Acc of 10-

PolarDay reached over half the concentrations of 10-PolarNight. Still, a significant effect of T×P 

was not detected for Chla and Acc. The pool of the xanthophyll cycle pigments (VAZ; µg g-1 DW) 

(Table 2) revealed no significant differences between the photoperiods or temperature, but also 

decreased exclusively in the PolarDay, 0-LongDay and 5-LongDay treatments over time (p<0.05–

0.001). No significant T×P was detected. All three pigment groups revealed a strong positive 

correlation with Fv/Fm in the course of the experiment (Fig. 6). 

 

Table 2: Biochemical light responses of Laminaria hyperborea, monitored every four weeks over three 

months (w0, w4, w8, w12). Chla = chlorophyll a, Acc = accessory pigments, VAZ = pool of xanthophyll cycle 

pigments. Values are means ± SD (n = 4). 

Parameter 
Temp-

erature 

Photo-

period 
w0 w4 w8 w12 

C
h

la
 (

µ
g

 g
-1

 D
W

) 

0°C 

PolarDay 1236.4 ± 90.7 610.8 ± 153.1 371.6 ± 106.4 335.4 ± 101.7 

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

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

5°C 

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

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

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

10°C 

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

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

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

A
cc

 (
µ

g
 g

-1
 D

W
) 

0°C 

PolarDay 835.6 ± 83.9 346.3 ± 89.0 287.6 ± 65.8 263.4 ± 84.5 

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

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

5°C 

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

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

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

10°C 

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

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

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

Z
 (

µ
g

 g
-1

 D
W

) 

0°C 

PolarDay 98.5 ± 33.1 41.0 ± 15.3 31.6 ± 16.7 21.9 ± 7.3 

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

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

5°C 

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

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

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

10°C 

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

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

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

P
h

lo
ro

ta
n

n
in

s 
(m

g
 g

-1
 D

W
) 0°C 

PolarDay 11.6 ± 3.1 11.4 ± 3.5 12.0 ± 7.4 10.7 ± 6.3 

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

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

5°C 

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

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

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

10°C 

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

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

PolarNight 19.4 ± 6.1 8.0 ± 4.2 13.1 ± 3.8 9.4 ± 5.6 
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No significant difference of the de-epoxidation state of the xanthophyll cycle (DPS; Fig. 5) was 

found in any of the treatments between w0 and w12, although significant increases were 

determined in w8 for 0-PolarDay (p<0.001), 0-LongDay (p<0.001) and 5-PolarDay (p<0.01). In 

w8, both PolarDay and LongDay at 0°C showed significantly higher DPS than PolarNight 

(p<0.001), while at 5°C only PolarDay differed significantly from PolarNight (p<0.001). At 10°C no 

differences in the photoperiod treatments were found, highlighting the strong impact of T×P on 

DPS (p<0.001). In the first eight weeks of the experiment, lower temperatures in combination with 

longer photoperiods led to increased DPS, which, however, was compensated after 12 weeks. 

Nonetheless, it resulted in a strong negative correlation of DPS and Fv/Fm in the course of the 

experiment (Fig. 6). 

 

Figure 5: De-epoxidation state of the xanthophyll cycle pigments (DPS) of Laminaria hyperborea, monitored 

every four weeks over three months under different temperature and photoperiod combinations. Values 

are means ± SD (n = 4). 

 

Concentrations of phlorotannins (mg g-1 DW, Table 2) in all treatments remained the same over 

the entire experiments, accordingly were neither affected by the treatment temperatures or 

photoperiods alone, nor by their interaction (T×P). No significant correlation with Fv/Fm was 

detected (Fig. 6). 
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Figure 6: Correlation matrix of the physiological and the biochemical parameters in the course of the 

experiment. The value of the correlation coefficient Spearsman’s Rho (ρ) is represented by color, shading 

and size of the circles. Significances: p<0.05 *, p<0.01 **, p<0.001 ***. 
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3.5 Modelling of future distribution 

The best model-fit was achieved with Fv/Fm ~ time × photoperiod + time × temperature × 

photoperiod. None of the variables alone had a significant effect on Fv/Fm, but the interaction terms 

of time × photoperiod and time × temperature × photoperiod and the intercept were highly 

significant with p<0.0001 (beta-estimate for time × photoperiod = -0.0001390 and beta-estimate 

for time × temp × photoperiod = 0.0000193, intercept = 0.68, Supplementary Table S2). 

 

Figure 7: Species distribution model of Laminaria hyperborea modeling temperature × photoperiod 

interactions. Model used for predictions: FvFmn,j ~ FvFmj, n-1 -0.0001390 * timen,j×photoperiodn,j + 

0.0000193 * timen,j×tempn,j×photoperiodn,j, with n = day of year and j = pixel. Black dots show the current 

distribution of L. hyperborea in this region as obtained from www.gbif.org excluding the record for 

Spitsbergen (see Introduction) (https://doi.org/10.15468/dl.jhppyr, November 2022; Mikhaylova, 2010; 

pers. comm. T.A. Mikhaylova). Red arrows mark the sampling location at Porsangerfjorden, Norway 

(Finmark). (a) Map shows sum of days per year with predicted Fv/Fm ≤0.3 (survival limit for kelps), daily 

SST averaged over the period 2000–2014. The red line marks the Fv/Fm threshold of 200 days below 0.3, 

which represents the present-day distribution limit. (b) Map shows future prediction for sum of days per 

year with Fv/Fm ≤0.3, daily SST for 2023+1°C. The red line is shifted under elevated SST.  

 

The geographic projections of the final model show distinctly different results for the two 

temperature scenarios. For scenario 1 (daily SST averaged over the years 2000–2014, Fig. 7a) the 

area of the Spitsbergen Archipelago is predicted to exhibit environmental conditions under which 

Fv/Fm is expected to be ≤0.3 for over 289 to 337 days per year. The Fv/Fm threshold was set to 200 

days below 0.3, which represents the present-day distribution limit. A continuous Fv/Fm of <0.3 

would mean death for kelps. Most of the known distributional range is in areas that experience 

such conditions for 0 days per year, except for populations from northern Iceland and in 

northernmost Norway, where populations might be exposed for up to 134 and 110 days, 

respectively. Under scenario 2 (daily SST in 2023+1°C, Fig. 7b), the isoclines shift northward and 

eastward, following increasing temperatures and indicating less adverse conditions. The isocline 

of 200 days with predicted Fv/Fm ≤0.3 per year now reaches the western coast of the Spitsbergen 
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Archipelago. Here, the number of days with Fv/Fm ≤0.3 per year now ranges from 177 to 337 days. 

For Iceland, northernmost Norway and the Russian coast the environmental conditions are 

predicted to cause less days of physiological stress per year. 

 

 

4 Discussion 

This study emphasizes the importance of studying the combined effects of abiotic variables on 

seaweeds and their distribution potential. Our results clearly show that the interaction of 

photoperiods and temperatures had a greater influence on L. hyperborea than either factor alone, 

and that elevated temperatures lead to an increase in habitat suitability of High Arctic 

environments for L. hyperborea. In fact, increasing temperatures counteracted impairing 

photoperiodical effects. We showed that photoperiods must especially be included when it comes 

to predicting distributions of seaweeds and other primary producers under polar conditions. 

 

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

Although L. hyperborea survives within the temperature ranges of the High Arctic, and could in 

principle also grow and reproduce (i.e., gametogenesis, sporogenesis) (Bolton and Lüning, 1982; 

tom Dieck (Bartsch), 1992; Sjøtun and Schoschina, 2002), the species has not yet been found at 

such high latitudes (Bartsch et al., 2016, Düsedau et al. in revision). Lüning (1986) suggested that 

the extended periods of long days in High Arctic regions might be a limiting factor for its 

distribution, as day lengths of 16 h or more inhibited the formation of new fronds. However, the 

interactive effects of prolonged light availability with rising temperature have not been tested in 

the latter study. Hence, it remained uncertain whether global warming will lead to an opening of 

the High Arctic for L. hyperborea. 

We found a diminished physiological vitality (Fv/Fm <0.6; Fig. 2) of L. hyperborea at longer 

photoperiods ≥18 h, confirming our leading hypothesis that long photoperiods act as stressor. 

Additionally, the photoperiodical stress was intensified by low temperatures (0°C PolarDay: Fv/Fm 

~0.3, 0°C LongDay: Fv/Fm ~0.5, 5°C PolarDay: Fv/Fm ~0.5). However, rising temperatures 

counteracted the impairing effects of extended day length. Temperatures of 5 and 10°C at 

LongDay resulted in Fv/Fm values >0.6, reflecting “healthy” conditions (Dring et al., 1996), while 

L. hyperborea at 10°C was unaffected even under PolarDay conditions. In this context it is 

important to point out that all treatment temperatures were below the species’ optimum of 15°C 

(Bolton and Lüning, 1982). 

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

monitored DW of L. hyperborea. Samples exposed to ≥18 h of daylight significantly gained weight, 

with greater increases measured at ≥5°C. For the treatments, any potential effect of growth can 
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be excluded, as no change in area of the samples was observed between the start and end of the 

experiment. Accordingly, L. hyperborea must have altered and stored metabolic products causing 

the weight gain. Since we observed a significant increase in the long-term carbohydrate reserve 

laminarin at long photoperiods, which was also amplified ≥5°C, we can assume that the gain in 

DW was mainly caused by the additional storage of laminarin. Laminarin concentration increased 

strongly by approx. 200 % when light was available, while mannitol as the primary product of 

photosynthesis and short-term storage carbohydrate did not rise. These findings confirmed that 

L. hyperborea was still able to photosynthesise efficiently and convert mannitol to laminarin 

(Yamaguchi et al., 1966; Graiff et al., 2018), although it was physiologically stressed during long 

photoperiods. 

The beneficial effects of rising temperatures during conditions of ≥18 h of daylight were also 

reflected in adjustments of the photosynthetic apparatus. At the end of the experiment, 

significantly higher concentrations of Chla and Acc were detected at 10°C compared to 0 and 5°C. 

Moreover, the content of Chla, Acc and VAZ decreased significantly over time during PolarDay and 

cold LongDay conditions. Comparable patterns with reduced Chla concentration under high light 

conditions and increased concentrations with enhanced temperatures were also found for kelps 

from Greenland (Niedzwiedz et al., 2024). Higher plants reduce their pigment content under the 

combined effect of high light and low temperature to reduce excitation pressure and avoid 

freezing damage (Lütz, 1996). Accordingly, we assume that the reduced pigment concentrations 

in L. hyperborea and other Arctic kelps at low temperatures and light stress served as photo-

protective and anti-freezing mechanism. 

The photo-protective mechanism DPS significantly increased up to w8 under low temperature 

and long photoperiodic conditions. In contrast, at 10°C a decrease in DPS was observed. Yet, the 

strong disparities between the treatments weakened considerably by w12. This effect might be 

an indication for an acclimation of L. hyperborea to light stress after prolonged exposure. 

Considering that the antioxidant phlorotannins also act as photo-protectants under prolonged 

PAR (photosynthetically active radiation) conditions (Steinhoff et al., 2012), it is surprising that 

we did not observe any response of phlorotannins to the long photoperiods. With means of 8–24 

mg g-1 DW, L. hyperborea generally contained high concentrations of phlorotannins compared to 

other kelps collected in the High Arctic (1 and 3.5 mg g-1 DW; Diehl and Bischof, 2021; Diehl et al., 

2023), which probably already provided sufficient protection against the intense light exposure 

during Polar Day.  

Under PolarNight conditions, Fv/Fm of L. hyperborea was completely unaffected and independent 

of temperature. As in the case of the kelp Saccharina latissima (Gordillo et al., 2022), which has a 

similar southern distribution limit as L. hyperborea (Araújo et al., 2016), all samples of L. 

hyperborea remained in “healthy” conditions throughout the experiment at PolarNight (Fv/Fm 
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>0.6; Dring et al., 1996). Also regarding DW, no significant changes were observed after three 

months of total darkness in L. hyperborea. Contrary, other kelp species such as A. esculenta, 

S. latissima and Laminaria solidungula lost weight during long periods of total darkness and under 

conditions of increasing temperatures during Polar Night (Scheschonk et al., 2019; Gordillo et al., 

2022). Throughout the long Polar Night in the Arctic, mannitol and laminarin in L. solidungula and 

S. latissima strongly decreased (Scheschonk et al., 2019), which, however, could not be confirmed 

for L. hyperborea in this study, as it stored laminarin and preferentially utilised mannitol. Also, in 

contradiction to the findings by Scheschonk et al. (2019), higher temperatures at PolarNight did 

not result in an enhanced consumption of the storage carbohydrates. Laminaria hyperborea was 

presumably not affected by prolonged Polar Night conditions, as the species can be considered a 

“season anticipator” (Wiencke et al., 2009), as evidenced by its growth only under photoperiods 

<12 h (Lüning, 1986). 

We did not detect any changes after three months of Polar Night or due to the different 

temperature treatments, which is in accordance with the in-situ observations by Scheschonk et al. 

(2019) on L. solidungula and S. latissima before and after the Polar Night period in Kongsfjorden 

(Svalbard). The fact that we additionally found no differences in the temperature treatments at 

PolarNight, could be caused by a lack of need of further protection against excitation pressure at 

low temperatures in total darkness (Lütz, 1996). 

Past and current seasonal Arctic environmental conditions so far limited the spread of 

L. hyperborea sporophytes to higher latitudes (see Box). However, our experiment clearly 

indicated that higher SSTs also enable this kelp to cope with so far unfavorable photoperiods ≥18 

h, while present and future Polar Night conditions neither impaired nor promoted L. hyperborea. 

Consequently, the physiological and biochemical results of our long-term experiment suggest a 

possible northward expansion of L. hyperborea as a result of climate change in the Arctic. 

 

4.2 Heading Northwards? 

Various model studies predicted a strong migration and increase in abundance for many 

seaweeds northwards in the Arctic, including L. hyperborea (Assis et al., 2018a, 2022; Frigstad et 

al., 2020). However, Arctic photoperiods were not integrated in such seaweed distribution 

models, while inclusion of physiological data improved the predictive power (Kearney and Porter, 

2009; Martínez et al., 2015; Laeseke et al., 2020).  

Clear beneficial effects of increasing temperatures during long photoperiods on the physiological 

or biochemical status of L. hyperborea were observed, while this kelp proved to be well adapted 

to current and future High Arctic winter conditions. The Fv/Fm data set can be treated as an 

integrated indicator of overall fitness and survival. Therefore, we used these data in a mechanistic 

species distribution model (Kearney and Porter, 2009). Our model confirmed the assumptions of 
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the experiments: L. hyperborea will be able to spread into the High Arctic if SST continues to 

increase. When modeling the potential distribution of L. hyperborea under the warming scenario, 

the SST during the year was high enough for the species to spread throughout western Svalbard, 

albeit the extended photoperiods. However, for the present-day scenario (2000–2014), SST in the 

High Arctic was not suitable for the colonisation of L. hyperborea on the coasts of Svalbard, as 

physiological performance was impaired during Polar Days. 

Nevertheless, there are some limitations in our study that need further exploration. We cannot 

exclude the possibility that there are other factors limiting the northward expansion of L. 

hyperborea. At low temperatures (0°C), for example, gametogenesis, germination of spores and 

growth of primary cells of L. hyperborea were observed, but development and growth were slow 

(tom Dieck (Bartsch), 1992; Sjøtun and Schoschina, 2002). Sjøtun and Schoschina (2002) assumed 

that the strongly delayed development of gametophytes during cold winters and the high 

mortality risk could be the limiting factor for the spread of L. hyperborea in the High Arctic. The 

development of spores and gametophytes, as well a response of young sporophytes, must 

therefore be tested under the same experimental conditions to assess the viability of the different 

life-history stages under High Arctic conditions. 

In addition, environmental conditions might further alter habitat suitability for L. hyperborea. 

Sediment inputs lead to changes in underwater light climate along the Arctic coastal regions 

(Gattuso et al., 2020; Konik et al., 2021) and kelp canopies themselves drastically change the light 

availability inside kelp communities (Laeseke et al., 2019). Both effects have considerable impact 

on Arctic kelps, as they reduce incident radiation and thus weaken light stress, but also primary 

production and maximum depth distribution (Laeseke et al., 2019; Niedzwiedz and Bischof, 

2023a). Accordingly, it is possible that decreased light availability further reduces photoperiodic 

stress for L. hyperborea in the High Arctic, leading to a higher habitat suitability. Our model further 

suffers from a lack of data on recovery of L. hyperborea after exposure to unfavorable conditions. 

Thus, it remains unknown whether L. hyperborea can recover from long photoperiods throughout 

the year. Both these effects must be investigated and considered in the future. 

 

 

4.3 Ecological Implications 

Arctic coastal ecosystems form an exceptional environment with a unique biodiversity that is 

under high risk due to rapid warming (Bringloe et al., 2020). Warming and consequential loss of 

sea ice will result in a gain of suitable habitats for intertidal and subtidal species in polar areas 

(Krause-Jensen et al., 2020), which in turn can lead to an invasion of non-polar species and to a 

reorganisation of species composition of ecological communities (Wassmann et al., 2011). New 

species or changes in species’ diversity and abundance can have multiple consequences on the 
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functioning of marine ecosystems, such as changes in the carbon cycle (Vilas et al., 2020), shifts in 

biotic interactions (Gilson et al., 2021), or changes in the habitat function (Smale et al., 2015; 

Christie et al., 2022; Gouraguine et al., 2024). Laminaria hyperborea is a strong competitor that 

displaces other kelp species, as has been observed in the Northeast Atlantic (Lüning, 1990). 

Contrary to other structurally similar kelps that are abundant in the High Arctic, such as Laminaria 

digitata, the stipe of L. hyperborea is rich in epibiont assemblages, including Rhodophyta, Bryozoa, 

Polychaeta, and many more (Schultze et al., 1990; Christie et al., 2003, 2009). The epibiotic 

community in turn acts, for example, as food source for associated mobile species, such as fish and 

sea urchins (Norderhaug et al., 2005; King et al., 2021). Hence, the spread of L. hyperborea in the 

High Arctic might have cascading effects on the entire ecosystem. 
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Supplementary Figures & Tables: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S1: For species identification of all 39 samples, the amplified fragment patterns of PCR1 and PCR2 were 

compared to those of Mauger et al. (2021). 37 specimens were identified as Laminaria hyperborea (Gunnerus) 

Foslie, while two specimens were identified as Laminaria digitata (Hudson) J.V. Lamouroux. Samples No. 11–

20 were part of another experiment and are therefore not included here. 
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Table S1: Minimum, maximum and mean sea surface temperatures (SST) between 0 and 20 m depth measured in 

Kongsfjorden between 1980/1982 and 2018/2022. Data downloaded from http://choc.imev-

mer.fr/shiny/dataAccess/ (for references see reference list). 

 

in-situ data: 

year season min [°C] max [°C] mean [°C] mean year [°C] 

1980 – 2000 
winter -1.97 3.85 -1.67 

3.16 
summer -1.64 7.22 3.50 

2001 – 2018 
winter -1.21 3.82 1.03 

4.03 
summer -0.76 8.14 4.42 

data received from: Skogseth et al. 2019 

 

OISST data: 

year season min [°C] max [°C] mean [°C] mean year [°C] 

1982 – 2000 
winter -1.8 4.86 0.63 

1.56 
summer -0.98 8.71 3.59 

2001 – 2022 
winter -1.8 3.82 0.22 

1.75 
summer -1.43 9.47 3.85 

data received from: Huang et al. 2021 

 

Table S2: Parameter estimates (β) and corresponding p-values for the included variables from the final 

generalised linear model. 

𝐹𝑣/𝐹𝑚~ 𝑡𝑖𝑚𝑒 ∗ 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 ∗ 𝑝ℎ𝑜𝑡𝑜𝑝𝑒𝑟𝑖𝑜𝑑 

Null deviance: 22.4 on 496 degrees of freedom 

Residual deviance: 6.4 on 489 degrees of freedom 

   

Variable β-Estimate p-value 

intercept 0.68 < 0.001 

exposure time 0.0002 0.152 

temperature 0.0012 0.193 

photoperiods 0.0003 0.469 

time × temperature 0.00001292 0.589 

time × photoperiod 0.000139 < 0.001 

temperature × photoperiod 0.00003132 0.581 

time × temperature × photoperiod 0.00001393 < 0.001 

http://choc.imev-mer.fr/shiny/dataAccess/
http://choc.imev-mer.fr/shiny/dataAccess/
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Manuscript ID: LO-22-0363.R1 

Glacial retreat and rising temperatures are limiting the expansion of temperate kelp 

species in the future Arctic 

Supporting Information:  

Method description of kelp parameters:  

Photosynthesis vs. irradiance curves. The photosynthesis vs. irradiance curves were measured with 

a 4-channel optode set-up (FireStingO2 Fibre-Optic Oxygen Meter FSO2-01, PyroScience Sensor 

technology, Aachen, Germany) by analysing the oxygen evolution in response to different light 

intensities within 25 mL Schott bottles (n=4), each containing three meristematic discs. Before 

each measurement, the system was one-point-calibrated according to the manufacturers protocol. 

A magnetic stirrer in each Schott bottle ensured a homogenic oxygen concentration and equal 

illumination of all discs. The chamber’s oxygen concentration (µmol O2 L-1) and temperature (°C) 

were recorded at 1 s intervals. Illumination intensities of the photosynthesis vs. irradiance curves 

(PAR; 400–700 nm) were measured (RAMSES-ACC-UV/VIS radiometer, TriOS Optical Sensor, 

Oldenburg, Germany) by integrating the irradiance from 400–700 nm (see Equation 1; Equation 

2). The PyroScience Calculation Tool was used to correct the raw data for variations in 

temperature, salinity and atmospheric pressure. To calculate the dark respiration and net 

photosynthetic rates, linear functions were fit on the oxygen concentration changes over time 

(15–25 min). Linearity of slopes was maintained in all measurements, indicating that the 

incubation chambers were neither carbon dioxide or nutrient limited nor oxygen super-saturated. 

The photosynthesis vs. irradiance curves were measured within a range of 0–24 µmol photons m-

2 s-1. The maximum illumination intensity of 24 µmol photons m-2 s-1 was based on the prevailing 

low light intensities in Kongsfjorden. The measurement at 0 µmol photon m-2 s-1 was evaluated as 

dark respiration rate and the measurement at 24 µmol photons m-2 s-1 as the net photosynthetic 

rate. Photosynthetic rates are shown as net photosynthetic rates, as plant respiration in the light 

was shown to vary between 25–100% of dark respiration (Krömer 1995). To increase 

comprehensibility, we labelled the respective plots with “dark respiration rate” and “net 

photosynthetic rate” rather than “oxygen concentration changes at 0 / 24 µmol photons m-2 s-1”. 

Dark respiration and net photosynthetic rates were calculated in µmol O2 L-1 cm-2 h-1. The 

compensation irradiance was determined by monitoring the oxygen concentration change as 

response to illumination intensities between 0–24 µmol photons m-2 s-1. The compensation 

irradiance was defined as the irradiance at which the oxygen decline (respiration) equals the 

oxygen increase (photosynthesis).  
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Maximum quantum yield (Fv/Fm). Fv/Fm was measured using pulse amplitude modulated 

fluorometry (Portable Chlorophyll Fluorometer PAM-2100, Heinz Walz GmbH, Effeltrich, 

Germany). Before each measurement, the discs were dark adapted for 5 min.  

Pigments. Pigment analysis was conducted according to Koch et al. (2015). Three aliquots of 30–

100 mg (silica dried) powdered material (n=4) were extracted in 1–1.5 mL 90 % acetone 

(depending on kelp polysaccharide content; volume percent) for 24 h in darkness at 4°C. The 

supernatant was filtered and analysed by a High-Performance Liquid Choromatography (HPLC; 

LaChromElite® system, L-2200 autosampler (chilled), DA-detector L-2450; VWR-Hitachi 

International GmbH, Darmstadt, Germany). A gradient was applied according to Wright et al. 

(1991), separating the pigments by a Spherisorb® ODS-2 column (250 × 4.6 mm, 5 µm; Waters, 

Milford, MA, USA). To identify and quantify pigment peaks, the respective standard for each 

pigment was used (DHI Lab Products, Hørsholm, Denmark). The accessory pigment concentration 

was determined by the sum of chlorophyll c and carotenoids. The ratio of accessory pigments to 

chlorophyll a was calculated. Pigment contents were calculated in µg cm-2.  

Carbon to nitrogen ratio. Carbon and nitrogen content of kelp samples was analysed using silica-

dried and powdered material (2–6 mg; n=4). Samples were weighted into tin cartridges (5×9 mm) 

and combusted at 1000°C. Acetanilide was used as standard (Verardo et al. 1990). An elemental 

analyser (Euro EA 3000 Elemental Analyser, EuroVector S.P.A., Milano, Italy) automatically 

quantified the carbon and nitrogen content. Total carbon and nitrogen content were expressed as 

proportion (%) and ratio.  

 

Table S 1: Sampling sites 

Sampling date, latitude and longitude of ststaions for underwater light climate depth profiles (A–Q) and 

kelp sampling (S.lat: Saccharina latissima; A.esc: Alaria esculenta).  

Station Date Latitude Longitude Station Date Latitude Longitude 

A 19.07.21 N78.888 E12.468 B 07.07.21 N78.889 E12.443 

C 19.07.21 N78.891 E12.418 D 19.07.21 N78.895 E12.377 

E 07.07.21 N78.898 E12.388 F 07.07.21 N78.904 E12.333 

G 19.07.21 N78.899 E12.328 H 07.07.21 N78.909 E12.287 

I 19.07.21 N78.902 E12.283 J 07.07.21 N78.912 E12.246 

K 23.07.21 N78.927 E11.978 L 23.07.21 N78.930 E11.957 

M 23.07.21 N78.932 E11.933 N 23.07.21 N78.931 E11.904 

O 23.07.21 N78.934 E11.879 P 05.07.21 N78.969 E11.738 

Q 05.07.21 N78.979 E11.599     

S.lat 06.07.21 N78.965 E11.638 A.esc 13.07.21 N78.985 E11.964 
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7       Synoptic discussion 

Ecosystem engineering kelp forests are subject to many rapid environmental changes in the 

Arctic. Since the 1980s, the rate of sea surface temperature rise is far beyond the global average 

(Previdi et al. 2021; Rantanen et al. 2022), with marine heatwaves acting upon the gradual 

temperature increase (Barkhordarian et al. 2024). Consequently, glacial (Milner et al. 2017) and 

permafrost melt (Bintanja 2018) are accelerating and precipitation rates are expected to increase 

(Bintanja and Andry 2017), leading to extensive run-off plumes covering fjords. Run-off plumes 

alter many water column parameters: e.g., high concentrations of suspended particles are 

changing the irradiance (Konik et al. 2021) and spectral composition (Stomp et al. 2007); 

terrestrial and lithogenic material alter the macro- and micronutrient concentrations (McGovern 

et al. 2020; Krause et al. 2021). Acclimatisation and high plasticity are important for the 

persistence of kelp forests, as the sedentary kelps are not able to migrate, and adaptation is likely 

outpaced by the rate of environmental changes (Vranken et al. 2021). Acting as foundation 

species, their response to environmental changes has cascading ecological and economic 

consequences on the entire ecosystem (Wernberg et al. 2019; 2024). Hence, it is crucial to 

understand future kelp forest dynamics to be able to make predictions on Arctic coastal ecosystem 

developments and functioning.  

Laeseke et al. (2024) recently reported that physiological temperature limits, i.e., the fundamental 

thermal niche, are a weak predictor for many seaweeds’ cold-distribution limit. Assessing what 

defines the current and future distribution of kelps in the Arctic, I investigated the current realised 

niche of Arctic kelps using in-situ approaches and assessed trait performance in response to 

irradiance and temperature in laboratory experiments. I discuss the relevance of my results for 

present-day seasonal and spatial, as well as near-future climatic changes, global patterns in kelp 

forest change and socio-economic implications.  

 

7.1 Major findings  

In two in-situ monitoring studies, I found high intraspecific variability in the biochemical 

composition of different Arctic kelp populations, being conditioned by their local environment 

along the west coast of Svalbard (publication I). Hence, performance curves must not be 

considered static and experimental results have to be extrapolated with care. Investigating the in-

situ effect of run-off on kelp holobiont functioning in a high spatial resolution, I additionally found 

run-off to change the content of (harmful) elements in kelps. This led to changes of the ecosystem 

services of kelp forests, such as the nutritious value of kelps for grazers, or the element cycling of 

the ecosystem (publication II). In three experimental studies, I found that the effect of 
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temperature on kelps is highly interactive with the prevailing PAR availabilities (publication III). 

High-PAR availability caused drastic physiological stress, especially when interacting with cold 

temperatures, which currently restricts L. hyperborea to expand to higher latitudes (publication 

IV). Reduced irradiance resulted in a predicted shift of the kelps’ realised niche and results in a 

local loss of habitat for cold-temperate kelps in the Arctic (publication V).  

Figure 7.1 displays a graphical overview of the major findings of my doctoral project. I will discuss 

them in detail in the following chapters.  

 

Figure 7.1: Major findings on the influence of coastal run-off on Arctic kelp communities. I measured the 

following kelp responses (font size refers to the biogenic content, not to scale): total nitrogen (N) and 

(harmful) elemental composition (e.g., Hg, Cd); the intensity and spectral composition of the 

photosynthetically active radiation (PAR). Content and composition of the light harvesting complex: 

Chla: chlorophyll a; Acc: accessory pigments; DPS: De-epoxidation state of xanthophyll cycle pigments. 

Fv/Fm: maximum quantum yield of photosystem II. O2 Prod.: photosynthetic rate as oxygen production. 

C: storage compounds as total carbon and dry weight. O2 Cons.: respiration rate as oxygen consumption. I 

found a high macro- and micro-nutrient content, i.e., nitrogen but also harmful elements, in kelps being 

influenced by run-off. High-PAR availabilities prevail under low run-off influence, low-PAR availabilities 

under high run-off intensity. All kelp physiological and biochemical parameters were highly influenced by 

varying PAR availabilities. Thermometer: temperature sensitivity. When kelps were exposed to high-PAR, I 

found the maximum quantum yield to be temperature sensitive. Under low-PAR availabilities, the content 

of storage compounds and respiration rate were temperature sensitiv. Changing PAR × temperature 

conditions relate to a shift in the realised niche and interspecific competition balances. High-PAR 

availabilities interacting with cold temperatures prevent L. hyperborea from establishing a high Arctic 

population. Warm temperatures mitigated high-PAR stress. Under low-PAR availabilities, warm 

temperatures enhanced PAR-dependent carbon limitation.  
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7.1.1 Kelps are conditioned by their local environment 

Wernberg et al. (2010) showed that susceptibilities of kelps towards stressors are changing when 

they interact. During my experimental studies I mainly focussed on the effect of PAR × 

temperature interactions on kelp forests (chapter 7.1.2). However, there are more 

environmental factors related to climate change that are affected by increasing run-off influence, 

e.g., nutrient availability (McGovern et al. 2020). To investigate the effect of run-off on kelp 

communities, I conducted two in-situ studies (publication I, II), assessing whether the local 

environment in Arctic fjords conditions kelp populations and how their holobiont functioning 

changes when they were exposed to run-off. As introduced in chapter 1.3.2, Arctic surface waters 

in summer are often nutrient depleted (Juul-Pedersen et al. 2015). The re-supply of nutrients and 

the chemical composition of the water column is dependent on the bedrock composition, glacier 

type and run-off intensity (Meire et al. 2017; McGovern et al. 2020; Krause et al. 2021). I found 

kelps to be nitrogen limited, with C:N ratios generally being above 20 (publication I, V; Atkinson 

and Smith 1983). Nitrogen limitation reduces the rate of protein synthesis (Falkowski et al. 1989) 

and further affects photosynthetic and respiration rates, leading to a reduced growth (Falkowski 

and Raven 2007). As kelps accumulate nutrients from the seawater (Mortensen 2017), their 

nitrogen content was higher when they were exposed to nutrient-rich run-off (publication I). Due 

to local variations, this correlation was not significant (see discussion publication I). While the 

absorption of nutrients is beneficial for the kelps’ performance, I also found kelps to accumulate 

harmful elements, such as mercury and cadmium, when growing in areas with a high run-off 

influence (publication II). Depending on element, concentration and exposure time, those 

elements can become toxic (Chung and Lee 1989), by inducing the formation of reactive oxygen 

species (ROS) (Pinto et al. 2003), substituting trace elements in proteins or enzymes (Vallee and 

Ulmer 1972), or lead to chloroses (bleaching), necrosis and tissue weakening (Rybak et al. 2017). 

Further, run-off leads to a significant change of the kelps’ associated microbial community 

(publication II), being important for the fitness and functioning of kelps and, therefore, 

ecosystem health (Burgunter-Delamare et al. 2023). These results clearly indicate that kelp 

populations are conditioned by their local environment. The run-off dependent conditioning 

influences the susceptibilities and responses of local kelp populations to environmental and 

climate change related drivers. Hence, responses from one single population have to be 

extrapolated with care, considering local environmental conditions. Therefore, two main aspects 

have to be kept in mind when interpreting the effects of experimental PAR × temperature 

interactions in the following synoptic discussion: 1) I assessed the responses of cold-temperate 

kelps, as they are forming the majority of Arctic kelp populations (Filbee-Dexter et al. 2019). 

Hence, the discussion focusses on performance variability of kelps at their cold distribution 

margin with experimental temperature modifications being below or close to the species’ thermal 
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optimum. 2) As all studies were conducted in Arctic summer, i.e., during 24 h of light availability 

(except long-day and Polar Night scenario in publication IV), the major findings focus on kelp 

performance during Polar Day. I elaborate on potential effects of climate change on cryophilic 

kelps, as well as kelp performance during Polar Night in chapter 7.2.  

 

7.1.2 Effect of PAR × temperature interactions 

Rising temperatures initiate a cascade of associated environmental changes in the Arctic, e.g., the 

reduction of available PAR in the water column (chapter 1.3). How temperature × PAR affect 

kelps is of high interest, as the carbon gain (photosynthesis) and loss (respiration) of kelps are 

driven by a multitude of temperature-sensitive processes (Davison et al. 1991, Falkowski and 

Raven 2007). Hence, the response of kelps to temperature × PAR interactions is not linear. Low 

values of the maximum quantum yield of photosystem II (Fv/Fm) are a measure for a high 

physiological and cellular stress level (Dring et al. 1996; Murchie and Lawson 2013). In 

publication III and IV, Fv/Fm of S. latissima, A. clathratum and L. hyperborea responded as follows 

to temperature × PAR interactions:  

cold temperature × high-PAR < warm temperatures × high-PAR < cold-temperature × low-PAR. 

This sequence is striking, given that warm temperatures are closer to the species’ thermal 

optimum, and would be expected to cause less physiological stress than cold temperatures. 

However, it confirms that temperature as an isolated driver is a weak predictor (Laeseke et al. 

2024). I argue that PAR availability, i.e., intensity, spectral composition and duration, is a 

major driver for the distribution limit of cold-temperate kelps in the Arctic. For context of 

the following discussion, I displayed a schematic photosynthetic electron transport chain, the net 

carbon balance, and respiratory electron transport chain in Figure 7.2 and marked which 

parameters I measured and which steps are light or temperature sensitive.  



7       Synoptic discussion 
_______________________________________________________________________________________________________________ 

 
198 

Figure 7.2: Schematic photosynthetic electron transport chain (along thylakoid membrane in chloroplast), 

net carbon balance and respiratory electron transport chain (along inner mitochondrial membrane). 

Thermometer symbol: temperature sensitive steps. Sun symbol: light sensitive steps. Red text: measured 

parameters. e-: electrons. Dotted line: e- transport chain. ROS: reactive oxygen species, formed when 

electrons are transferred to oxygen instead of being processed along the electron transport chain. The 

photosynthetic electron transport chain is composed of two photosystems (PS II; PS I) and a cytochrome 

b6f complex (proton pump to establish gradient for ATP synthase). Extraction of electrons (e-) is catalysed 

at PS II, by the oxidation of water. LHC: light harvesting complex consisting of chlorophyll a and accessory 

pigments. At PS I, e- are transferred to reductive equivalent (NADPH). Adenosine triphosphate (ATP; cellular 

energy unit) is generated as at the ATP synthase, using a proton gradient. NADPH, ATP and carbon dioxide 

(CO2) are used to form storage compounds. When storage compounds are used (net carbon balance), CO2 is 

released, e- are extracted from NADPH and passed through the respiratory electron transport chain, being 

composed of complex I–IV to establish a proton gradient for the ATP synthase to generate ATP. Note that 

there are other physiological and biochemical processes influencing the net carbon balance.  

 

High-PAR availabilities cause physiological stress, when the rate of photon absorption exceeds the 

rate of the downstream photosynthetic processes and electrons are transferred to oxygen 

(Bischof and Rautenberger 2012). The formed ROS have a highly destructive potential on 

macromolecules (Sharma et al. 2012). To prevent ROS formation, brown algae can couple or 

decouple the light harvesting antenna to redistribute energy (Falkowski and Raven 2007), or 

dissipate excessive energy in the form of heat by increasing the de-epoxidation state of 

xanthophyll cycle pigments (DPS; Demmig-Adams and Adams 1996). Both processes are very fast 

reactions, responding to immediate changes in PAR availability. When kelps are exposed to a 

longer period of high-PAR, they can photoacclimate to prevent the formation of ROS, e.g., by the 

overall reduction of chlorophyll a or by reducing the light harvesting complex (Franklin and 

Forster 1997). I detected increased DPS values and modifications of the light harvesting complex 

in response to high-PAR availabilities experimentally (publication III), as well as in-situ 
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monitoring (publication I). The reduction of chlorophyll a correlated significantly with 

decreasing photosynthetic rates in the course of the experiment, in both S. latissima and 

A. clathratum (publication III).  

If the formation of ROS cannot be prevented, antioxidants, e.g., phlorotannin (Ford et al. 2019), 

scavenge ROS, preventing them from reacting with critical macromolecules (Bischof and 

Rautenberger 2012). Neither phlorotannin concentration in publication III nor the antioxidant 

activity (AOA; determined after Re et al. 1999) in publication I correlated significantly with PAR 

availability, which might indicate that the prevailing high-PAR stress was already effectively 

mitigated by modifications of the photosystem, preventing an overall cellular stress response. 

Contrastingly, in publication II, I found significant variations in AOA between sampling stations, 

being higher at sampling stations with lower run-off influence. I hypothesised in the discussion of 

publication II that this might be due to physical or chemical parameters, being associated with 

run-off, e.g., higher PAR availabilities (Bischof and Rautenberger 2012) or lower concentrations 

of harmful elements (Nowicka et al. 2022). In publication II, I analysed clear gradients of 

decreasing influence of run-off at high spatial resolution. Hence, it is likely that that run-off related 

changes of the water column were resolved, which were not detectable in publication I.  

High-light stress was inflicted by absolute PAR intensities of ~100 µmol photons m-2 s-1. This is 

striking, as kelps are exposed to much higher PAR intensities at lower latitudes (Stahl et al. 2024). 

However, supraoptimal irradiance levels are defined by the combination of PAR intensity, as well 

as duration of exposure (Falkowski and Raven 2007). During Polar Day, kelps are exposed to no 

(or a weak) light-dark cycle (Gattuso et al. 2020; Schlegel et al. 2024). Therefore, peak high-PAR 

tolerances of kelp populations from lower latitudes cannot be extrapolated to Arctic kelps, 

as photoperiod acts as critical driver. The essential role of photoperiod became especially 

evident in publication IV. Considering the 0°C treatments of L. hyperborea to 30–35 µmol photons 

m-2 s-1, a 24 h exposure over several weeks was lethal for the species, while an 18:6 h L:D cycle 

was tolerable. S. latissima and A. esculenta did not show extensive signs of physiological stress in 

response to a continuous exposure to 30–35 µmol photons m-2 s-1 (publication V).  

Considering the effect of temperature on kelps under high-PAR exposure, physiological stress 

levels were generally highest when high-PAR levels interacted with cold temperatures, becoming 

apparent in low Fv/Fm and high DPS values. Generally, it is assumed that the photosynthetic 

electron transport chain is not temperature sensitive, as a genuine photochemical reaction would 

not depend on (temperature-sensitive) intermolecular interactions (Falkowski and Raven 2007). 

However, the transport processes through the electron transport chain depend on temperature-

sensitive membrane fluidity (Figure 7.2; Raven and Geider 1988). At cold temperatures, the rate 

of electron flux is reduced as the independent movement of the electron-transport-chain-
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components is impaired, as well as the diffusion of electron carriers (Falkowski and Raven 2007). 

When the rate of electron transport is reduced in an already electron saturated system, more 

electrons are being transferred to oxygen and form ROS. Therefore, cold temperatures are 

enhancing high-light stress. With warmer temperature physiological high-PAR stress levels 

were reduced (publication III, IV), which I attribute to the ROS formation being mitigated by 

warmer temperatures. Again, this became especially obvious in publication IV. Comparing the 

response of L. hyperborea during 24 h light exposure, its interaction with 0°C proved to be lethal, 

while warmer temperatures, i.e., 5 and 10°C increased the species performance. S. latissima and 

A. clathratum showed the same response pattern in publication III. With warmer temperatures, 

the potential to gain more storage compounds and maintain a positive net carbon balance was 

increased (i.e., increased weight gain; publication III), as it is dependent on temperature-

sensitive enzymatic reactions. Hence, warmer temperatures mitigated high-light stress and, 

being closer to the species optimum, caused an increase in performance (Wahl et al. 2020). 

The temperature increase did not relate to significant changes of the biochemical composition, 

such as a modification of the light harvesting complex, in neither S. latissima, A. clathratum nor 

L. hyperborea (publication III, IV). It has to be noted that I detected only weak responses of the 

photosynthetic rate to changes in temperature (publication III, V). In the discussion of 

publication V, I attributed this to the photosynthetic rates being light-limited. However, even at 

120 µmol photons m-2 s-1, the temperature-dependent response of the photosynthetic rate was 

weak and only significant for a few comparisons (publication III). I measured the photosynthetic 

rate as the oxygen evolution over time, which is formed at PS II by the oxidation of water 

molecules (Figure 7.2). Hence, the oxygen related photosynthetic rate is no measure for the rate 

of electron transport, which might by a reason why I did not detect a strong temperature 

sensitivity.  

In run-off plumes, the PAR availability changes drastically. Correlating significantly with 

increasing turbidity, i.e., the concentration of suspended particles in the water column, the light 

attenuation coefficient of the water column is increasing, reducing the PAR intensity (publication 

I). With increasing distance to the run-off inflow, PAR intensity increases, establishing a strong 

gradient along fjords (publication II, V). An overall darkening of fjords has been described by 

Konik et al. (2021). Additional to the decrease in PAR intensity in run-off plumes, the spectral 

composition is changing, as the suspended particles absorb a specific proportion of the PAR 

spectrum (publication I, V; Stomp et al. 2007). The shift of the spectral composition can vary 

strongly (publication I, appendix), as it depends on the prevailing sediment types and their 

composition of the run-off plume. I found the overlap between the absorption range of 

photosynthetic pigments with the available light spectrum to decrease with increasing run-off 

influence (publication V). Wondraczek et al. (2013) described the photosynthetic efficiency to be 



7       Synoptic discussion 
_______________________________________________________________________________________________________________ 

 
201 

highly dependent on the spectra overlap. Due to reasons of feasibility, I focussed on the decreasing 

PAR intensity as interacting driver in the experimental studies. Spectral influences are integrated 

in the responses monitored in in-situ studies. I found the pigment composition to mainly respond 

to changes in PAR intensity and not the spectral composition (publication I).  

I found physiological stress levels to be generally low under low-PAR availabilities, independently 

of the temperature (publication I, III, IV). I assume that the photosynthetic electron transport 

chain was not saturated by low-PAR availabilities (even at cold temperatures), resulting in a low 

ROS formation. However, kelps can only survive and grow, if their carbon uptake (photosynthesis) 

exceeds their carbon loss (respiration; carbon excretion) (Kirk 2011). Kelps have to maintain a 

positive net photosynthetic rate under low-PAR environments to persist in run-off plumes. At the 

beginning of the experiment in publication III, I monitored negative net photosynthetic rates in 

both S. latissima and A. clathratum. In the course of the experiment, their net photosynthetic rates 

became positive, as a result of an increase in chlorophyll a content. Integrating the complete 

experiment, kelps maintained an overall positive net carbon balance and grew. Nevertheless, low-

PAR exposed kelps gained significantly less weight compared to high-PAR exposed kelps. I 

observed a similar response in in-situ monitoring (publication I). Kelps in fjords with a low-PAR 

availability increased their chlorophyll a content and reduced their antenna complex of the 

photosynthetic reaction centres to increase light harvesting. Despite the photoacclimation, their 

total carbon content, too, was significantly lower compared to samples from fjords with a high-

PAR availability. Hence, reduced PAR availabilities in run-off plumes have the potential to 

cause the net carbon balance of kelps to become negative, which was confirmed by modelling 

of the potential depth distribution of kelps along the fjord gradient (publication V).  

The dark respiration rate, being a proxy for the cellular energy requirement, was highly 

dependent on the PAR availabilities, being lower under low-PAR intensities (publication III). A 

“light-enhanced-dark-respiration” was also described by Xue et al. (1996). They described the 

dark respiration rates of Chlamydomonas reinhardtii to be dependent on the intensity and 

duration of light exposure, as well as the photosynthetic rate. I did not detect a clear overall 

temperature dependency of the dark respiration rate, although it is dependent on membrane 

fluidity and many enzymatic reactions (Figure 7.2). In publication V, the respiration rate of S. 

latissima increased significantly with warmer temperatures, correlating with a stronger decrease 

of the total carbon content. However, this response was not confirmed in any PAR × temperature 

interaction in publication III. I hypothesise that the difference in PAR availability was the 

predominant driver of the kelps’ dark respiration rate in publication III masking possible 

temperature impacts. In A. esculenta, warmer temperatures increased the compensation 

irradiance, i.e., the PAR intensity kelps need to balance respiratory losses (publication V; 
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Falkowski and Raven 2007). The increased light requirements of A. esculenta enhanced low-PAR 

driven habitat loss. S. latissima did not show an increase in compensation irradiance. However, 

considering their thermal performance curve, the optimal growth temperature for A. esculenta is 

below that of S. latissima (8–9°C vs. 10–15°C; Munda and Lüning 1977; Bolton and Lüning 1982). 

Therefore, the experimental temperature increases in publication V have larger physiological 

consequences on A. esculenta. Davison et al. (1991) also detected increasing compensation 

irradiance of S. latissima when temperatures increased beyond their thermal optimum. Overall 

my results suggest, that temperature effects under low-PAR intensities are species-specific.  

 

7.1.3 Methodological considerations 

The studies I conducted in the course of this dissertation can be categorised in either in-situ 

monitoring studies (publication I, II) or experimental studies (publication III, IV, V). Both have 

contrasting advantages and disadvantages.  

In experimental studies, the effect of single drivers on kelps can be specifically targeted, 

untangling the effect towards several interacting drivers. However, basing modelling approaches 

on a species’ response towards a single driver, such as temperature, might lead to mis-

extrapolations, as was shown for the kelp Laminaria hyperborea (publication IV): surviving 

minimum temperatures of -1.5°C, L. hyperborea should be able to occur on Svalbard, when only 

considering their fundamental thermal niche (Bolton and Lüning 1982; tom Dieck 1993). 

However, the interaction of cold temperatures with Polar Day conditions has prevented its spread. 

Consequently, the recorded observation on Svalbard, shown in Figure 1.3, is most likely a 

misidentification. Further, it has to be considered that responses towards single drivers, e.g., 

temperature, can be gradual, while this relation may not persist when interacting with other 

environmental factors, as also shown in the studies of this dissertation (chapter 7.1.2). In 

multifactorial experiments, the effect of several interacting drivers can be targeted. However, due 

to logistical reasons, multifactorial experiments are strongly limited to two or three variables. 

Drivers that were not accounted for might be limiting in the field. In the discussion of 

publication I, I attribute the overall performance increase of S. latissima, Diehl et al. (2021) 

measured during an Arctic heatwave experiment, to a recovery from high-light stress rather than 

the response to the experimental conditions. Generally, by selecting and considering only a few 

(interacting) factors, ecological implications of an experiment should be drawn with care, as 

species performance curves, as well as tolerance limits might be altered and changed with more 

interacting factors (Wernberg et al. 2010). By conducting in-situ studies, integrated responses of 

species to their complete environment can be monitored. However, these responses cannot be 

clearly differentiated between drivers and, therefore, no direct conclusion of future response 
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patterns can be drawn. Both experimental and in-situ studies are powerful tools to investigate the 

realised niche of species, with contrasting advantages and disadvantages. Hence, I suggest a 

combination of experimental and in-situ studies to draw reliable conclusions on the 

trajectories of kelp forest development: after most important drivers and performance curves 

were determined experimentally, the resulting ecological implications can be confirmed with in-

situ monitoring studies and field observations.  

A further consideration for both experimental and in-situ studies are performance or tolerance 

differences within species, depending on the geographical region (Bennett et al. 2019), being 

influenced by the environmental history (e.g., Niedzwiedz et al. 2022). Especially at the cold-

distribution margin, species were reported to show large within-species variations (Bennett et al. 

2019). Investigating the interacting effects of temperature × PAR on L. hyperborea, L. digitata and 

L. ochroleuca in the UK, high-PAR availabilities mitigated destructive effects of supraoptimal 

temperatures, while low-PAR availabilities enhance it (Bass et al. 2023). This finding is in exact 

opposite to the responses measured for in Arctic kelp populations (publication III) and highlights 

the necessity to consider the environmental context. It further shows the extent of within-species 

performance differences. Therefore, the environmental history of kelp specimens, sampled 

for both experimental and in-situ studies has to be considered, when extrapolating results. 

Except publication II, all studies conducted in the frame of this thesis are based on the response 

of meristematic tissue samples from kelps. While this has logistical advantages, the question 

arises whether the response of the meristematic subsamples is representative for the entire 

organism, as within-thallus differentiation in kelps has been described (e.g., Scheschonk et al. 

2019). While I am not aware of any study that experimentally compared the response of different 

parts of the phylloid to environmental drivers, the meristem is described as the kelps’ 

metabolically most active region (Wiencke and Bischof 2012). In kelps, photoassimilates, e.g., 

laminarin, are usually stored in mature, distal parts of the phylloid, which was also shown by 

Scheschonk et al. (2019) for S. latissima in October, in preparation for the Polar Night. For 

respiratory energy gain, carbon compounds are transported to the meristem as mannitol or amino 

acids (Wiencke and Bischof 2012). Therefore, the meristem alone is not representative for the 

total of storage compounds in the entire kelp. I nevertheless consider the direct comparison of 

meristematic differences in the biochemical compositions between treatments or populations as 

indication for an overall higher or lower storage compound content. Further, the meristem is the 

only area of length growth. As growth integrates both physiological and biochemical conditions of 

the kelp, it is a valuable parameter to determine the performance of kelps. Growth of meristematic 

subsamples might be limited, as they are not connected to the distal energy supply. Hence, 

meristematic tissue provides a good proxy for immediate physiological resposes to acute 
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environmental changes. Regarding the kelps (eco-)physiology, I consider meristematic 

photoacclimation responses representatively to the rest of the phylloid, provided that 

illumination is comparable along the phylloid. Different pigmentation and photosynthetic rates 

have been measured for Macrocystis pyrifera along the water column, photoacclimating to the 

respective PAR availability (Colombo-Palotta et al. 2006). However, in contrast to the here 

considered species, M. pyrifera can occupy the water column for several 10’s of meters (Colombo-

Palotta et al. 2006). A strong indication of the meristematic part being representative for the 

tolerance of the entire kelp sporophyte is the fact that the patterns in the depth distribution of 

kelps modeled in publication V were also found in the in-situ study by Düsedau et al. (2024).  

 

7.1.4 Summary of major findings 

Concluding, I found that the biochemical composition of Arctic kelps is significantly conditioned 

by the local environment and presence of run-off plumes, with the potential to alter the responses 

of kelps towards climate change related drivers. Hence, their performance curve is not static and 

Arctic kelps must not be considered as one biochemical unit (research question I). Additional to 

biochemical changes, run-off alters the kelps’ content of harmful elements, as well as their 

associated microbial community (research question II), having consequences on the kelp 

holobiont functioning and ecosystem services.  

Focussing on the impact of PAR × temperature interactions on Arctic kelp populations, I showed 

that temperature and PAR are highly interactive (research question III): Under high-light 

conditions, warmer temperatures have a mitigating effect on high-light stress, while cold 

temperatures are enhancing it, to an extent where it restricts the spread of L. hyperborea into the 

Arctic at current environmental conditions (research question IV). Under low-PAR availabilities, 

overall physiological stress levels were reduced. However, low-PAR availabilities also resulted in 

a reduced weight gain or carbon content in kelps. This relates to a shift of the realised niche of 

kelps to shallower waters in darkening, run-off dominated fjords. For A. esculenta the shift was 

accelerated, with warming temperatures increasing its light requirement significantly (research 

question V).  
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7.2 Projections of differences in kelp performance with respect to… 

In the following chapter, I will extrapolate the differences in kelp performance in response to 

changing PAR × temperature interactions to seasonal, spatial and temporal variability. Further, I 

will explore consequences on kelp ecosystems and the associated local change of ecosystem 

services. It has to be kept in mind that the influence of many (interacting) drivers are not yet fully 

understood. Consequently, depending on season, location, the environmental history and species, 

it is possible that responses are more complex than outlined in the following section.  

 

7.2.1 …seasonal variability 

When extrapolating the results of this dissertation to current seasonal performance of kelps it has 

to be considered that all results were obtained in summer studies. Liesner et al. (2020) and Gauci 

et al. (2020) have shown that altered environmental conditions during early kelp development 

change their phenotypic plasticity and susceptibility towards drivers. Further, Niedzwiedz et al. 

(2022) found that the immediate environmental history had a large impact on the vulnerability of 

S. latissima towards marine heatwaves, i.e., seasonal conditioning might change the susceptibility 

of kelps towards changing environmental factors. To clarify the effect of seasonal conditioning on 

Arctic kelp populations, I propose a seasonal in-situ study, monitoring the environmental 

conditions (temperature, PAR and nutrient availability), and assess the physiological and 

biochemical response of kelps to the actually prevailing environmental conditions. The results of 

such a study would contribute to the knowledge of seasonal productivity of Arctic fjord 

ecosystems and would allow conclusions to be drawn about the impact on the Arctic food web.  

I schematically displayed the seasonal variability of environmental conditions in Arctic fjords and 

the expected overall performance of kelps, based on my results, in Figure 7.3.  
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Figure 7.3: Projections of kelp performance with respect to present-day seasonal variability. Arctic coastal 

areas are marked by annual cycles of substantial environmental changes. Months are marked on the x-axis. 

Sea surface temperatures (SST) in Isfjorden, Svalbard, vary between ~0–7°C, rising in May/June and 

reaching their peak in July, before decreasing again (Payne and Roessler 2019). Run-off on Svalbard is 

sharply inclining end of May / beginning of June with the snow melt, before later in season (July/August) 

glacial melt and rain are feeding the run-off (Nowak et al. 2021). The pronounced cycle of light availability 

restricts the photosynthetic period to a few months in summer (Gattuso et al. 2020). A cumulative annual 

irradiance of 49 mol photons m-2 yr–1 has to prevail to maintain kelps’ survival and growth (Castro de la 

Guardia et al. 2023). The major phytoplankton bloom is in spring (May), with a smaller bloom in late 

summer (August); colour gradient: approx. phytoplankton bloom productivity (Ardyna and Arrigo 2020). 

Early spring and summer conditions are characterised by high-PAR × cold temperatures, changing to low-

PAR × warm temperatures in late summer. At the end of the run-off season, kelps contain the highest 

concentration of harmful elements (publication II). I extrapolated the seasonal performance of kelps 

(schematic) based on my results (green line; publication I, III, IV). Polar Night responses of L. hyperborea 

are assessed in publication IV.  

 

Arctic seasonal changes are marked by substantial changes in air and water temperature 

(Timmermans and Marshall 2020) and PAR availability (chapter 1.1; Gattuso et al. 2020). Early 

in the season, after the Polar Night, the water column is characterised by cold temperatures. Due 

to global climate change, overall rising temperatures have resulted in a significantly reduced sea 

ice extent in spring, when high-PAR availabilities prevail (Nicolaus et al. 2012; Payne and Roesler 

2019). In combination with cold water temperatures, I expect decreasing performance of kelps, 

becoming evident by decreasing Fv/Fm values and a responding reduction of the light harvesting 

complex and higher DPS values (publication III, IV). However, based on my findings, 

photosynthetic rates and carbon gain should be high (publication III), which might be beneficial 

for the kelp net carbon balance after Polar Night, being a period of net carbon loss. Further, 
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photosynthetic rates and carbon gain are probably boosted by relatively high concentrations of 

nutrients (Falkowski et al. 1989), which were re-supplied during autumn mixing (Cottier et al. 

2010).  

As water temperatures and PAR availabilities increase, the spring phytoplankton bloom usually 

depletes the water column of nutrients, also ending their bloom (Ardyna and Arrigo 2020). 

Additional to the competition for nutrients, the phytoplankton bloom reduces the PAR availability 

for benthic primary producers, e.g., kelps. I would expect both, the increasing temperatures and 

reduction of the PAR availability, to increase the performance of kelps. I expect photosynthetic 

quantum yield to increase, however, no change in the pigment content and composition 

(publication III).  

In early June, run-off is starting on Svalbard as warmer air temperatures cause the snow to melt 

(Nowak et al. 2021). Later in the summer, glacial melt and precipitation are primarily feeding the 

run-off (Nowak et al. 2021). With higher run-off influence, the available PAR intensity decreases 

drastically and the spectrum peak shifts to longer wavelengths (publication I, V). I would expect 

a drastic decrease of high-PAR-induced oxidative stress in kelps. The onset of the run-off is 

eventually accompanied by a short period of negative net photosynthetic rates (publication III). 

After photoacclimating to the low PAR intensities, i.e., increase of the chlorophyll a and accessory 

pigment content, I would expect photosynthetic rates to become positive. However, the 

photosynthetic rate would be lower compared to spring and early summer conditions, limiting 

the carbon gain. Depending on the species, warm temperatures might additionally reduce the 

carbon gain under low-PAR availabilities (publication V). Depending on glacier type, bedrock 

composition and run-off intensity, nutrient availability might have a further effect on the carbon 

gain potential. I expect the content in kelps of harmful elements to be highest at the end of the 

run-off season, i.e., late August / September, as kelps accumulated them during the whole run-off 

season (publication II).  

During autumn, temperatures are becoming lower and PAR availability is reduced until complete 

darkness during Polar Night in winter prevails. With the photosynthetic period being restricted 

to summer months, kelps rely on their storage compounds to survive the Polar Night. Castro de la 

Guardia et al. (2023) have found a minimum PAR intensity threshold of 49 mol photons m-2 yr-1, 

for kelps to be able to maintain a positive net carbon balance and survive the year. Summers et al. 

(2023) found in an in-situ study in Kongsfjorden, Svalbard that S. latissima and A. esculenta (as 

well as other macroalgae), appeared morphologically healthier, with a higher physiological 

performance in January than in October. This confirms the extrapolation of my results, assuming 

that Arctic summer months cause high levels of physiological stress. Summers et al. (2023) 

even reported S. latissima and A. esculenta to grow during Polar Night, suggesting that they use 
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storage compounds, such as laminarin, and the high nutrient availability to form new tissue. 

Accordingly, Scheschonk et al. (2019) has shown in an in-situ study that S. latissima was nearly 

depleted of storage compounds by the end of the Polar Night. In publication IV, L. hyperborea 

discs survived an experimental three months of darkness, mimicking Polar Night conditions. Discs 

survived the extended period of darkness only using the short-term storage compound mannitol, 

as long-term storage compounds, e.g., laminarin, is stored in the distal part of the phylloid. This 

might be an indication that the species might not be susceptible to reduced PAR availability in 

summer. Overall, I assume differences in their Polar Night physiology to be highly dependent 

on species. As all kelp species maintained a functioning photosynthetic apparatus during present-

day Polar Night (publication IV; Summers et al. 2023; Gordillo et al. 2022), I expect them to be 

able to resume phytosynthesis and growth in spring.  

 

7.2.2 …spatial variability 

The currently observed drastic environmental changes in the Arctic have led to the development 

of models predicting a shift of Arctic ecosystems to a more temperate state, introducing concept 

terms such as “atlantification” or “borealisation”. While it is highly likely that overall temperatures 

in the future Arctic resemble those of present-days lower latitudes (Rantanen et al. 2022; IPCC 

2023), the impact of Arctic Amplification varies regionally (Nordli et al. 2020; Rantanen et al. 

2022) and different fjord systems are characterised by different stages of cryosphere loss and 

PAR × temperature interactions. Further, photoperiod is one of the few factors not changing with 

ongoing climate change. As photoperiod and PAR intensity are immediate drivers for benthic 

primary producers, and temperature impacts are dependent on the prevailing PAR availability, I 

argue that lower-latitude fjord ecosystems might not serve as direct template for future 

high-Arctic ecosystems. To be able to draw conclusions on future trajectories, present-day 

spatial variability has to be understood. Based on the abiotic data I collected during the studies of 

my dissertation, my results apply to spatial variations in the performance of kelps, both along the 

fjord gradients and between fjords being characterised by different PAR × temperature 

interactions (Figure 7.4). 
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Figure 7.4: Projections of kelp performance with respect to present-day spatial variability. The 

environmental conditions in Arctic fjords depend on the inner and outer boundary conditions (Cottier et al. 

2010). A) Fjord gradient. Abiotic conditions: grey colour. Kelp response: green colour. The run-off influence 

is highest in the inner fjord, decreasing with increasing distance to the run-off inflow. Accordingly, in the 

inner fjord turbidity values are high; PAR availabilities, water temperature and salinity are low; and the 

concentration of nutrients and harmful elements are high. Low performance of kelps: in the inner fjord due 

to high concentrations of harmful elements; in the outer fjord due to high-PAR availabilities. The algal 

pigment and carbon (C) content follow PAR availability. B) Study site comparison. Temperature (°C) and 

turbidity (NTU) conditions in 3 m water depth summer 2022 in Nuup Kangerlua, Greenland (high-PAR × 

cold); Woodfjorden, Svalbard (high-PAR × warm); Kongsfjorden, Svalbard (low-PAR × warm); Hornsund, 

Svalbard (low-PAR × cold). Map was created with ggOceanMaps (Vihtakari 2024). Data for Nuup Kangerlua 

provided by T.R. Vonnahme; end of July 2022. Data for Svalbard from publication I; early August 2022.  

 

In publication II and V, I showed that PAR intensities, temperature and salinity vary drastically 

along the fjord gradient (Figure 7.4A). Close to the run-off inflow, turbidity values are high, 

resulting in low PAR intensities, which are increasing along the fjord gradient (publication II, V). 

Water temperatures of the run-off were generally lower compared to marine water masses 

(publication II). Meire et al. (2017) further described that ice berg melt close to sea-terminating 

glaciers further cools down the surrounding water masses. Both run-off and ice berg melt 

decrease the salinity of the upper water layer. These abiotic differences along the fjord gradient 
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have drastic consequences on the fjord productivity. Sejr et al. (2022) described that run-off 

influences the balance between autotrophic and heterotrophic processes in fjords, showing that 

the inner fjord was characterised by a net community heterotrophic metabolism. I also showed 

that the fjord gradient affects the ability of kelps to maintain a positive net carbon balance, their 

nutritional value as well as their elemental cycling (publication II, V). In publication V, I 

modelled the potential maximum distribution of kelps, finding a clear increase in depth with 

increasing distance to the run-off inflow. In a follow up study to publication V, I plan to conduct 

an in-situ monitoring study on kelp and fucoid species productivity along the environmental 

changes of the fjord gradient, as well as changes in the biodiversity of macroalgal ecosystems. To 

conduct this study, we chose Woodfjorden in northern Svalbard, being a relatively large fjord 

system with steep environmental gradients and a high degree of cryosphere loss.  

On a larger scale, i.e., comparing the environmental conditions of the study sites for publications 

of this dissertation, I found the fjords to greatly vary in their PAR × temperature interaction 

(Figure 7.4B). Nuup Kangerlua on Greenland, is characterised by high-PAR × cold temperatures. 

At the beginning of the experiment in publication III, Fv/Fm values of both S. latissima and 

A. clathratum were below the threshold of 0.6, which Dring et al. (1996) found for healthy, 

unstressed kelps. This indicates a high stress level inflicted by field conditions. On Svalbard, 

southern fjords were dominated by extensive run-off plumes from highly glaciated shorelines; 

hence, turbidity values were high, i.e., PAR availability was low. Further, temperatures were cold, 

as the fjords in southern Svalbard were influenced by the Sørkapp current carrying Arctic water 

masses (Konik et al. 2021). Therefore, Hornsund fjord represented low-PAR × cold temperature 

conditions. With increasing latitudes, the influence of the West Spitzbergen current increased, 

carrying warm Atlantic water masses (Cottier et al. 2010). As shorelines were not glaciated, the 

influence of run-off on the water column was rather low. Northern Svalbard fjord, e.g., 

Woodfjorden, represented high-PAR × warm temperature conditions. I found S. latissima to 

strongly respond to the environmental gradient along the Svalbard coast (publication I).  

In the Arctic, Svalbard fjords are the most systematically studied (Cottier et al. 2010). Lebrun et 

al. (2022) reviewed that even though publications have increased in the past 20 years, only a small 

proportion of the coastline has been studied with regard to climate change effects on Arctic 

macroalgal communities. They found a particular emphasis on Kongsfjorden. Amongst other 

reasons, this can also be attributed to the level of scientific infrastructure available in 

Kongsfjorden (Hop and Wiencke 2019). Consequently, Kongsfjorden, being situated on the West 

coast of Svalbard at 78° 59’ N, 11–12° E, is established as model fjord to assess Arctic ecosystem 

functioning and on which to base predictive models of climate changes (Hop and Wiencke 2019). 

Kongsfjordens’ outer boundary is highly influenced by warm Atlantic water from the West 
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Spitsbergen Current (Cottier et al. 2005), as there is no shallow sill at the entrance of the fjord 

(Svendsen et al. 2002). The inner part of Kongsfjorden is highly dominated by three sea-

terminating glaciers: Kongsvegen, Kronebreen, and Kongsbreen discharging a massive amount of 

run-off into the fjord each year (Svendsen et al. 2002). I would classify the present-day 

Kongsfjorden as low-PAR × warm temperature fjord (Figure 7.4B). The strong characteristics of 

Kongsfjordens’ boundary conditions, i.e., sill, currents, glaciers, result in a fascinating fjord system 

being highly variable and, therefore, of high interest to study. Further, the Svalbard region is 

warming at a rate about twice the Arctic average and seven times the global average (Nordli et al. 

2020). Given the extreme environmental changes, Svalbard and Kongsfjorden provide systems to 

study the vulnerability of ecosystems towards climate change. As kelps show a high potential to 

be conditioned by their local environment (publication I) and environmental history, it is likely 

that Kongsfjorden is not representative for general dynamics of benthic primary producers in the 

Arctic. However, Kongsfjorden provides an excellent system for many studies, e.g., the effect of 

run-off and retreating glaciers on Arctic benthic communities. Further, the relatively high 

resolution of monitoring studies in Kongsfjorden during the past decades have resulted in highly 

valuable datasets to describe and monitor ecological changes (e.g., Düsendau et al. 2024) and 

compare to other fjords. Nevertheless, to understand general Arctic benthic ecosystem 

functioning, the research efforts must not be limited to any geographical scale, but rather 

aim for a pan-Arctic approach. The comparison I conducted in Figure 7.4B is only based on 

spatial and temporal point measurements, not reflecting the whole fjord. Nevertheless, it shows 

that while characteristics such as latitude can function as linear predictor for certain aspects of 

the fjord environments, e.g., photoperiod, it is difficult for others, e.g., temperature. Woodfjorden, 

the northern-most fjord of this comparison, was characterised by highest temperatures. 

“Borealisation” of fjords is mostly determined by outer boundary conditions and not a 

mere function of latitude. The high spatial variability makes it complicated to compare fjords.  

I am part of an author team, working on the development of a holistic approach to compare 

primary producer dynamics across present-day fjords. Given their essential ecological role, we 

focus on kelps and phytoplankton. We use the main driver of kelps and phytoplankton to create a 

two-dimensional niche model for each group (similar to Figure 8.1). To compare their dynamics 

across fjords, we include the abiotic conditions in fjord in the two-dimensional niche mode. As 

main drivers for the spatial distribution and responses of kelps we use the prevailing temperature 

× PAR intensity in fjords. For phytoplankton, we use the prevailing nutrient concentrations × PAR 

intensity. Based on this work, we suggest two aspects of become highest priority for future 

research efforts: 1) the establishment of comparable sampling and monitoring methods, and 2) 

the establishement of year-round monitoring stations representing the fjord gradient, e.g., by 

monitoring an inner and an outer fjord station.  
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7.2.3 …future trajectories 

In the following section, I will elaborate on near-future temporal implications of my findings and 

discuss how Arctic kelp forests might develop (Figure 7.5). I base my extrapolations on climate 

projections for the Svalbard region. It should be noted that climate projections are simplified 

models based on past changes. The use of linear trends is under debate, as developments are not 

necessarily linear and rapid changes and extreme events might be masked (Benestadt et al. 2003). 

While chronic climatic changes are a among the major drivers for global biodiversity alterations 

and loss (Pereira et al. 2012) and the biogeographical range shift of species (Wilson et al. 2019), 

sudden extreme events are a more immediate and rapid threat (Filbee-Dexter et al. 2020; Matich 

et al. 2020). Marine heatwaves (sensu Hobday et al. 2016) have been found to cause a mass 

mortality of kelps and trigger coastal ecosystem regime shifts (Filbee-Dexter et al. 2020). In 

publication III, I found no direct negative effect of marine heatwaves on cold-temperate kelps in 

the Arctic, on the contrary, warmer temperatures increased kelp performance under high-light 

stress. Hence, compared to lower latitudes, I assume that destructive effects of Arctic marine 

heatwaves are not an immediate threat for Arctic kelp forests in the near future, as temperatures 

do not become supraoptimal for cold-temperate species. Nevertheless, marine heatwaves can 

cause ecological changes in the Arctic, e.g., the (local) extinction of cryophilic species (Bringloe et 

al. 2022), or the introduction of warmer adapted species, changing interspecific competition 

balances. While marine heatwave effects have recently been subject for many studies, less 

attention has been given to the effect of marine cold-spells (Schlegel et al. 2021), even though they 

can also lead to high mortality rates and ecosystem changes (Matich et al. 2020). Mora-Soto et al. 

(2022) have described a positive effect of marine cold-spells on Macrocystis pyrifera in 

southwestern Patagonia, suggesting that these areas might serve as refugia during global 

warming. Marine cold spells in the Arctic might cause sea ice to form and shift (Meredith et al. 

2019), changing the PAR availability and increase ice scouring, shaping the extent and distribution 

of kelps (Krause-Jensen et al. 2012). A further major risk of ongoing climate change is the passing 

of tipping points (Lenton et al. 2023), which is also not considered in linear climate projections. 

One potential tipping point concerns the Atlantic Meridional Overturning Circulation (AMOC), 

being a part of the global thermohaline circulation, which transports warm water from lower to 

higher latitudes. As described in chapter 1.1, these water masses sink down in the Arctic Ocean, 

when their density has increased due to cooling and a high salinity. A freshening of the Arctic due 

to rain and meltwater run-off has weakening effects on the AMOC (salt transport feedback) and 

the AMOC might eventually break down (AMOC tipping point; Rahmstorf 2024). A collapse of the 

AMOC would have drastic consequences on a global scale (Lenton et al. 2023). Given our limited 

understanding on ecosystems resilience and recovery times, predicting populations and 

ecosystems responses to rapid changes is difficult (Butt et al. 2016). The following discussion is 
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based on gradual environmental changes in kelp forests. Based on future atmospheric 

temperature (Hanssen-Bauer et al. 2019; Rantanen et al. 2022) and run-off (Hanssen-Bauer et al. 

2019) projections for Svalbard, I arranged five scenarios of different temperature × PAR 

interactions in fjords along the time scale from 1980–2100 (Figure 7.5; 1–5). Note that the rate 

of change between sequence and stage of cryosphere loss is not (necessarily) to scale. My 

extrapolations of biological change assume that climatic changes outpace the adaptive capacity of 

kelps, as suggested by Vranken et al. (2021). Consequently, I assume that performance curves of 

future kelps are similar to those found in my studies, not referring to a specific geographical 

region. Further, I want to highlight that the discussion of potential interspecific shifts of 

competition balances are based on variations in the performance of sporophytes. Different 

tolerances and performances of early life stages and possible consequences for their reproductive 

capacity and interspecific competition are only conceptually mentioned in this chapter.  

 

Figure 7.5: Projections of kelp performance until 2100. Annual atmospheric mean temperature anomaly 

(°C) trend relative to 1980-2010 in the Arctic (66.5–90°N) from 1980–2020 after Rantanen et al. (2022). 

Depending on the emission scenario, the average increase of the atmospheric annual mean temperature 
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anomaly is between 3–10°C by 2100 (Hanssen-Bauer et al. 2019). Marine heatwaves (Barkhordarian et al. 

2024) and cold spells (Schlegel et al. 2021) will act upon the gradual temperature increase. The crossing of 

tipping points is unknown (Lenton et al. 2023). Mean annual run-off projections for the river Longyearelva, 

Svbalbard, are noted in deviation (%) from 1971-2000 as reference period (Hanssen-Bauer et al. 2019). As 

response to climate projections, a doubling of the glacier thinning rates is projected until 2100, compared 

to 1936-2010 (Geyman et al. 2022). Based on that I categorised five scenarios of fjords with different stages 

of cryosphere loss on the time scale. Note that present-day spatial variations represent many of the depicted 

scenarios (chapter 7.2.2). Note that the rate of change between scenarios is schematic and not (necessarily) 

to scale. Provided that adaptive processes will not change the sporophytes performance curve in the future 

(Vranken et al. 2021) and neglecting possible change of the competition balance between early life stages, I 

displayed potential changes of interspecific competition balances between target kelp species of this study, 

not referring to a specific geographical region.  

 

Scenario 1. Low-PAR × cold. Until the 1980s, Arctic fjords were generally characterised by cold 

temperatures (Rantanen et al. 2022) and low-PAR availabilities, as extensive sea ice cover during 

the photoperiod reduced the PAR availability in the water column drastically. When sea ice is 

covered with snow, the reduction of PAR is even greater and can be less than 2% of the surface 

irradiance (Wiencke et al. 2006). I did not detect high physiological stress levels in kelps being 

exposed to cold temperature in combination with low-PAR availabilities, even though 

photosynthetic rates and the total carbon content were low (publication I, III, V), limiting their 

depth distribution. Krause-Jensen et al. (2012) reported that low annual PAR availabilities might 

have restrictive consequences on the kelps’ maximum distribution depth and productivity. 

Further, sea ice and ice berg scraping causes mechanical damage to the benthic community in the 

subtidal area (Krause-Jensen et al. 2012). Keats et al. (1985) reported A. esculenta to have a high 

recolonising potential of ice-scoured areas. Even though not being part of the studies of this 

dissertation, I expect Laminaria solidungula to be a strong competitor, being the only Arctic 

endemic kelp (Wilce and Dunton 2014).  

Scenario 2. High-PAR × cold. Since the 1980s, the rate of climatic changes in the Arctic is faster 

compared to the global average (Arctic amplification; Rantanen et al. 2022). Warming 

temperatures have resulted in a thinning of sea ice and a longer period of open water days (Ivanov 

2023). This increases the PAR transmission through the water column (Nicolaus et al. 2012; Payne 

and Roesler 2019), i.e., high-PAR stress in cold-temperate kelps (publication III, IV). To reduce 

high-PAR stress, I expect kelps to have reduced their light-harvesting complex and increased their 

antioxidant content. Nevertheless, productivity would have increased and a shift in the realised 

niche would have caused the expansion of the kelp forest to deeper waters (Krause-Jensen et al. 

2012). While both A. clathratum and S. latissima showed a high physiological stress level at high-

PAR availabilities × cold temperatures, the performance of A. clathratum was significantly lower 

compared to S. latissima. I would, therefore, categorise A. clathratum as a weak interspecific 
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competitor when being exposed to high-PAR availabilities. Gagnon et al. (2005) confirmed this by 

reporting A. clathratum as weak interspecific competitor in shallow waters.  

Scenario 3. Low-PAR × warming. For Svalbard, the average increase of the annual mean 

atmospheric temperature is projected to be between 3–10°C by 2100 (Hanssen-Bauer et al. 2019), 

as a response to climate forcings, climate feedbacks and changes in the poleward energy transport 

(chapter 1.3.1; Previdi et al. 2021). The recent warming rates have been linked to an accelerated 

glacier loss (Hugonnet et al. 2021). Geyman et al. (2022) have predicted the rate of glacier thinning 

on Svalbard to double by 2100 compared to the time period of 1936–2010. With glaciers melting, 

the run-off increases, carrying high concentrations of suspended particles. As discussed in 

chapter 7.1.2, sediment plumes have severe consequences on the PAR availability, reducing the 

PAR intensity and causing a shift of the spectrum peak to longer wavelengths (publication I, II, 

V). While this reduces the high-light stress in kelps, low-PAR availabilities also reduce their 

productivity (Blain et al. 2021). As Arctic regions are characterised by long periods of darkness 

during Polar Night (Gattuso et al. 2020), the photosynthetic period is restricted to summer 

months. The cumulative annual irradiance has to be at a minimum of 49 mol photons  

m-2 yr-1 (Castro de la Guardia et al. 2023) for kelps to establish a stable population. With the PAR 

intensity being reduced in summer months by run-off plumes dominating the fjords, large areas 

are falling below that threshold, and habitat is lost for kelps. Consequently, the maximum 

distribution depth of kelps will be shallower near the run-off inflow, and deepen with increasing 

distance (publication V). Bartsch et al. (2008) and Düsedau et al. (2024) monitored the upward 

shift of the Svalbard kelp forest in a 25-year time series, comparing the maximum extent and 

species composition from 1996–1998 to 2016 and 2021, confirming a shoaling of the kelp forest. 

In future Greenlandic kelp forests, I consider A. clathratum as strong interspecific competitor at 

low-PAR intensities, as I found the species to be low-light adapted (publication III). In 

publication V, I found that A. esculenta had a lower compensation irradiance at low-PAR 

intensities and a significantly higher carbon content compared to S. latissima, implying that A. 

esculenta grows deeper in the water column. This extrapolation was confirmed by an in-situ 

monitoring of Düsedau et al. (2024). The thermal optimum of A. esculenta is lower than that of S. 

latissima (Bolton and Lüning 1982; Munda and Lüning 1977), indicating that it has an overall 

performance advantage at cold temperatures (Wahl et al. 2020). Interestingly, the Arctic endemic 

kelp species L. solidungula has neither been found in extensive surveys in Kongsfjorden, Svalbard 

in 2019 (pers. obs.) nor in 2021 (Düsedau et al. 2024), while Scheschonk et al. (2019) was able to 

sample it in the winter of 2016/17. Even though specimens are still occurring in (colder) 

Hornsund (pers. obs. 2022), it highlights the findings of Bringloe et al. (2022), reporting that 

cryophilic kelp species might be outcompeted in a warming future Arctic.  



7       Synoptic discussion 
_______________________________________________________________________________________________________________ 

 
216 

Scenario 4. Low-PAR × warm. When the temperatures continue to rise, sea-terminating glaciers 

retreat on land and the re-supply of nutrients is limited to autumn mixing, as subglacial upwelling 

is stopping (Meire et al. 2017). Depending on the species, warmer temperatures during Polar Day 

reduced the carbon balance, e.g., by an increase in dark respiration (A. clathratum > S. latissima > 

A. esculenta; publication III, V) or compensation irradiance (A. esculenta, publication V). Castro 

de la Guardia et al. (2023) reported the minimum PAR threshold of 49 mol photons m-2 yr-1 for an 

area with temperatures between -2–6°C. Hence, when temperatures rise, this minimum PAR 

threshold might also increase. Yanshuo et al. (2016) reported Arctic Amplification to be especially 

pronounced during the Polar Night. Scheschonk et al. (2019) found in an in-situ study that 

S. latissima uses 96 % of their storage compounds during the Polar Night on Svalbard. A reduced 

PAR availability in summer, in combination with warm temperatures in winter might cause a shift 

of the annual net carbon balance to be negative and therefore reduce the winter survival of kelps. 

While this might have consequences for the phenotypic plasticity of kelps (Liesner et al. 2020; see 

chapter 7.2.1), it further causes physiological changes during the Polar Night. Summers et al. 

(2023) found kelps to grow new tissue during the Polar Night, making use of their storage 

compounds and a high nutrient availability in the water column. While Gordillo et al. (2022) 

confirmed this experimentally for temperatures of 3°C, S. latissima, as well as A. esculenta were 

unable to resume growth after being exposed to 8°C during the dark period. Warming further 

negatively affected the ability of kelps to respond to re-illumination after the Polar Night. Gordillo 

et al. (2022) concluded that warming Polar Nights might cause a habitat loss in the future Arctic. 

In publication IV, L. hyperborea was not negatively influenced by being exposed to Polar Night 

warming, i.e., no significant changes in dry weight, or carbon storage compounds were detected. 

Additional to the interspecific competition between kelp species, grazing pressure is a further 

factor shaping the realised niche of kelp forests. Intense sea urchin herbivory can create barrens, 

stretching several thousands of kilometres (Filbee-Dexter and Scheibling 2014). Increased 

sedimentation rates, however, have been reported to reduce the grazing pressure from sea 

urchins on kelps (Traiger et al. 2019). 

Scenario 5. High-PAR × warm. When glaciers have melted completely and run-off is only limited 

to the spring snow melt and rain run-off, sedimentation rates are also reduced. Only considering 

the fundamental niche of kelps, kelp forests should thrive under these conditions. However, when 

it comes to the realised niche, there remain many unknown parameters for this scenario. Given 

the reduced sedimentation rates, the grazing pressure from sea urchins might increase (Traiger 

et al. 2019). Porsangerfjorden in northern Norway can be classified as high-PAR × warm Arctic 

fjord. In July 2023, a mean of 184.5±79.3 sea urchin individuals m-2 were found on sea urchin 

barrens, which is equivalent to a biomass of 1.5±0.7 kg m-2, causing drastic grazing pressure (Koch 

et al. in rev.). In Greenlandic kelp forests, A. clathratum is a very strong competitor under grazing 
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pressure, being generally avoided by sea urchins (Vadas 1977). On sea urchin barrens where 

S. latissima was completely absent, A. clathratum was regularly found in small stands (pers. obs., 

Figure 7.6A). In Ameralik fjord, being close to Nuup Kangerlua, Greenland, A. clathratum was 

found to completely dominate the kelp forest, even in shallower waters, becoming dominant over 

S. latissima (pers. com. T. Vonnahme). A further unknown parameter for future Arctic kelp forest 

extent, is the availability of hard substrate. The high concentration of suspended particles in the 

run-off plumes eventually sink down and cover kelps, as well as the hard substrate, filling up the 

fjord basin. The glacier in Petuniabukta (Billefjorden, Svalbard) has already completely retreated. 

Compared to neighbouring and sea-terminating glacier dominated Adolfbukta, the maximum 

water depth in Petuniabukta is approx. 100 m shallower, likely due to glacial sediment deposits 

(Figure 7.6B; Strzelecki et al. 2015). The higher proportion of soft sediment in Petuniabukta and, 

therefore, reduced suitable hard substrate is likely to be a reason for the significantly reduced 

coverage of kelps compared to the newly exposed hard substrate in Adolfbukta (Gonzalez Triginer 

et al. in rev). S. latissima might have a competitive advantage in areas with generally soft sediment, 

as it can grow on gravel (Figure 7.6C; Diehl et al. 2024).  

 

Figure 7.6: A) Sea urchin barren in Nuup Kangerlua near Nuuk in June 2023. While all other kelps are being 

grazed on, A. clathratum remains in small stands. © Sarina Niedzwiedz. B) Map of Billefjorden, Svalbard. 

The glacier has retreated from Petuniabukta, leaving it shallower compared to glacier dominated and 

relatively newly exposed Adolfbukta. Nautical map accessed on accessed 21.06.2024; 

https://toposvalbard.npolar.no/?lat=78.69640&long=16.87498&zoom=6&layer=map C) Rhizoid of 

sampled Saccharina latissima from Billefjorden, Svalbard in August 2022, being attached to gravel. © Sarina 

Niedzwiedz. 

 

To maintain a stable population despite environmental changes, kelps have to complete their 

entire life cycle; hence, environmental conditions have to be tolerable for the diplontic, as well as 

the haplontic stage (Figure 1.2). Generally, early life stages of kelps have to be low-PAR adapted, 

as they grow in the understory of the kelp forest (Laeseke et al. 2019). Coelho et al. (2020) 

describe a high vulnerability of early life stages of kelps towards climate change related stressors, 

e.g., warming, increased storm frequencies or pollution, having negative effects on their fertility 
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and development. Martins et al. (2017) have shown different thermal optima for different life 

cycle stages and transitions. While Park et al. (2017) have found the gametophytes of S. latissima 

and A. esculenta to be able to survive, grow and reproduce when Arctic summer waters reach 10°C, 

Silva et al. (2022) reported a reduced sexual reproduction when gematophytes were exposed to 

9°C instead of 5°C. This difference in response might be due to photoperiod, as it was shown to 

control gametophyte growth and reproductive success (Martins et al. 2022). While Park et al. 

(2017) maintained cultures in a 12:12 h L:D cycle, Silva et al. (2022) exposed them to 24:0 h L:D. 

Gametophytes of A. esculenta and Laminaria digitata survived long periods of darkness mimicking 

Polar Night (Silva et al. 2022), though showing species-specific characteristics of reproduction. 

Additional to temperature × PAR effects on kelps early life stages, Zacher et al. (2016) found 

detrimental effects as response to increased sedimentation rates, inhibiting sporophyte 

formation. They found the response to be strongly species-specific, with A. esculenta being the 

only species forming sporophytes under highest sedimentation rates. As many studies focus on 

the impact of (multiple interacting) drivers on sporophytes, it is essential to improve our 

understanding of how early life stages will react to drivers to be able to make predictions on future 

Arctic kelp forest developments (Farrugia Drakard et al. 2023).  

Concluding, Krause-Jensen et al. (2012) found sea ice cover a good predictor to explain 

macrophyte presence along Arctic coasts. I argue that in near-future fjords, the intensity and 

extent of sediment plumes serves as integrative predictor for kelp forest distribution in 

Arctic fjords. The period of glacial retreat is likely the period during which the rate of 

environmental changes is highest. Once the glaciers have melted, the environment in fjord 

systems is likely to stabilise and a different stable ecosystem state will emerge. 
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7.3 Global patterns of change in kelp forests 

Anthropogenic climate change is of global consequence, leading to worldwide changes in 

biodiversity, shifts of species’ biogeographical distribution patterns, and, therefore, potential 

disruptions of ecosystem services (Pecl et al. 2017). The effects of environmental changes become 

most obvious at the tolerance limits of a species. Massive kelp forest losses have been monitored 

at their warm distribution margin in response to overall rising temperatures and marine 

heatwaves (e.g., Wernberg et al. 2013; Smale 2019; Filbee-Dexter et al. 2020; Smith 2023), which 

were replaced by low-productive filamentous algae (turf; Filbee-Dexter et al. 2020). At their cold-

distribution margin, warming temperatures are expected to lead to an increase of kelp habitat 

(Filbee-Dexter et al. 2019; Manca et al. 2024), even though prevailing PAR availabilities might 

locally oppose this trend (publication V).  

As kelps take up and store carbon, their global importance has been recognised due to their 

contribution to sequestration and long-term storage of carbon (blue carbon; Krause-Jensen et al. 

2022). Their carbon storage potential has made kelp ecosystems relevant to mitigate the effect of 

CO2-driven climate change. However, the blue carbon contribution of kelp forests is currently 

under debate. While Gallagher et al. (2022) stated that seaweed ecosystems are a net source of 

carbon due to consumption and release, Filbee-Dexter et al. (2023) disagreed and provided 

evidence that kelp ecosystems are a net sink of carbon due to high photosynthetic rates. The 

contribution of kelps to long-term carbon storage is difficult to quantify (Pedersen et al. 2020), as 

macroalgae have a relatively short life-span and a large proportion of their biomass enters the 

trophic food web. There are three established pathways of kelps to contribute to long-term carbon 

sequestration: As kelps require hard substrate to grow, their sequestered carbon cannot be 

directly buried, hence, it has to be exported to either 1) sediments, or 2) the deep ocean to be 

buried. Further, 3) the excretion of fucoidan has been proposed to contribute an underestimated 

proportion to the carbon export of kelp forests (Buck-Wiese et al. 2023). Based on in-situ 

measurements of the net primary production of seaweeds, Pessarrodona et al. (2022) reported 

highest production rates at temperate latitudes, however, with increasing export rates towards 

higher latitudes. The projected emergence of new kelps ecosystems in Arctic regions and 

temperature-induced increases in seaweed productivity, leads to the assumption that the blue 

carbon contribution of kelp forest ecosystems can be expected to increase. However, as limited 

PAR and substrate availability have the potential to oppose Arctic kelp expansion (chapter 7.2.3), 

it also opposes the potential of carbon sequestration of Arctic kelp ecosystems. Blain et al. (2021) 

confirmed this by reporting that increased turbidity in Arctic fjords leads to a drastic reduction of 

productivity and, therefore, the potential for blue carbon sequestration in near future. Further, a 

shift of the species composition was reported to reduce the ecosystems carbon sequestration 
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(Wright et al. 2022). The contribution of emerging Arctic ecosystems remains subject to current 

research, e.g., of the recently started EU-project SEA-Quester (Grid Arendal 2024).  

Considering global patterns of marine macrophyte dynamics, Manca et al. (2024) reported a 

substantial habitat loss and a reduction of the current biogeographical extent by 5–6 % until 2100. 

Hence, the global carbon sequestration of wild kelp forests is likely to decline in near-future 

(Wright et al. 2022). To enhance carbon sequestration, Gao et al. (2022) suggest the cultivation 

and harvest of kelps might be an efficient approach. They argue that possible nutrient limitations 

of the growth of kelps might be overcome by artificial upwelling or the implementation of 

integrated multi-trophic aquacultures. The carbon of the kelps’ biomass could be sequestered if 

the harvested kelps were buried or transformed to biochar. Biochar is a carbonaceous material 

that is sustainable with several applications, e.g., as soil fertiliser, for wastewater treatment, 

potential supercapacitor materials, or act as catalyst (support) (Sun et al. 2022).  

Discussing the blue carbon potential of kelp forests in climate change mitigation, I argue that the 

blue-carbon-contribution of the secondary production being supported by kelp forests has 

to be considered. Being at the basis of the food web and providing habitat for hundreds of 

associated species (Christie et al. 2003), a large proportion of invertebrates, fish and mammal 

stocks depend on them. Their export to deep-waters is a significant part of the biological carbon 

pump and therefore contributes to long-term carbon sequestration (Pershing et al. 2010). Apart 

from the kelps’ ecosystem carbon sequestration, their functioning and maintenance of high 

biodiversity are of great ecological and economical value (Eger et al. 2023).  

 

7.4 Socio-economic implications 

Overall, the Arctic is sparsely populated, and has experienced a net negative migration between 

2000-2010, followed by a demographic shift, which is i.a. attributed to the lack of economic 

opportunities (Larsen and Fondahl 2014). The impacts of climate change are reported to have 

both positive and negative impacts on Arctic local livelihoods, e.g., the reduced cover and 

thickness of sea ice could increase the accessibility to the shorelines, but also increase coastal 

erosion (Larsen and Fondahl 2014). Further, ecological shifts, globalisation and industrial 

development cause changes in resource availability and local livelihood (Fauchald et al. 2017). 

The resources of the ocean, including seaweeds, have always been part of the livelihood for Arctic 

indigenous peoples, e.g., as food source or for pharmaceutical purposes (Rapinski et al. 2018).  

Globally, over two billion people are expected to face food insecurity as a consequence of 

anthropogenic and climatic changes (Cavallo et al. 2021). As Arctic regions are becoming tolerable 

for temperate seaweeds, the implementation of high-latitude kelp maricultures has lately been 
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discussed (Kreissig et al. 2021). Traditionally, seaweeds have been wild-harvested (Sæther et al. 

2024). Given the crucial and central ecological role of kelps and the global threat, the wild harvest 

of kelps is controversially discussed (Sæther et al. 2024). Industrial kelp farming and the upscaling 

of biomass for food and other applications might provide a sustainable method for Arctic 

livelihood possibilities. Therefore, it is subject of current research; for example, the Greenlandic 

company “Royal Greenland” has recently received funding to further develop and upscale 

seaweed production in Greenland (Lindstrøm 2024). In publication II, I discussed that the 

potential of kelps for biosorption of heavy metals from run-off has to be considered in the 

implementation of Arctic kelp maricultures. High contents of harmful elements (e.g., mercury, 

cadmium) in kelps growing along run-off dominated coastlines might be passed on to humans. 

Overall, Kreissig et al. (2021) classified Arctic kelps as promising future food source.  

Apart from farming kelps (in the Arctic) for future food provision, the high biosorption potential 

of kelps for heavy metals also has advantages. It can offer an eco-friendly, cheap method to 

decontaminate waste waters, serving as biomitigation measure (Zeraatkar et al. 2016). 

Additionally, in publication II I discuss the possibility to use kelps to extract rare earth elements 

from the water column (phytoming). Rare earth elements are increasingly used for key 

technologies, e.g., renewable energies or electronics (Costa et al. 2020). Though being species-

specific, Costa et al. (2020) and Pinto et al. (2020) highlight macroalgae as universal biosorbant 

for rare earth elements.  

The general and local technical applicability of these socio-economic approaches, as well as their 

ecological impact has to be closely assessed to evaluate risks and possibilities.  
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8       Conclusions and 

research perspectives in Arctic kelp ecology 

The concept of the fundamental thermal niche is a straightforward approach to model the future 

biogeographical distribution and responses of a species to climate change. A species is expected 

to survive and establish a population when temperatures are above its lower thermal tolerance 

limit, with increasing performances until the species’ thermal optimum is reached. The studies of 

my doctoral thesis conclusively confirmed that PAR availability restricts the thermal niche, 

resulting in a schematic two-dimensional model of the fundamental niche for Arctic kelp 

populations (Figure 8.1). I showed that low-PAR availabilities resulted in a reduced carbon gain, 

having the potential to result in a negative annual carbon balance. This effect was enhanced, when 

low-PAR availabilities interacted with warm temperatures. I further showed that high-PAR 

availabilities had detrimental effects on the survival of kelps, which was enhanced in the 

interaction with cold temperatures. While I observed this response pattern across all studies, I 

also detected performance variation between kelp species (interspecific). Further, I found that 

kelp populations were conditioned by their local environment having the potential to result in 

performace variation between the populations of a single species (intraspecific).  

 

Figure 8.1: Schematic two-dimensional model of the fundamental niche for kelp species in the Arctic, based 

on performance differences towards temperature × PAR interactions that were investigated in the studies 

of this doctoral thesis. X-axis: temperatures below the reported thermal optimum of kelp species 

(investigated range: 3–11°C). Y-axis: Photosynthetically active radiation (PAR) availability (investigated 

range: 3–120 µmol photons m-2 s-1; 24:0 h light:dark). Red line: tolerance limit. Yellow area: medium 

performance. Green area: high performance. Boxes: inter- and intra-specific performance variability. 

Climate-change-induced shifts in abiotic conditions of fjords have consequences on the realised niche of 

kelps in the Arctic.  
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The boundaries of the fundamental niche have consequences for the realised niche of Arctic kelp 

forests during climate change, as temperature and PAR availabilities are changing drastically in 

near future Arctic fjords. Low-PAR (× warm temperature) conditions restrict the vertical extent 

of the kelp forest in the water column. High-PAR (× cold temperature) conditions restrict the 

poleward latitudinal spread of kelps. I expect the highest rate of environmental change while 

glaciers retreat, leading to a dynamic response of kelp forest ecosystems. When Arctic fjords are 

free of glaciers, I expect abiotic conditions to stabelise and the establishment of alternative 

ecosystems. The species composition and services of kelp ecosystems depend on the relative 

position of the conditions in the fjords to the fundamental niche of kelps.  

While the studies of this thesis contributed to the knowledge of Arctic kelp forest dynamics and 

functioning, there remain many unresolved aspects with respect to Arctic kelp ecology. Based on 

the findings presented in my dissertation, I consider the following three topics as priorities to 

increase the understanding of Arctic kelp ecosystem dynamics.  

1) Substrate availability. I investigated the immediate consequences of run-off on the 

physiology and biochemistry of kelp sporophytes, i.e., the effects of changing PAR 

availabilities and elemental composition. However, the high concentrations of suspended 

particles in run-off are drastically increasing sedimentation rates, covering kelp as well as 

hard substrate in the long-term. Consequently, the potential reduction of hard substrate 

would limit Arctic kelp forest expansion in future, even if abiotic conditions would 

otherwise allow the establishment of kelp forests. To improve models on the extent of future 

Arctic and global kelp forests, research efforts have to integrate habitat loss due to 

sedimentation rates, i.e., the area of hard substrate that will be covered by soft sediment in 

the near future. I propose experiments assessing the tolerance of the kelps towards 

increased sedimentation rates, as well as the development of models predicting the future 

loss of hard substrate along Arctic coastlines.  

2) Early life stages. In my studies, I investigated the performance and tolerance of adult kelp 

sporophytes. However, to establish stable populations, environmental conditions must 

allow kelps to fulfil their entire life cycle. In-situ monitoring studies integrate the life cycle 

component, as kelp forests would not prevail if conditions were not tolerable for 

microscopic and early life stages. However, as this is only an indirect extrapolation, I 

propose a specifically designed multiple stressor experiment with kelp gametophytes, 

monitoring their reproductive success under varying PAR × temperature interactions. 

Studies on interspecific fitness differences over consecutive life stages would further 

contribute significantly to the knowledge of kelp species composition in future Arctic kelp 

forests.  
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3) Space-for-time-substitution. As present-day Arctic fjords are characterised by different 

stages of cryosphere loss, ecological processes in fjords with a later stage of cryosphere loss 

might serve as template for future fjords. However, we have to be able to systematically 

compare fjord systems to draw the right conclusions, which provides challenges given the 

high variability in boundary conditions and abiotic factors ampng fjords. Studies of my 

doctoral thesis, as well as other recent publications, concluded that PAR × temperature 

interactions serve as good predictor for the realised niche of Arctic kelps and their spatial 

extent. Therefore, I propose the implementation of long-term in-situ monitoring sites in 

different Arctic fjords. I suggest (at least) one station of PAR and temperature 

measurements in the inner fjord and one in the outer fjord to cover the fjord gradient.  

Kelp forests in Arctic fjords provide the basis for higher trophic levels, contribute to the biological 

sink of carbon in the ocean and, in some cases, are also crucial for local livelihoods and food 

provision. Hence, their response to environmental changes has cascading ecological and economic 

consequences. With this dissertation, I contributed to the knowledge of the boundaries of the 

fundamental and realised niche of Arctic kelp forests, assessing the drivers of their distribution. 

The continuation of this research is of high relevance in the light of rapidly changing 

environmental conditions in the Arctic.  
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