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Summary 

The Arctic Ocean is most prone to climate change, which exposes marine organisms 

to especially high degrees of ocean warming. Phytoplankton, the main primary 

producers of the Arctic Ocean, experience thermally induced changes in their 

physiology, and these impacts will likely propagate up the food web and have severe 

effects on marine biogeochemical cycling. The objective of this dissertation was to 

unravel how Arctic phytoplankton responds to different warming scenarios with a 

special emphasis on their underlying physiology. To achieve this, I used a combination 

of single-strain phytoplankton incubation experiments, including detailed physiological 

characterizations, and incubation experiments with natural Arctic phytoplankton 

communities to substantiate overarching temperature responses of phytoplankton 

physiology also on an ecologically more relevant level.  

Publication I aimed to assess temperature response patterns of multiple functional 

traits in Arctic key phytoplankton species. To this end, I cultivated the centric diatom 

Thalassiosira hyalina, the mixotrophic picoeukaryote Micromonas pusilla and the ice-

algae Nitzschia frigida over a temperature gradient from 0°C to 14°C and measured 

growth rates, biomass production, quotas of biomass and pigmentation as well as 

photophysiology. Next to surprisingly high optimal growth temperatures and maximal 

growth rates in all species, it was found that thermal sensitivities and optimal 

temperatures varied among species and functional traits. This resulted in distinct 

temperature response patterns of physiological processes such as cell division and 

biomass production, with their interplay ultimately shaping distinct temperature 

response patterns of biomass quotas.  

Publication II aimed to identify hypothesized physiological imbalances between 

photosynthetic and respiratory sub-processes under warming. I further intended to 

understand how fundamental regulatory mechanisms adjust physiology to explain the 

high phenotypic plasticity of Arctic phytoplankton in response to increasing 

temperatures. To this end, I assessed photophysiological characteristics of 

photosystem II (PSII) as well as gas fluxes of 18O2, 16O2 and CO2 corresponding to 

photosynthetic O2 production and C-fixation as well as respiratory CO2 release and O2 

consumption in T. hyalina at distinct temperatures (2°C, 6°C and 10°C) using fast 

repetition rate fluorometry (FRRf) and membrane-inlet mass-spectrometry (MIMS). I 

found two major regulatory strategies of T. hyalina to acclimate to increasing 
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temperatures. First, T. hyalina cells upregulated their light harvesting abilities to 

compensate for detrimental temperature effects on PSII efficiency, which made cells 

more prone to light-limitation. Thereby, cells were able to maintain their absolute 

electron transport rates per PSII, resulting in unchanged O2 production. Second, I 

found that a metabolic coupling between chloroplasts and mitochondria was essential 

for cells to dissipate excess reductant towards mitochondrial processes, which was 

even more prominent under warming. In this situation, the plastidial reductants fueled 

the mitochondrial electron transport chain directly, which in turn resulted in a redox-

mediated downregulation of the respiratory CO2 release, which consequently 

maximized net biomass retention of the whole cell.  

Finally, Publication III and IV aimed to understand how temperature affects 

phytoplankton physiology on the level of natural Arctic phytoplankton communities. To 

this end, communities from the open-ocean Fram Strait (Publication III) and a coastal 

fjord system in Svalbard (Publication IV) were incubated under similar temperature and 

light conditions as in Publication II. Biomass accumulation, O2 fluxes of photosynthesis 

and respiration, photophysiology as well as community composition were assessed 

using a ship-going MIMS system or O2 optodes, FRRf as well as rRNA 18s 

metabarcoding, respectively. Both communities exhibited a stimulated net biomass 

retention under warming scenarios, despite a lowered net O2 production, due to 

strongly increasing respiratory O2 consumption. These responses were not 

accompanied by distinct species shifts, e.g. towards more heterotrophic communities, 

indicating that the opposing temperature responses of O2- and C-fluxes in the 

communities were likely a result of the same physiological regulatory mechanisms as 

observed in the single-strain experiment.  

Findings from single-strain as well as community experiments strongly indicate that a 

metabolic coupling of chloroplasts and mitochondria is a fundamental mechanism 

across communities to plastically respond to ocean warming, that allows Arctic 

phytoplankton to thrive under increasing temperatures. In line with this, all Publications 

also revealed that optimal temperatures for growth and biomass production exceeded 

those in the present Arctic Ocean, suggesting a stimulation of biomass accumulation 

at least under moderate warming. Data of photophysiological assessments further 

signify synergistic beneficial effects on photosynthetic processes under a combined 

increase of temperature and light intensity, as it is projected for the future Arctic Ocean.
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Zusammenfassung 

Der Klimawandel zeigt sich besonders stark im Arktischen Ozean, sodass 

Meeresorganismen insbesondere hier einer starken Erwärmung ausgesetzt sind. 

Phytoplankton als die wichtigsten Primärproduzenten des Arktischen Ozeans erfahren 

folglich temperaturbedingte Veränderungen in ihrer Physiologie. Die daraus 

resultierenden Auswirkungen breiten sich potentiell über das Nahrungsnetz aus und 

können schwerwiegende Auswirkungen auf das gesamte Ökosystem haben. Ziel 

dieser Dissertation war es, zu untersuchen, wie arktisches Phytoplankton auf 

verschiedene Erwärmungsszenarien reagiert, wobei der Schwerpunkt dabei auf der 

zugrunde liegenden Physiologie lag. Ich habe Inkubationsexperimente mit einzelnen 

Phytoplankton Arten, sowie mit natürlichen arktischen Phytoplankton Gemeinschaften 

kombiniert, um übergreifende Temperaturreaktionen der Phytoplankton Physiologie 

sowohl im hochaufgelösten Prozessverständnis als auch in einem ökologisch 

relevanteren Kontext zu untersuchen. 

In Publikation I habe ich die Temperaturabhängigkeit verschiedener funktioneller 

Eigenschaften in Arktischen Schlüsselarten untersucht. Dafür wurden die zentrische 

Kieselalge Thalassiosira hyalina, die mixotrophe Grünalge Micromonas pusilla und die 

Eisalge Nitzschia frigida über einen Temperaturgradienten von 0°C bis 14°C kultiviert 

und Messungen von Wachstumsraten, Produktionsraten, Biomasse- und 

Pigmentierungsquoten sowie Fotophysiologie wurden durchgeführt. Neben 

überraschend hohen optimalen Wachstumstemperaturen und maximalen 

Wachstumsraten bei allen Arten wurde festgestellt, dass die thermische Sensivität und 

die optimalen Temperaturen sowohl zwischen den Arten als auch zwischen den 

verschiedenen funktionellen Eigenschaften variieren. Dies führte zu unterschiedlichen 

Temperaturkurven oder -mustern bei physiologischen Prozessen, wie beispielsweise 

der Zellteilung und der Biomasseproduktion, wobei deren Zusammenspiel letztlich zu 

unterschiedlichen Konstellationen der Biomassequoten führte.  

Publikation II zielte darauf ab, angenommene physiologische Dysbalancen zwischen 

fotosynthetischen und respiratorischen Teilprozessen unter Erwärmung zu 

beleuchten. Außerdem wurde untersucht, wie grundlegende 

Regulationsmechanismen eine physiologische Anpassung an höhere 

Akklimationstemperaturen ermöglichen, um die hohe phänotypische Plastizität von 

Arktischem Phytoplankton unter Erwärmung besser zu verstehen. Zu diesem Zweck 
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wurden Messungen von fotophysiologischen Eigenschaften über Fluorometrie (FRRf) 

sowie von zellulären 18O2-, 16O2- und CO2-Gasflüssen über Membran-Einlass-

Massenspektrometrie (MIMS) durchgeführt, wodurch fotosynthetische O2-Produktion 

und C-Fixierung sowie respiratorische CO2-Freisetzung und O2-Verbrauch in der 

Kieslealge T. hyalina bei verschiedenen Temperaturen quantifiziert werden konnten. 

Dabei konnten dabei wichtige Regulationsstrategien von T. hyalina zur Anpassung an 

steigende Temperaturen identifiziert werden. Zum einen steigert T. hyalina ihre 

Fähigkeit zur Lichternte, indem sie Antennenkomplexe des Lichterntekomplexes 

vergrößern. Dies kompensiert eine verringerte PSII-Effizienz, welche die Folge einer 

temperaturbedingten Lichtlimitierung war. Den Zellen wird so ermöglicht, ihre 

absoluten Elektronentransportraten pro PSII beizubehalten, was wiederum eine 

unveränderte O2-Produktion erlaubt. Darüber hinaus, konnte eine metabolische 

Kopplung zwischen Chloroplasten und Mitochondrien bestätigt werden, welche 

überschüssige Reduktionsequivalente in mitochondriale Prozesse umleitet, um eine 

übermäßige Reduktion der Chloroplasten zu vermeiden. Dieser Mechanismus war 

besonders unter Erwärmung ausgeprägt und hatte zur Folge, dass die mitochondriale 

oxidative Phosphorylierung hauptsächlich über den Chloroplasten versorgt wurde. 

Folglich änderte sich die mitochondriale Redoxbalance und die CO2-Freisetzung des 

Zitronensäurezyklus wurde minimiert, was wiederum eine Maximierung der Netto 

Produktion von Biomasse zur Folge hatte. 

Die Publikationen III und IV zielten schließlich darauf ab zu verstehen, wie Temperatur 

die Physiologie von Phytoplankton auf einer höheren Ebene in natürlichen arktische 

Phytoplanktongemeinschaften beeinflusst. Dafür wurden Gemeinschaften aus der 

Framstraße (Publikation III) und einem Fjordsystem in Svalbard (Publikation IV) unter 

ähnlichen Temperatur- und Lichtbedingungen wie in Publikation II inkubiert. 

Biomasseakkumulation, O2-Flüsse von Fotosynthese und Respiration, 

Fotophysiologie sowie die Artenzusammensetzung der Phytoplanktongemeinschaften 

wurden mit einem schiffseigenen MIMS-System bzw. O2-Optoden, FRRf und rRNA 

18s Metabarcoding untersucht. Beide Gemeinschaften wiesen unter 

Erwärmungsszenarien eine stimulierte Nettobiomasseretention auf, trotz einer 

geringeren Netto-O2-Produktion, die auf einen stark zunehmenden respiratorischen 

O2-Verbrauch zurückzuführen war. Diese Reaktionen gingen nicht mit deutlichen 

Artenverschiebungen einher, was darauf hindeutet, dass die gegensätzlichen 

Temperaturreaktionen der O2- und C-Flüsse in den Gemeinschaften auf dieselben 
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physiologischen Regulationsmechanismen zurückzuführen sind, wie sie in T. hyalina 

beobachtet wurden. 

Folglich deuten alle erhobenen Daten sowohl aus dem detaillierten 

Einzelartenexperiment als auch aus den Experimenten mit natürlichen 

Artengemeinschaften stark darauf hin, dass die metabolische Kopplung von 

Chloroplasten und Mitochondrien ein grundlegender Mechanismus von Arktischem 

Phytoplankton ist, um plastisch auf Ozeanerwärmung zu reagieren, und 

gegebenenfalls sogar davon zu profitieren. Im Einklang damit zeigten alle 

Publikationen auch, dass die optimalen Temperaturen für Wachstum und 

Biomasseproduktion grundsätzlich über denen im heutigen Arktischen Ozean liegen, 

was auf eine Stimulierung der Biomasseakkumulation zumindest unter moderater 

Erwärmung hindeutet. Die Daten der fotophysiologischen Untersuchungen deuten 

außerdem auf synergistische positive Effekte fotosynthetischer Prozesse bei einem 

kombinierten Anstieg von Temperatur und Lichtintensität hin, wie er für den Arktischen 

Ozean in der Zukunft prognostiziert wird. 
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1.1. The Arctic Ocean under Climate Change  

1.1.1. Global warming 

The Earth´s temperature is controlled by solar incoming and outgoing longwave 

radiation. This balance depends on many factors, such as natural and anthropogenic 

greenhouse gases, atmospheric aerosols, surface albedo or land use patterns 

(Hartmann et al., 1986; Liang, S et al., 2019). Without natural greenhouse gases such 

as water vapor and CO2, less of the outgoing longwave radiation would be absorbed 

in the atmosphere and surface temperatures would be as low as -18°C (Le Treut et al., 

2007). Since pre-industrial times, however, anthropogenic greenhouse gas emissions 

have drastically increased through fossil fuel combustion and land-use changes, 

resulting in the release of carbon dioxide (CO2), which accounts for fossil emissions of 

~10 Gt C yr-1. These perturbations in the carbon cycle have caused the atmospheric 

CO2 concentration to increase from ~280 ppm in 1850-1900 to ~420 ppm today 

(Friedlingstein et al., 2023). As a consequence, the absorption of longwave radiation 

strongly increases, ultimately resulting in rising Earth´s surface air temperatures (Legg, 

2021), which already experienced an average increase of 1.1°C compared to pre-

industrial temperatures (Lee et al., 2023).  

Future projections of the increase of greenhouse gas concentrations are described by 

representative concentration pathway (RCP), which represent different emission 

scenarios (van Vuuren et al., 2011). RCP2.6, for example, is a very stringent pathway 

of low emissions and high mitigation, so that global surface temperature increases until 

2100 would be limited to 2°C compared to the average temperature in 1850-1900. 

RCP8.5, in contrast, represents the highest emission scenario without mitigation, were 

the average warming would exceed 4°C in the same time frame (Fig. 1a; Lee et al., 

2023). The magnitude of future warming highly depends on ongoing net anthropogenic 

greenhouse gas emissions, which are controlled by political decision making and 

global action (Harrison & Sundstrom, 2007; Weber, 2010).  

The oceans are capable to take up ~3 Gt C yr-1 of fossil CO2 emissions ( Friedlingstein 

et al., 2023), and by removing ~25% of the total anthropogenic emissions they function 

as a large CO2 sink for the atmosphere. This results, however, in a shifted oceanic 

carbonate system with decreasing pH values (Fig. 1b), a phenomenon called ocean 

acidification and which especially affects calcifying organisms (Riebesell et al., 2000; 
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Zeebe & Wolf-Gladrow, 2001; Doney et al., 2009). Furthermore, large proportions 

(>90%) of the accumulated atmospheric heat are taken up by the oceans, which 

increases the sea surface temperatures (SSTs) and underlines their function as a 

strong buffer system on our climate (Fig. 1c; Lee et al., 2023). The SSTs are rising 

slower than the air temperature, and yet, they already increased by 0.68 to 1.01°C 

since pre-industrial times and are projected to further rise by ~0.2°C on average per 

decade, depending on the RCP scenario. 

In addition to long-term ocean warming, short-term extreme events, such as marine 

heatwaves, have become more frequent, longer-lasting and more intense during the 

past decades and are projected to expand under ongoing climate change (Fig. 1e; 

Hobday et al., 2016). Marine heatwaves are discrete warming events of anomalously 

elevated temperatures for g 5 days, which are driven by multiple factors, such as air-

sea heat fluxes, ocean heat advection or large-scale climate variability (Oliver et al., 

2019).  

The increase of SSTs has far-reaching effects on multiple other properties of the 

oceans: Sea levels are rising due to expanding water masses as well as melt of ice 

sheets and glaciers with strong impacts especially on densely populated coastal areas 

(Horwath et al., 2021). With warming, hypoxic O2 minimum zones expand, especially 

in tropical regions (Fig. 1d; Keeling et al., 2010). A temperature-induced increase in 

oceanic stratification results in a shallower mixed layer depth, decreased nutrient 

availability as well as higher mean irradiance in the surface layer. A reduced vertical 

mixing, in turn, decreases the ability to take up atmospheric heat, which will result in 

an increase of weather extremes such as cyclones (Lee et al., 2023). Furthermore, 

contrasts in oceanic salinity increase due to regionally higher evaporation or rainfalls, 

increased sea ice or glacial melt, i.e. high salinity regions become saltier and low 

salinity regions become fresher, which in turn further enhances stratification (Cheng et 

al., 2020).  

Ocean warming and the described indirect consequences will strongly affect marine 

organisms, e.g. in their metabolism and behavior. There are indications for poleward 

expansion of organisms such as Atlantic cod or North Atlantic phytoplankton (Dahlke 

et al., 2018; Oziel et al., 2020; Priest et al., 2023), changes of phenology, i.e. the 

seasonal dynamics of biological life cycles, or increased risk of death and local 

extinction (Doney et al., 2012). Additionally marine heatwaves expose organisms also 
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to fast changing temperature fluctuations, potentially pushing them temporarily beyond 

thermal limits (Frölicher et al., 2018). Marine heatwaves also amplify the effects of 

enhanced stratification, e.g. changes in nutrient availability, which in combination with 

the extreme short-term warming can cause e.g. population shifts of marine species, 

mass mortality especially of non-motile species (Garrabou et al., 2022) or exacerbation 

of harmful algae blooms (Trainer et al., 2020). Consequently, these short- and long-

term temperature increases can have cascading effects for the entire marine 

ecosystem, including various kinds of marine resources also relevant for human 

economy (Kumar et al., 2012; Smith et al., 2021).  

 

Fig 1. Changes of the ocean and cryosphere in the past corresponding to observed (purple) and 
modelled (yellow) data as well as in the future corresponding to the representing concentration pathways 
(RCP) 2.6 (blue) and 8.5 (red) relative to 1986-2000. (a) The global mean air temperature, the surface 
ocean pH, (c) global mean surface temperature, (d) ocean oxygen at a depth of 100-600 m, (e) days of 
marine heatwaves and (f) the Artic sea ice extent in September. Modified after Legg (2021). 

 

1.1.2. The Arctic Ocean 

The Arctic Ocean is the smallest, shallowest and northernmost of the five global 

oceans of our planet and comprises unique characteristics (Klenke & Schenke, 2002). 

It is almost completely land-locked, i.e. it is surrounded by coastal boundaries with only 

few major in- and outflows of water masses. Especially the coastal areas are directly 
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influenced by riverine and glacial freshwater run-off as well as mineral and trace metal 

discharge as numerous large rivers end in the Arctic Ocean (Carmack et al., 2016; 

Solomon et al., 2021). Furthermore, the light conditions in the Arctic are extreme due 

to the presence of polar day and night, i.e. 24h of daylight in summer and 24h of total 

darkness in winter, respectively. This forces especially primary producers to involve 

metabolic strategies to withstand months of darkness without phototrophic energy 

generation in winter (Berge et al., 2015; Walter et al., 2017; Hoppe et al., 2024), but 

also to handle full daylight in summer. Large parts of the Arctic Ocean are covered by 

sea ice, which changes in its extent on seasonal time-scales but generally decreases 

by ~11% per decade due to climate change (Stroeve & Notz, 2018). Also the thickness 

of sea ice decreases, and thin first-year sea ice largely replaces thick multiyear sea ice 

(Kwok, 2018). This induces seasonal changes in salinity and also affects the light 

climate of the surface ocean layer.  

The Arctic Ocean is one of the regions on our planet that is most prone to climate 

change, due to a decrease of the Arctic Oceans´ surface albedo, which is the 

proportion of incoming solar radiation reflected back to the atmosphere. Multi-year sea 

ice with snow coverage reflects up to 90%, while the open ocean reflects less than 

20%, but absorbs a large fraction of radiation, which increases surface warming 

(Perovich & Polashenski, 2012). As a consequence, the ocean warming-induced 

decrease of sea ice extent and thickness amplify warming rates in the Arctic, which 

again results in stronger warming-induced effects on sea ice. This process is called 

polar amplification and is the driver behind the ~3-4-fold higher warming rates in the 

Arctic (Constable et al., 2022; Rantanen et al., 2022). Through diverse feedback loops, 

also other climate change drivers are thus more pronounced in polar areas, making 

the Arctic an ideal habitat to study climate change effects on marine ecosystems. 

1.2. Phytoplankton and the biological carbon pump 

1.2.1. Phytoplankton diversity 

Phytoplankton are aquatic unicellular phototrophic organisms that significantly 

contribute to primary production and have evolved in multiple different taxonomic 

groups of eukaryotic microalgae such as diatoms, haptophytes, dinoflagellates or 

chlorophytes and prokaryotic cyanobacteria (Fig. 2; Simon et al., 2009), all together 

composing at least 25,000 different species (Falkowski & Raven, 2013). Microalgae 

cover all aquatic ecosystems (limnic or marine) from polar to tropical waters, they can 
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live in pelagic, coastal or benthic ecosystems and can even thrive in extreme 

environments such as sea ice or snow habitats (Hoham & Remias, 2020; Niemi et al., 

2024). The different taxonomic groups of eukaryotic phytoplankton divide into various 

functional types, depending on their e.g. morphology or trophic mode (Litchman et al., 

2015; Chakraborty et al., 2017). Phytoplankton can appear in diverse morphological 

shapes and their size ranges between <1 µm to <40 µm (Sournia, 1982; Chisholm, 

1992; Naselli-Flores et al., 2007). Many groups are moreover motile due to raphes or 

flagella, some form chains or colonies, and build silicate frustules or calcify (Visser & 

Kiørboe, 2006; Lana et al., 2011; Van Donk et al., 2011). Furthermore, many 

phytoplankton species are not necessarily exclusively photoautotrophic, but can also 

live mixotrophic or heterotrophic, i.e. they can also take up organic carbon and 

nutrients instead of relying only on photosynthesis (Mitra et al., 2014; Stoecker et al., 

2017). All these different functions affect the impact of microalgae on biogeochemical 

cycling and ecosystem services. 

 

Fig 2. Some phytoplankton diversity. (a) Phaeocystis globosa, (b) Tripos horridus, (c), Pediastrum 

boryanum (d) Chaetoceros decipiens, (e) Thalassiosira punctigera and (f) Melosira arctica. Photos taken 
by Alexandra Kraberg (a, b, d, e) and Wolfgang Bettighofer (c, f). 

 

One particularly successful and diverse group of phytoplankton are diatoms 

(Bacillariophyceae), which contain a characteristic silicate frustule (Martin-Jézéquel et 
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al., 2000; Falkowski & Raven, 2013). They often dominate bloom events and account 

for about 40% of the marine primary production, so that they are significant contributors 

to the marine biogeochemical cycles of carbon, nitrogen, phosphorus and silicate. 

Their success to compete over other phytoplankton groups is likely a result of 

comparably high intrinsic growth rates under nutrient replete conditions, a high 

physiological plasticity to respond to changing environmental conditions and their 

exalted light harvesting to biomass conversion efficiency (Wagner et al., 2006; Lepetit 

et al., 2022). 

1.2.2. The biological carbon pump 

Phytoplankton as primary producers are significant drivers of the biological carbon 

pump. While they only comprise about 1% of the total biomass, they account for about 

50% of the global primary production (Field et al., 1998). The biological carbon pump 

(Fig. 3) comprise a range of processes, which jointly contribute to the sinking and 

sequestration of photosynthetically fixed CO2 in form of particulate organic carbon 

(POC) out of the euphotic zone into the deeper ocean and partly also the sediments 

(Volk & Hoffert, 1985; Le Moigne, 2019). 

More precisely, atmospheric CO2 equilibrates with the ocean following Henry´s law and 

contributes to the oceanic dissolved inorganic carbon (DIC) pool (1, Fig. 3), which is 

depending on physical and chemical properties of sea water such as temperature, 

salinity, alkalinity and pH, whereof the oceanic pH is vice versa also controlled by the 

CO2 concentration (Zeebe & Wolf-Gladrow, 2001). DIC is consumed via the 

photosynthetic C uptake by phytoplankton in the euphotic zone (2, Fig. 3), i.e. 

phytoplankton use solar radiation, water (H2O), as well as inorganic macronutrients, 

vitamins and trace metals to produce O2 and take up C to build up POC (Field et al., 

1998; Falkowski et al., 2000). This biomass provides the basis of the aquatic food 

webs, i.e. micro-zooplankton graze on phytoplankton (3, Fig. 3), which are, in turn, 

consumed by larger zooplankton, fish and large predators (e.g. Danielsdottir et al., 

2007; Napiórkowska-Krzebietke, 2017). In fact, the majority of phytoplankton biomass 

is taken up by grazers, so that its organic matter is converted back to CO2 via 

respiration already in the upper ocean, or the biomass is converted to dissolved organic 

carbon (DOC) by fragmentation of POC due to sloppy feeding (4, Fig. 3).  

About 5-25% of the POC built by photosynthesis, however, leaves the euphotic zone 

by sinking as fecal pellets or dead phytoplankton cells (5, Fig. 3; Iversen, 2023) and 
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the sinking velocity and thus efficiency can be accelerated by aggregate formation or 

mineral ballasting (Klaas & Archer, 2002; Iversen & Robert, 2015; Henson et al., 2019; 

Le Moigne, 2019). During the sinking process, the detrital organic matter, also called 

marine snow, feeds bacteria or grazers that remineralize a large proportion of sinking 

biomass (6, Fig. 3; Carlson et al., 2010). Thus, bacteria and other heterotrophs 

transform POC back to CO2 and thus into the DIC pool again (7, Fig. 3), which is 

transported back to the surface ocean via mixing or upwelling. Ultimately, less than 1% 

of the POC that was formed by phytoplankton in the surface ocean reaches the deep 

ocean, where an even smaller proportion of carbon end up in sediments (Koeve, 2005), 

where it is potentially buried for time-scales over geological time-scales (8, Fig. 3). Due 

to the continuous CO2 removal from the upper ocean by sinking of POC, atmospheric 

CO2 can be taken up and stored in the ocean. In fact, model results showed that, if the 

biological pump would be turned off, atmospheric CO2 levels would increase by about 

~200 µatm (Watson & Liss, 1998).  

 

Fig 3. Simplified illustration of the biological carbon pump. Atmospheric CO2 enters the ocean via 
diffusion (1) and is converted into particulate organic carbon (POC) by photosynthesis (2). Zooplankton 
grazes on the POC biomass (3) and contributes to the oceanic dissolved organic carbon pool via sloppy 
feeding (4). The POC biomass is sinking out of the photic zone (5) and is partly remineralized by 
heterotrophs (6). The resulting dissolved inorganic carbon (DIC) is transported back to the upper ocean 
by upwelling, where it contributes again to the surface DIC pool (7). A small fraction of sinking POC 
biomass reaches the sediments and is sequestered on geological time-scales (8). Modified after Gattuso 

et al. (2023). 
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1.2.3. Primary production in the Arctic 

In contrast to projections of the global ocean, where primary production is described to 

decrease under ongoing climate change (Laufkötter et al., 2015), the Arctic has been 

observed to increase in primary production over the past decades (Arrigo & van Dijken, 

2015), and model projections show a further increase (Lewis et al., 2020). This 

increase is mainly attributed to prolonged growing seasons and larger sea ice-free 

habitats (Arrigo et al., 2008). It is believed that the Barents Sea north of Norway, is 

indeed the most productive region of the Arctic Ocean because of its comparably low 

sea ice cover as well as high nutrient advection from the North Atlantic (Oziel et al., 

2020).  

Primary production depends on light and nutrient availability but also temperatures, 

resulting in distinct seasonal succession patterns in temperate and polar oceans 

(Young & Schmidt, 2020). During winter, the phytoplankton biomass is typically low 

due to the absence of light in the polar night and the low temperatures. In this season, 

nutrients get replenished in the upper ocean due to recycling and mixing. In spring, the 

phytoplankton biomass starts to increase when temperature and light intensity are 

rising and nutrients are still ample. The phytoplankton biomass buildup maximizes 

during spring bloom events in late spring or early summer, which are typically 

terminated by either bottom-up-effects such as nutrient depletion and top-down-effects 

such as grazing (Assmy et al., 2007). However, due to global warming, Artic 

phytoplankton phenology likely changes. Synergistic effects of increasing 

temperatures and light availability are, for instance, projected to cause an earlier 

initiation of spring bloom events with an accelerated phenology of 5 to 7 days per 

decade (Field & Barros, 2014; Rokitta et al., 2023). Furthermore, phytoplankton spring 

bloom biomass is projected to reach higher peak biomass, but also to decline earlier 

in the season due to faster nutrient limitation (Kahru et al., 2016; Chivers et al., 2020; 

Rokitta et al., 2023). Such changes will likely cause a restriction of first-order grazers 

such as copepods and fish larvae, which follow distinct annual cycles (Søreide et al., 

2010). Consequently, climate change-induced deviations in phytoplankton spring 

bloom phenology may cause temporal mismatches between primary production and 

grazing, which has ultimately far-reaching effects on the Arctic ecosystem 

trophodynamics, as well as the biological carbon pump (Rokitta et al.; Petrou et al., 

2016; Dezutter et al., 2019). Such cascading effects will likely be most pronounced in 
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previously sea ice covered areas of the Arctic Ocean as here changes in temperature 

and light regime are expected to be most severe (Nicolaus et al., 2012). 

In addition to pelagic phytoplankton in the Arctic, also sea ice associated primary 

producers contribute to total Arctic primary production. Despite the fact that the 

decreasing sea ice thickness and increasing areas covered with melt ponds lead to 

increasing irradiance, which promotes primary production, remaining sea ice also 

functions as substrate for ice algae (Kirst & Wiencke, 1995). They attach to the sea ice 

and can also seed pelagic under ice blooms, as some species can grow in both 

habitats (Lund-Hansen et al., 2020). Especially diatoms and the haptophyte 

Phaeocystis have been observed to thrive in ice covered surface waters and the 

marginal ice zone (Arrigo et al., 2012; Assmy et al., 2017), whereas other mixotrophic 

or heterotrophic species such as Micromonas or dinoflagellates can dominate the even 

less illuminated under ice communities in the high Arctic (Lee et al., 2019). Under 

young sea, however, also potentially harmful haptophytes or dinoflagellates have been 

recently observed to dominate early spring bloom communities (Bruhn et al., 2021; 

Søgaard et al., 2021).  

To understand how Arctic phytoplankton will respond to climate change and 

consequently will affect all higher trophic levels as well as carbon export, we need to 

elucidate their underlying physiology under future ocean conditions. 

 

1.3. Phytoplankton Physiology 

1.3.1. Photosynthesis 

Archaea were the first organisms to use photosynthesis for anabolic metabolism (using 

hydrogen or hydrogen sulfide as reducing agent; Olson, 2006), while cyanobacteria 

were probably the first to perform oxygenic photosynthesis (i.e. water functions as the 

electron-donor; Buick, 2008). Cyanobacteria evolved during a time in which the 

atmosphere was anoxic and only became oxygenic due to their photosynthetic O2 

production. Nowadays, oxygenic photosynthesis can be performed not only by 

prokaryotic cyanobacteria, but also by eukaryotic plants and algae. Although, the 

general cell structure of prokaryotes and eukaryotes is substantially different, both 

contain thylakoid membranes to perform photosynthesis in a similar way (e.g. Vellai & 

Vida, 1999; Martin, 2017).  
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Photosynthesis in eukaryotic microalgae takes place in specialized organelles called 

chloroplasts (Boardman, 1977; Jensen & Leister, 2014), which consist of different 

membranes, an inner matrix called stroma and thylakoids that are often stacked up in 

grana or vesicles (Fig. 4; Flori et al., 2017). Photosynthesis can be distinguished into 

two major processes: First, the photosynthetic light reactions, taking place in the 

thylakoid membrane, use light energy to generate reductants and energy-rich 

biochemicals in form of nicotinamide adenine dinucleotide phosphate (NADPH) and 

adenosine triphosphate (ATP). These are then used in the second part, the Calvin 

cycle, which takes place in the chloroplast stroma and fixes CO2 into organic matter. 

Because this dissertation focuses on physiological responses to ocean warming, 

important physiological sub-processes of phytoplankton are described in detail in the 

following.  

 

Fig 4. Simplified illustration of a chloroplast of a eukaryotic phototroph. Inside the thylakoids, the 
photosynthetic light reactions use solar radiation and water to produce O2 and to generate NADPH and 
ATP to fuel the Calvin cycle. The Calvin cycle takes place in the stroma and takes up inorganic CO2 to 
build up organic C. Modified after Taiz and Zeiger (2006).  
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The photosynthetic light reactions start with the process of light harvesting (1, Fig. 5; 

Cruz et al., 2004; Lepetit et al., 2022). Here, the light harvesting complexes (LHCs) of 

photosystem (PS) II consist of a number of proteins equipped with chlorophyll (Chl) 

molecules, surrounding the PSII reaction center (P680), which heterodimer of two 

distinct Chl molecules held by protein subunits D1 and D2 of the photosystem. The 

pigment composition of the light harvesting antenna are depending on the different 

functional groups of phototrophic organisms. While all groups contain Chl a as the core 

pigments, other important ones are, depending on the functional groups, Chl b or c as 

well as different carotenoids. These different pigments absorb photosynthetic active 

radiation of different absorption wavelength, whereas the maximum absorptions of PSII 

is at a wavelength of 680 nm. When excited by light energy, i.e. photons, the PS680 

transfers an electron to pheophytin (Phae; 2, Fig. 5). The arising electron gap in P680 

is then filled by photooxidation of water 3, (Fig. 5). This takes place at the oxygen-

evolving-complex (OEC; a manganese and calcium containing enzyme complex), 

which is bound to PSII. Four photons need to be harvested to drive the oxidation of 

two H2O molecules which split into four protons (H+), and one O2 molecule (Kok et al., 

1970). The O2 is released as a by-product, whereas the H+ build up a proton gradient 

inside the thylakoid lumen to later fuel an ATP-synthase for ATP generation.  

The electrons are transferred further through to the acceptors QA and QB and passed 

on to the mobile electron carrier plastoquinone (PQ; 4, Fig. 5). PQ accepts two 

electrons from the QB site of PSII as well as two H+ from the chloroplast stroma and 

thereby gets reduced into plastoquinol (PQH2; 5,  Fig. 5), which passes the electron on 

via the cytochrome-b6/f-complex to plastocyanin (PC; 6, Fig. 5; Tikhonov, 2014). 

During this catalytic reaction, the two stromal H+ from the PQ are translocated by the 

cytochrome-b6/f-complex into the thylakoid lumen to also to support the 

electrochemical proton gradient. The reduced plastocyanin transfers the electrons to 

the reaction center of PSI (P700). P700 needs to be re-excited by excitons from light 

harvest, similar as in PSII (7, Fig. 5), to transfer the electrons via a series of membrane-

bound iron-sulfur-proteins to soluble ferredoxin (Fd) and finally to the flavoprotein 

ferredoxin-NADP reductase (FNR), which mediates the transfer of an electron to 

NADP++H+, which is then reduced to NADPH (8, Fig. 5). NADPH functions as a generic 

electron donor for metabolism. The protons accumulated inside thylakoid lumen during 

the photosynthetic light reactions (9, Fig. 5) produce an electrochemical gradient, the 

so-called proton motive force (PMF; Mitchell, 1966). The PMF comprises both, a pH, 
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i.e. a chemical, as well as an electric gradient (Bailleul et al., 2015; Lepetit et al., 2022). 

It is exploited to generate ATP in the plastidial stroma by translocating H+ through the 

membrane bound ATP-synthase (10, Fig. 5). 

The generated molecules of NADPH and ATP are subsequently fueling the second 

part of photosynthesis, in which the Calvin cycle fixes CO2 into organic precursors and 

thereby promotes the ongoing assimilation of organic carbohydrates. The Calvin cycle 

consists of three main phases, i.e. carboxylation, reduction and regeneration (Calvin, 

1962; Kroth, 2015; Kroth & Matsuda, 2022). 

During the carboxylation phase, the key photosynthetic enzyme ribulose-1,5-

bisphosphat carboxylase/oxygenase (RuBisCO) catalyzes the assimilation of CO2 into 

preexisting ribulose-1,5-bisphosphat (RuBP). The resulting fragile C6-molecule breaks 

apart into two 3-phospoglycerate molecules (3-PG; 1, Fig. 6). In the reduction phase, 

the 3-PG molecules are phosphorylated by phosphoglycerate kinase with the use of 

the photochemically generated ATP, yielding 1,3-bisphosphoglycerate (1,3-BPG, 2, 

Fig 5. Schematic illustration of the photosynthetic light reactions, modified after Taiz and Zeiger (2006). 
Solar light is harvested by the light harvesting complex of photosystem II (PSII; 1), which excites the 
PSII reaction center (PS680) and electrons are transferred to phaeophytin (Phae; 2). The electron gap 
is filled by electrons from photolysis at the oxygen evolving complex (OEC; 3). Electrons are then passed 
through the electron transport chain (ETC) to PSI via the electron acceptors QA and QB (4), the 
plastoquinone pool (5), the cytochrome-b6/f-complex and plastocyanin (6). At PSI (7), light harvesting 
re-excites the electrons and they are passed on towards the flavoprotein ferredoxin-NADP reductase 
(FNR; 8), where NADPH is generated. During the photosynthetic ETC, a proton gradient is built up 
inside the thylakoid membrane (9), which is exploited for ATP generation (10). 
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Fig. 6). This compound undergoes a reductive dephosphorylation by glyceraldehyde-

3-phosphate-dehydrogenase using the photochemically generated NADPH and 

yielding glyceraldehyde-3-phosphate (G3P; 3, Fig. 6), which is an aldose with 3 C-

atoms. In the last, the regeneration phase, three RuBP molecules are formed by 

iterative transfer of C2 and C3 units from five generated G3Ps and a final 

phosphorylation that also uses photochemically generated ATP (4, Fig. 6). Thus, 

during the Calvin cycle, three molecules of each, CO2 and RuBP are converted into six 

molecules of triosephosphates, of which only one can be called a net gain of C 

assimilation (5, Fig. 6), while the remaining five are required to regenerate the 

precursors RuBP. Thus, the net reaction of the Calvin cycle uses 3 CO2 + 3 RuBP + 6 

NADPH + 9 ATP to produce 1 G3P + 6 NADP+ + 3 H+ + 9 ADP + 6 Pi + 3 RuBP (Kroth 

& Matsuda, 2022). 

 

Fig 6. Schematic illustration of the Calvin cycle including catalytic reactions of the carboxylation phase, 
the reduction phase and the regeneration phase, modified after Taiz and Zeiger (2006). For a detailed 
description of the three phases, please see text. 



Introduction 

15 
 

 

RuBisCO can also catalyze an undesired oxygenation in a reaction called 

photorespiration (Bauwe et al., 2010). Especially in aquatic photosynthesis, where CO2 

diffusion rates are 10,000-fold slower, and environments can therefore become 

completely CO2 depleted, carbon concentrating mechanisms (CCMs) can prevent this 

oxygenation (Rokitta et al., 2022). Many microalgae are known to have strong CCMs 

that enable cells to also take up bicarbonate (HCO3-), which is then converted into CO2 

by exploitation of the PMF. The inorganic C uptake in diatoms is typically facilitated by 

a high activity of carbonic anhydrase in most, if not all cell compartments, as well as 

membrane-bound HCO3 transporters in all membranes (Tsuji et al., 2017). CO2 is then 

accumulated in pyrenoidal structures inside chloroplasts, where it is used for RuBisCO 

in the Calvin cycle (Rokitta et al., 2022). CCMs are energy expensive, i.e. they 

consume parts of the generated PMF and have to ultimately increase internal CO2 

concentrations by up to 1000-fold compared to the ambient conditions (Raven et al., 

2014). 

As laid out, the Calvin cycle requires a stoichiometry output of the light reactions of at 

least 1.5 ATP:NADPH (Allen, 2002), which can increase due to the described CCM 

activity (Peltier et al., 2010; Curien et al., 2016). Lepetit et al. (2022), however, 

calculated based on the specific structure of plastidial ATP-synthase (Hahn et al., 

2018), that the linear electron flow during the photosynthetic light reactions as 

described above, only provides an ATP:NADPH ratio of 1.28, so that cells require a 

regulation of this stoichiometry. Therefore, cells modulate the coupling of electron 

transfer and proton pumping into the thylakoid lumen (Lepetit et al., 2022). To increase 

the ATP relative to NADPH inside the chloroplasts, phototrophs often employ different 

routes of alternative electron flow (AEF; Fig. 7). First, cyclic electron flow (CEF; 1, Fig. 

7) comprises a re-routing of electrons from PSI back towards the cytochrome-b6f-

complex without the reduction of FNR. Thus, proton pumping into the thylakoid lumen 

is enhanced, supporting the PMF, without further reductant generation (Alric, 2010; 

Larkum et al., 2018). If the ATP yield cannot be increased any further, cells instead 

need to dissipate excess electrons or NADPH to balance the plastidial ATP:NADPH 

stoichiometry. To this end, they employ O2 consuming processes, i.e. water-to-water-

cycles (Curien et al., 2016): The Mehler reaction (2, Fig. 7) comprises the reduction of 

O2 to H2O2 at ferredoxin (Mehler, 1951; Asada, 2000), which necessitates a series of 

enzymatic reactions to detoxify resulting reactive oxygen species (ROS), and dissipate 
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electrons without NADPH generation. Another way to dissipate electrons without 

NADPH generation is the oxidation of PQ in the thylakoid membrane, catalyzed by the 

plastid terminal oxidase (3, PTOX; Fig. 7), which consumes O2 and H+ to dissipate 

electrons into H2O molecules. As a third option, diatoms, green algae and plants can 

involve a metabolic coupling of chloroplasts and mitochondria (4, Fig. 7). Thereby, cells 

re-route excess plastidial NADPH to the cytoplasm and the mitochondria, possibly via 

the malate shuttle system (Strotmann & Murakami, 1976), (Bailleul et al., 2015; Rehder 

et al., 2023; Peltier et al., 2024).  

 

1.3.2. Mitochondrial respiration 

Phytoplankton not only employ anabolic processes during their autotrophic 

photosynthesis, but also catabolic heterotrophic processes such as glycolysis and 

mitochondrial respiration in order to generate ATP to fuel cellular metabolism. 

Respiratory processes comprise primarily the TCA cycle that releases CO2 and 

generates the reductant NADH, which fuels the respiratory electron transport chain 

(ETC) that consumes O2 and establish a proton gradient for mitochondrial ATP 

generation, analog to the PMF of the plastid (Fig. 8; Raven & Beardall, 2016).  

Glycolysis is a series of enzymatic reactions in the cytosol that break down sugars, 

prior produced during carboxylation, into pyruvate as well as ATP and NADH. The 

Fig 7. Schematic illustration of different routes of alternative electron flow to relatively increase the 
plastidial ATP:NADPH stoichiometry: (1) cyclic electron flow around photosystem I (red), (2) Mehler 
reaction (yellow), (3) plastid alternative oxidase (PTOX, blue) and (4) electron export form chloroplast 
to mitochondrion (green). 
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pyruvate is then transported from the cytosol into the mitochondria, where the different 

respiratory processes take place. Here, the pyruvate molecules are oxidatively 

decarboxylated by pyruvate decarboxylase and bound to coenzyme A to form Acetyl-

Coenzyme A, which is the first substrate of the respiratory TCA cycle. NADH and CO2 

are released.  

 

Fig 8. Simplified illustration of a mitochondrion. The tricarboxylic acid (TCA) cycle takes place in the 
mitochondrial matrix. It respires CO2 and provides NADH and FADH2 for the mitochondrial electron 
transport chain, which consumed O2 and generates ATP. Modified after Taiz and Zeiger (2006). 

The TCA cycle of eukaryotic phototrophs takes place in the mitochondrial matrix and 

encompasses a series of enzymatic reactions, starting with the combining of Acetyl-

CoA and oxaloacetate by citrate synthase to build citrate (Fig. 9; Lowenstein, 1967; 

Krebs, 1970). Then, aconitase isomerizes citrate into isocitrate, which is oxidatively 

decarboxylated by isocitrate dehydrogenase, yielding 2-oxoglutarate. 2-oxoglutarate is 

then converted into succinyl-CoA by 2-oxoglutarate dehydrogenase under the  release 

of CO2 and NADH molecules. This is followed by a substrate-level phosphorylation of 

ADP to ATP, converting the succinyl-CoA into succinate by succinyl-CoA synthetase. 

Succinate is then oxidized by succinate dehydrogenase into fumarate, yielding flavin 

adenine dinucleotide (FADH2). Fumarate, in turn, is hydrated by fumarase into malate, 

which is then as the last step of the TCA cycle oxidized by malate dehydrogenase back 

into oxaloacetate, whereas another NADH is generated. 
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Fig 9. The enzymatic reactions of the tricarboxylic acid (TCA) cycle, in which CO2 molecules are 
released, ATP consumed and NADP as well as FADH2 to fuel the mitochondrial electron transport chain 
are generated. For further details, please see text, modified after Taiz and Zeiger (2006). 

The reductants generated during the TCA cycle are typically fueled into the 

mitochondrial ETC (Fig. 10; Guo et al., 2018). Here, complex I (NADH-dehydrogenase) 

accepts an electron directly from NADH (1, Fig. 10) and transfers it to the ubiquinone 

pool. Complex II (Succinate-dehydrogenase) is part of the TCA cycle and catalyzes 

the oxidation of succinate to fumarate with help of FADH2 as a prosthetic group (2, Fig. 

10), and donates the extracted electrons also to the ubiquinone pool (3, Fig. 10). 

Additionally, NAD(P)H from the matrix or inter membrane space can transfer electrons 

to the ubiquinone pool via rotenone-insensitive dehydrogenases (4, Fig. 10). The 

ubiquinone as a molecule is a carrier for reductant and protons, which, like plastidary 

PQ, diffuses freely inside the mitochondrial inner membrane and passes on the 

electrons to either complex III (Cytochrome bc1 complex; 5, Fig. 10) or to an alternative 

oxidase (AOX; 6, Fig. 10). From complex III, electrons are transferred on via 

cytochrome c (Cyt c) to complex IV (Cytochrome C oxidase), where they reduce O2 to 

H2O (7, Fig. 10). During the transfer of electrons between complex I and complex IV, 

protons are translocated from the mitochondrial matrix to the inter membrane space at 



Introduction 

19 
 

each complex, thereby building up a proton gradient (8, Fig. 10). This proton gradient 

is then exploited by the ATP-synthase for mitochondrial ATP generation (9, Fig. 10). 

When electrons are passed on to AOX instead of to complex III, however, they are 

dissipated into the reduction of O2 to H2O, resulting in a lower H+ translocation. While 

the AOX was under debate for a long time, it is now commonly agreed that its activity 

decrease cellular redox stress (Maxwell et al., 1999), apparently increasing the cells´ 

ability to deal with abiotic stressors, such as high salinity, heat or nutrient limitation 

(Feng et al., 2013; Murik et al., 2019).  

 

1.3.3 Temperature effects on phytoplankton physiology 

All these underlying physiological sub-processes of anabolic photosynthesis and 

catabolic respiration are driving cellular metabolism, and their integrated relative 

magnitudes ultimately control net cellular biomass buildup. These sub-processes are 

affected by all of the above-mentioned drivers of climate change, such as alterations 

in temperature, light, nutrients  and CO2 (Doney et al., 2012; Constable et al., 2022). 

Next to changes in light or nutrients, temperature has the potential to impact 

physiological sub-processes most profoundly. As a universal driver, temperature 

affects molecular movement and thus principally all physical and (bio)chemical 

processes involved in metabolism (Brown et al., 2004; Pearle et al., 2010). More 

precisely, temperature controls processes such as substrate diffusion rates, 

membrane fluidity, electron transport or enzyme activity, which ultimately also drive the 

physiology of photosynthesis and respiration (Raven & Geider, 1988).  

Fig 10. Schematic illustration of the respiratory electron transport chain and mitochondrial ATP 
generation, modified after Taiz and Zeiger (2006). Please see the text above for description. 
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It seems reasonable to assume that, depending on their nature, different underlying 

physiological processes are influenced by temperature to a different extent. While 

diffusion rates are basically purely physical and are directly driven by molecular 

movement (Brown et al., 2004), temperature effects on membrane fluidity, for example, 

are more complicated. They depend on the degree of unsaturated fatty acids of 

membrane lipids (Los et al., 2013), and the ability of the cells to change the 

composition in a given time. Under high temperatures, cells typically replace 

unsaturated fatty acids in membrane lipids with de-novo synthesized saturated fatty 

acids, which makes membranes more rigid and thereby compensate for a higher 

molecular motion under warming. Under low temperatures, however, cells require a 

larger degree of unsaturated fatty acids, facilitated by increased fatty acid desaturase 

activity to compensate for inhibited molecular movement. These acclimation responses 

help to maintain ion gradients and membrane-associated enzyme activity in diverse 

environmental settings (Thompson et al., 1992; Murata & Los, 1997).  

Enzyme activity is governed by the enzyme-specific kinetic properties like turnover 

rates as well as substrate affinity, which are both temperature sensitive. Enzymatic 

activity typically increases with temperature, following a pattern like the Arrhenius 

function. Thereby, the factor of rate stimulation in response to a 10°C temperature 

increase is termed the Q10 factor (Hegarty, 1973; Mundim et al., 2020). In the 

photosynthetic key enzyme RuBisCO, Q10 factors typically range between ~2 to ~3 in 

plants (Sage, 2002), green algae (Devos et al., 1998) and diatoms (Descolas-Gros & 

de Billy, 1987; Young et al., 2015). After this exponential increase in response to 

temperature, enzyme activity reaches a plateau at the species-specific optimal 

temperature, beyond which the activity decreases again (Sharpe & DeMichele, 1977; 

Tang & Riley, 2024). The decline beyond optimal temperatures has for long been 

attributed heat-induced protein denaturation. This is not necessarily applicable, 

especially in polar phytoplankton, which can experience warming-induced declining 

process-rates already at temperatures below 10°C. Hobbs et al. (2013), therefore, 

proposed that instead of protein denaturation, rather the change in heat capacity of 

enzyme catalysis and differences in Gibbs free energy between ground state and 

transition state control the temperature dependency of enzymatic activity and cause a 

decline beyond optimal temperatures. Next to thermodynamic effects on enzyme 

kinetics, the availability or provision, respectively, of substrates within a cell or 
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compartment can change with temperature and affect enzymatic pathway output 

(Somero, 1978).  

For RuBisCO, the carboxylation affinity decreases under warming and, vice versa, the 

oxygenation affinity increases (Galmés et al., 2016; Hermida-Carrera et al., 2016), 

while the ratio of O2:CO2 in seawater is also decreased by temperature (Zeebe & Wolf-

Gladrow, 2001). These phenomena theoretically impact C-fixation and favor 

photorespiration, but phytoplankton typically employ efficient CCMs, which increase 

the CO2 concentration at RuBisCO, thereby increasing carboxylation rates and 

suppressing the oxygenase activity. In polar phytoplankton, not only warm 

temperatures but also cold temperatures, often below the freezing-point, control 

enzyme activity due to cold inhibition. To compensate for low RuBisCO activity under 

low temperatures, some polar species have adapted by constitutively increasing their 

overall C-fixation machinery, specifically the protein concentration of RuBisCO. This 

adaptation enables them to achieve similarly high C-fixation rates as temperate 

species that thrive under much higher temperatures (Young et al., 2015). 

In phytoplankton, these different physical and (bio)chemical phenomena and their 

diverging temperature responses shape physiological sub-processes, which 

consequently also diverge in their temperature sensitivities, resulting in potentially 

diverging temperature response patterns (Baker et al., 2016; Barton et al., 2020). For 

example, growth rates, i.e. the cellular process of cell division, typically follow a 

unimodal optimal curve with a steady increase until a species- or strain-specific 

optimum and a sharp decline afterwards (Thomas et al., 2012; Grimaud et al., 2017). 

Photosynthetic and respiratory processes were described to follow a similar pattern, 

whereas they differ in their thermal sensitivity and/or optimal temperature: In many 

species, gross photosynthesis seems to be less stimulated by temperature than 

respiration on short-term time-scales (Barton et al., 2020), which can decrease net 

carbon retention. As a consequence, cells are generally believed to experience a 

lowered carbon use efficiency (Padfield et al., 2016) and thus also decreased biomass 

production under high temperatures (Atkinson et al., 2003). 

All physiological processes represent a large feedback system, and in the process of 

acclimation, cells attempt a fine-tuning of single sub-processes on a transcriptomic 

level in order to maintain metabolic homeostasis on the organismal level. On short-

term time-scales, profound shifts of metabolic and redox balance can arise due to the 
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diverging thermal sensitivities of affected processes (Padfield et al., 2016; Barton et 

al., 2020). In these situations cells require antioxidative capacities and intensive 

physiological regulation to endure the time required for acclimation, otherwise the 

warming-induced oxidative stress increases and becomes lethal (Noctor & Foyer, 

1998; Moreno et al., 2024). Such physiological regulation can involve diverse AEFs as 

described above (see chapter 1.3.1; e.g. Curien et al., 2016; Burlacot, 2023), changes 

in the stoichiometry of pigments and biomass, i.e. an up- or downregulation of LHCs 

(Geider, 1987; Thompson et al., 1992), or photosystem abundances (PSII:PSI), as well 

as transcriptomic or proteomic regulation responses (Toseland et al., 2013; Nikolova 

et al., 2017). On even longer time-scales, phytoplankton evolves and adapts to higher 

temperatures, thereby potentially increasing their optimal growth temperature and 

photosynthetic capacity under previously supra-optimal temperatures (Schaum et al., 

2017; Hattich et al., 2024). 

On a community level, temperature affects physiological processes involved in primary 

production and respiration in single-strains, thereby affecting their individual fitness 

and competitive abilities. This can result in profound shifts in species composition and 

thus ecosystem functioning due to selection processes (Sommer et al., 2015; 

Benedetti et al., 2021; Ahme et al., 2023). Poleward migration of more temperate 

species have already been observed in both, the Southern Ocean, where 

dinoflagellates and the coccolithophore Gephyrocapsa huxleyi increase (McLeod et 

al., 2012), and the Arctic ocean, where the North Atlantic inflow promotes advection of 

temperate phytoplankton species, including G. huxleyi (Oziel et al., 2020). Newly 

introduced species with a temperate thermal history may then be more competitive 

than polar ones under the ongoing ocean warming, possibly affecting the species 

composition and favoring the establishment of more temperate communities in (sub-) 

polar oceans (Giesler et al., 2023). Furthermore, in temperate and Arctic phytoplankton 

communities, respiration is often more stimulated than photosynthesis (Hancke & 

Glud, 2004; Holding et al., 2013; Coello-Camba et al., 2015). As a consequence, 

warming may shift net autotrophic areas into net heterotrophic areas under climate 

change. This may result in decreased C export efficiency due to the decreased net 

primary production, which can become more prominent by increased surface layer 

remineralization (John et al., 2014; Boscolo-Galazzo et al., 2018).  
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1.3.4 Fast repetition rate fluorometry and membrane-inlet mass 

spectrometry to measure phytoplankton physiology 

The temperature responses in phytoplankton physiology can be investigated and 

quantified by various complex physiological measurement techniques. For this 

dissertation, a combination of photophysiological assessments using fast repetition 

rate fluorometry (FRRf) and photosynthetic as well as respiratory gas flux 

measurements using membrane-inlet mass-spectrometry (MIMS) was applied. This 

allowed to disentangle multiple physiological sub-processes, which at times can mask 

each other, and to identify physiological imbalances between single processes in 

response to temperature changes and to answer how phytoplankton cells adjust their 

physiology as a compensation for upcoming imbalances. 

FRRf comprises the induction and detection of Chl a fluorescence and can thus 

investigate photophysiological properties of a microalgal suspension by assessing e.g. 

the quantum yield efficiency, electron transfer rates, antenna size and non-

photochemical quenching (Kolber et al., 1998; Oxborough, 2012). These photophysical 

assessments are based on the premise that photosynthetically harvested light can take 

one of three competing pathways: It can either go into photochemistry, it can be 

dissipated as heat or re-emitted as fluorescence (Fig. 11a; Schuback et al., 2021). 

Under the assumption of unchanged heat dissipation during the short induction time, 

the measured Chl fluorescence yield is inversely related to photochemistry. It is under 

control of the redox state of the first electron acceptor in PSII, the QA. If QA is reduced, 

the photosystem is in a <closed= state, i.e. no photochemistry can take place and further 

harvested light is re-emitted as fluorescence. Once the electron is passed on to the 

plastoquinone pool, the photosystem <opens= again and QA is ready to take up the next 

electron, which appears as a decrease of the re-emitted fluorescence signal. To 

measure this, the FRRf sends a series of high intensity, microsecond-long light 

flashlets into the sample to saturate PSII, followed by a relaxation phase of longer 

flashlets, in which electrons are passed on towards PSI, which induces a re-opening 

of PSII. During the saturation phase, proxies for maximum quantum yield of PSII, 

electron transfer rates, antenna sizes or non-photochemical quenching can be 

calculated, whereas the relaxation phase allows the estimation of PSII re-opening 

times (Fig. 11b). 
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Fig 11. Conceptual illustration of the measurement principle of fast repetition rate fluorometry (FRRf). 
(a) demonstrates the three energy pathway of harvested light at photosystem (PS) II and (b) shows the 
chlorophyll a fluorescence signal of dark acclimated cells during the saturation and relaxation phase. 
Photophysiological parameters obtained from fluorescence signals are indicated as ÃPSII (absorption 
cross section of the antenna complex of PSII, Fm and F0 (maximum and minimum fluorescence signals 
for calculations of maximum quantum yields of PSII) and Ä (re-opening times of PSII). Modified after 
Schuback et al. (2021). 

MIMS facilitates real-time measurements of O2 and CO2 concentrations in an enclosed 

microalgal suspension. A temperature-controlled cuvette system containing a 

continuously stirred algal suspension is connected to an inlet-system by a gas 

permeable polytetrafluorethylene (PTFE) membrane (Fig. 12). Dissolved gases such 

as O2 and CO2 transit the membrane and are led into the mass-spectrometer. After the 

gases have been ionized by electron-impact, a magnetic field then deflects, and 

thereby separates the ions depending on their masses to enable their independent 

quantification on ion-sensitive Faraday cups (Burlacot et al., 2020). To increase the 

signals of O2 and CO2 relative to the background noise of e.g. water vapor, the inlet 

system can involve a cooling trap of below -80°C, facilitated e.g. by an ethanol-liquid 

nitrogen mixture or a Peltier cooling element, to freeze out water vapor before the gas 

stream enters the mass-spectrometer. The measured gas fluxes in the light correspond 

to net photosynthetic O2 production and net CO2 fixation during the Calvin cycle, 

whereas fluxes in the dark represent respiratory CO2 release during the TCA cycle and 

O2 consumption during the mitochondrial ETC .  
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Fig 12. Schematic illustration of a membrane-inlet mass-spectrometer (MIMS) including a cuvette 
system (reaction vessel), a cold trap, a vacuum pump and the mass spectrometer (Burlacot et al., 2020). 

 

When using a stable- isotope mass-spectrometer, the presence of isotopically-labelled 

oxygen (18O2) enables to accurately distinguish between photosynthetic O2 production 

(16O2 is produced from the splitting of H216O) and respiratory O2 consumption in the 

light (18O2 is taken up according to its relative proportion with respect to 16O2) (Fig. 13; 

Fock & Sültemeyer, 1989). Thereby, this approach allows detailed investigations of O2 

consuming AEFs to understand physiological regulation mechanisms in phytoplankton, 

e.g. in response to different temperatures and light levels.  

 

Fig 13. Schematic illustration of gas fluxes (O2 and CO2) corresponding to photosynthetic as well as 
respiratory sub-processes using an approach (a) without isotopic labelling or (b) with isotopic labelling 
of O2 to distinguish between O2 production and consumption in the light. 
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1.4. Objectives of this dissertation 

As outlined above, temperature has the potential to affect multiple levels of 

phytoplankton physiology, which in turn can lead to shifts in natural phytoplankton 

communities with far-reaching consequences on ecosystem functioning and 

biogeochemical cycles. The objective of this dissertation is to unravel how Arctic 

phytoplankton responds to different warming scenarios with a special emphasis on 

their underlying physiology. Specifically, I aimed to 

i. assess temperature response patterns of multiple functional traits in key Arctic 

phytoplankton species (Publication I). 

ii. characterize underlying physiology to thereby identify imbalances between 

photosynthetic and respiratory sub-processes and to understand fundamental 

homeostatic mechanisms (Publication II). 

iii. investigate the physiological reactions of natural Arctic phytoplankton 

communities under warming to verify the gained single-strain understanding on 

an ecologically more relevant level (Publication III and IV). 

 

In Publication I the bloom-forming diatom Thalassiosira hyalina, the mixotrophic pico-

eukaryote Micromonas pusilla and the ice-algae Nitzschia frigida were acclimated to 

temperatures ranging from 0°C and 14°C, and functional traits such as growth rates, 

production rates, quotas of biomass and pigmentation, as well as photophysiology 

were assessed to obtain respective temperature response patterns.  

In Publication II physiological bottlenecks and key regulatory mechanisms were 

identified to understand how phytoplankton maintain a best-possible metabolic balance 

between different physiological processes to avoid detrimental temperature stress 

under warming. To this end, T. hyalina was acclimated to three distinct temperatures 

(sub-optimal, optimal and supra-optimal), and combined photophysiological and gas 

flux measurements using FRRf and MIMS (see chapter 1.3.4) were performed to 

characterize photosynthetic and respiratory sub-processes in detail. 

To also understand temperature responses on a natural community level, I applied an 

incubation approach similar to Publication II to natural Arctic phytoplankton 

communities from the open-ocean central Fram strait (Publication III) as well as from 

a coastal fjord system in Svalbard (Publication IV). To this end, natural spring bloom 

communities were incubated at distinct temperatures and otherwise stable conditions, 
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and biomass accumulation, photosynthetic and respiratory O2 fluxes (MIMS or O2 

optodes), photophysiology (FRRf) as well as community composition (18S rRNA  

metabarcoding) were assessed.  

Because temperature responses highly depend on exposure time-scales, Publication 

IV did not only comprise stable temperature treatments over several weeks, but also 

short-term temperature fluctuations to assess Arctic phytoplankton responses under a 

simulated marine heatwave scenario.  
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Summary 

• Temperature affects functional traits such as growth rates, biomass production or 

cellular quotas in Arctic phytoplankton to different degrees, likely resulting from 

diverging temperature sensitivities of underlying physiological key processes.  

• We used membrane-inlet mass-spectrometry to measure 16O2, 18O2 and CO2 fluxes 

to quantify O2 production, C-fixation, CO2 release and O2 consumption, as well as 

fast repetition rate fluorometry to quantify quantum yield and electron transport in 

the Arctic diatom Thalassiosira hyalina under different warming scenarios.  

• At higher temperatures, cells upregulate light harvesting abilities to compensate for 

a lower photosynthetic photosystem II efficiency, thereby maintaining O2 production 

and thylakoid proton motive force (PMF). Resulting excess plastidial reductant is 

re-routed towards mitochondrial O2 consumption, while the maintained PMF is used 

by the carbon concentrating mechanism under warming.  

• As a consequence of reductant import, the mitochondrial citric acid cycle is 

suppressed, minimizing respiratory CO2 loss despite stimulated O2 consumption. 

This suggests that the optimization of the plastidial ATP:NADPH ratio is critical for 
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higher net biomass retention under warming. Our findings underline the necessity 

to interpret sub-processes of photosynthesis and respiration independently, and 

explain the often-observed enhanced biomass accumulation in a warmer Arctic 

Ocean. 

 

Introduction 

The Arctic Ocean is most prone to climate change, with warming rates being higher 

than the global average, especially in the Fram Strait area (Carvalho and Wang 2020; 

Constable, et al. 2022; Rantanen, et al. 2022). In addition to the general trend of rising 

mean sea surface temperatures, marine heatwaves (MHW) have notably increased in 

frequency, duration and intensity (Hobday, et al. 2016; Oliver, et al. 2019). Hence, the 

Arctic is already exposed to exceptional degrees of ocean warming, and model 

simulations project further temperature increases, especially in the extending sea-ice 

free regions. Since phytoplankton represent the base of the marine food web and 

contribute significantly to marine biogeochemical cycling (Falkowski, et al. 1998; Field, 

et al. 1998), their responses to warming have the potential to impact the entire Arctic 

ecosystem. 

Temperature as a universal driver affects molecular movement and consequently all 

physical and (bio)chemical reactions (Brown, et al. 2004; Pearle, et al. 2010), including 

also those key processes involved in primary production. As single-celled phototrophic 

organisms, phytoplankton perform oxygenic photosynthesis to convert light energy into 

(bio)chemical energy (Falciatore, et al. 2022; Falkowski and Raven 2013). First, light 

harvesting takes place at pigmented antenna complexes in the thylakoid membrane of 

chloroplasts. The excitation energy harvested by pigment molecules is used to 

successively extract electrons from water, which are subsequently passed on to the 

photosynthetic electron transport chain (ETC) and ultimately lead to the generation of 

reductants [e-], i.e. electron carriers like NADPH. With the flow of electrons along the 

ETC, a proton motive force (PMF) is established, which is later exploited for the 

generation ATP. Both, ATP and NADPH subsequently fuel the Calvin cycle, where the 

enzyme Ribulose-1,5-bisphosphate-carboxylase/-oxygenase (RuBisCO) catalyzes the 

fixation of carbon dioxide (CO2) into organic biomass. The ATP:NADPH ratio created 

in the photosynthetic light reactions, however, is typically too low to drive the Calvin 

cycle alone (Allen, et al. 2005; Hahn, et al. 2018).  
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Alternative electron flows (AEFs) are therefore necessary to either increase the relative 

amount of ATP and/or to divert excess NADPH (Allen, et al. 2005; Curien, et al. 2016). 

AEFs comprise cyclic electron flow (CEF), which is known to be prominent in polar 

diatoms (Goldman, et al. 2015), oxygen (O2) consuming water-to-water cycles, such 

as the Mehler reaction and the plastidial terminal oxidation (PTOX). The metabolic 

coupling of the chloroplast with other cellular compartments represent another 

mechanism, in which excess reductant from the plastid is dissipated to e.g. the 

cytoplasm and the mitochondria. All of these processes either support the PMF, and 

thus ATP production, or dissipate reductants in order to increase the ATP:NADPH ratio 

(e.g. Asada 2000; Bailleul, et al. 2015; Curien, et al. 2016; Lepetit, et al. 2022; 

Nawrocki, et al. 2019). Regarding temperature sensitivity, light harvesting is typically 

less sensitive than the use of ATP and NADPH in metabolic processes (Baker, et al. 

1988; Raven and Geider 1988). Consequently, any temperature-dependent change in 

the biochemical consumption of ATP and NADPH will require physiological 

adjustments on multiple levels. Therefore, AEFs function as regulatory valves to 

maintain metabolic homeostasis inside the chloroplast and across cellular 

compartments, especially under stressful environmental conditions, as induced by e.g. 

increasing light intensities or temperatures. 

Ecophysiological processes, including cell division, photosynthesis and respiration, are 

typically stimulated by elevated temperature as a result of accelerated diffusion rates, 

membrane fluidity and enzyme activity (Los, et al. 2013; Padfield, et al. 2016; 

Schuback, et al. 2017; Young, et al. 2015). However, temperature-induced changes 

are process-specific (e.g. Baker, et al. 2016; Barton, et al. 2020; Rehder, et al. 2024), 

and cells require physiological regulation, such as the above described AEFs, to 

overcome metabolic imbalances and to avoid detrimental temperature effects (Rehder, 

et al. 2023). Consequently, continuous adjustment of physiological processes is critical 

for phytoplankton to maintain metabolic homeostasis over the widest possible range of 

experienced temperatures. Arctic phytoplankton has evolved to be surprisingly plastic 

towards ocean warming (Hoppe, et al. 2018; Rehder, et al. 2024; Wolf, et al. 2024). 

Previous studies, for instance, found that many prominent Arctic phytoplankton species 

currently live well below their optimal temperatures and thus, it is expected that these 

organisms will benefit from moderate warming.  
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In this study, we hypothesized that Arctic phytoplankton modulate photosynthetic and 

respiratory processes to adjust to warmer temperatures, specifically their 

photophysiology as well as AEF operation. To resolve these regulatory efforts, we 

acclimated the Arctic diatom Thalassiosira hyalina to different temperatures (2°C, 6°C, 

10°C) and measured photophysiological parameters as well as rates of 16O2 evolution, 
18O2 uptake and CO2 fluxes by means of fast repetition rate fluorometry (FRRf) and 

membrane-inlet mass-spectrometry (MIMS), respectively. 

 

Methods 

Phytoplankton cultivation 

We cultured the Arctic diatom Thalassiosira hyalina (KB3 SS5, isolated 2021 in 

Svalbard, Norway) at 2°C, 6°C and 10°C in 0.2 µm sterile-filtered Arctic seawater 

(Salinity 31), enriched with vitamins and trace metals according to f/2 media (Guillard 

& Ryther, 1962). Nitrate, silicate and phosphate were added in concentrations of 100, 

100 and 6 µmol L-1, respectively. The irradiance was set to continuous light at 30 µmol 

photons m-2 s-1 to mimic a polar day light climate. Cells were acclimated to experimental 

conditions for at least 7 generations as semi-continuous dilute batch cultures in aerated 

2 L glass bottles (Schott Instruments) under continuous supply of humidified air (pCO2 

of 400 µatm) generated in a gas mixing system (CGM 2000, MCZ Umwelttechnik, Bad 

Nauheim, Germany). To ensure temperature stability, culture bottles were submersed 

in temperature-controlled aquaria. Cell concentrations during cultivation never 

exceeded 8.000 cells mL-1 to ensure nutrient replete conditions and stable carbonate 

chemistry. 

Growth, elemental composition and pigmentation 

Specific growth rates were calculated from daily assessed cell concentrations obtained 

during the exponential growth phase, according to: 

µ = ((��(�Ā) − ��(�ÿ))/(�Ā − �ÿ)                                                                                    Eq. 1 

where µ is the specific growth rate (d-1), and N0 as well as N1 are the cell concentrations 

at the initial and final time points t0 and t1, respectively. Counting was performed with 

a cell-counter (Beckmann-Coulter Multisizer III, Fullerton, USA).  
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Particulate organic carbon (POC) samples were filtered onto pre-combusted (12h, 

500°C) glass fiber filters (GF/F, 0.7 µm nominal pore size, Whatman). After drying for 

at least 24h at 60°C, filters were submitted to elemental analysis (EuroVector EA 3000) 

using the flash combustion technique (Knap et al., 1996). Chlorophyll a (Chl a) samples 

were filtered onto pre-combusted (12h, 500°C) glass fiber filters (GF/F, 0.7 µm, 

Whatman), shock frozen in liquid nitrogen and stored at -80°C until extraction. 

Chlorophyll was extracted overnight in 90% acetone (SIGMA-ALDRICH) with an 

additional cell disruption using a cell-mill (Precellys 24, Bertin). Extracts were 

centrifuged (13,000 rcf for 5 min, Sigma 4K10), and Chl a concentration in the 

supernatant was determined using the fluorometric 8acidification method9 (Turner 

Triology Fluorometer, Turner Designs, Knap et al. (1996)). 

Photophysiological parameters 

Photophysiological characteristics of PSII were assessed by means of chlorophyll a 

variable fluorescence using a fast repetition rate fluorometer (FRRf; FastOcean, 

Chelsea Technologies) combined with the FastAct2 Laboratory system (Chelsea 

Technologies). Light-emitting diodes were set to 450 nm emission wavelength to fully 

saturate all PSII reaction centers on short timescales. We used the FRRf in single 

turnover mode, in which the saturation phase comprised 100 flashlets on a 2 µs pitch, 

and the relaxation phase comprised 40 flashlets on a 60 µs pitch. All measurements 

were conducted in a temperature-controlled cuvette at the respective acclimation 

temperature after dark acclimation for 45 min. Minimum Chl a fluorescence (F0 and F9 

for dark- and light-acclimated measurements, respectively) and maximum Chl a 

fluorescence (Fm and Fm9 for dark- and light-acclimated measurements, respectively) 

were obtained from iteratively fitting the induction phase (Kolber, et al. 1998), and re-

opening times of PSII (Ä) were obtained from iteratively fitting the relaxation phase 

(Oxborough 2012). FRRf measurements were performed in photosynthesis-irradiance 

(PI-) curves with 8 light levels (5 min pre-acclimation at respective actinic light per light 

level; maximum light levels of 720 µmol photons m-2 s-1). Basic photophysiological 

parameters such as maximum quantum yields of PSII in the dark (Fv/Fm), the yields of 

non-regulated energy dissipation of PSII (Y(NO)), relative and absolute electron 

transport rates (rETR and absETR, respectively) at in-situ light intensity of 30 µmol 

photons m-2 s-1, light acclimation indices (Ik) and absorption cross sections of PSII 
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(ÃPSII) were obtained using standard calculations (McKew, et al. 2013; Schuback, et al. 

2017; Trimborn, et al. 2017).  

Gas flux measurements 

A membrane-inlet mass spectrometer (MIMS; Isoprime, GV Instruments, Manchester, 

UK) was used to measure i) photosynthetic O2 production during light, ii) respiratory 

O2 consumption during dark and light and iii) photosynthetic net C-fixation in the light 

and respiratory CO2 release in dark. These rates were determined by measuring 

changes in gas concentrations of 16O2, 18O2 and CO2 within concentrated suspension 

of each biological replicate. Calibrations followed the procedures described in Rokitta 

and Rost (2012) for 16O2 and CO2. To calibrate for 18O2, a normal 16O2 calibration was 

performed and the acceleration voltage of the mass-spectrometer was adjusted to 

redirect the 16O2 beam to the 18O2 detector. All fluxes were corrected for instrumental 

consumption of 16O2 and 18O2 under each temperature treatment. For 18O2 

consumption measurements, the assay medium was purged with N2 gas overnight to 

remove all 16O2. Subsequently, the medium was transferred into the MIMS cuvette and 

equilibrated with 18O2 gas.  

The bioassays were performed using a concentrated cell suspension. To this end, cells 

were concentrated by gentle filtration over polycarbonate filters (Isopore TSTP, 3 μm 

pore size, Merck, Darmstadt, Germany) and resuspended in O2- and CO2-free culture 

medium buffered to a pHNBS of ~7.9 (50 mM 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid; HEPES). Subsequently, cells were transferred into the 

temperature- and light-controlled MIMS cuvette and spiked with 18O2 reaching a final 

O2 concentration of about 21%. Dissolved inorganic carbon (DIC) was added to the 

cuvette to yield typical concentration of seawater (about 2,200 µmol L-1). Carbonic 

anhydrase was added (500 µg L-1 final concentration) to ensure instantaneous 

equilibration of the carbonate system. Using the CO2:DIC ratios obtained in the 

calibrations, CO2 traces were converted to total carbon fluxes. Flux measurements 

were performed in consecutive light-dark phases of ~3 min each, at two light intensities 

(30 and 150 µmol photons m-2 s-1). 

Calculations for net and gross rates of photosynthetic O2 production (PSO2), respiratory 

O2 consumption in the dark (RO2;dark) as well as respiratory O2 consumption in the light 

followed Fock and Sültemeyer (1989). Subsequently, we subtracted mean RO2;dark 
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rates from the respiratory O2 consumption rates in the light to obtain gross light-driven 

O2 consumptions (RO2;light) per light level and temperature. Net C-fixation rates were 

obtained from CO2 fluxes during the light phases, while rates of respiratory CO2 release 

(RCO2) were obtained from CO2 fluxes during the dark phases. Gross rates of C-fixation 

(PSCO2) were calculated by subtracting mean RCO2 rates from net C-fixation rates 

during light. After the assays, duplicate Chl a samples were taken from the cuvette to 

express the obtained rates based on Chl a. Assay data were based on 3-4 biological 

replicates. Photosynthetic and respiratory quotients (PQ and RQ, respectively) were 

calculated from gross rates as PQ=PSO2/PSCO2 and RQ=RCO2/RO2dark in accordance 

with Rehder, et al. (2023).  

Statistical analysis 

All acclimation and photophysiological parameters are presented as the mean of four 

biological replicates ± standard deviation, if not stated otherwise. Data obtained from 

gas flux measurements are presented in three biological replicates ± standard 

deviation, except for the 2°C treatment (n=2). For acclimation and photophysiological 

parameters, normal distribution was tested using the Shapiro-Wilk-Test and equal 

variances were confirmed using the Welch test. We performed ANOVA followed by 

Tukey´s post-hoc test to test for significant differences using JASP statistics (Love, et 

al. 2019). The level of significance was set to p f 0.05. 
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Results 

Growth, elemental composition and pigmentation 

Growth rates of T. hyalina were ~0.52 d-1 at 2° and 6°C and decreased significantly to 

0.36 d-1 at 10°C (Fig. 1a). The particulate organic carbon (POC) quota was highest at 

2°C, i.e. 270 pg cell-1 and decreased significantly to ~220 pg cell-1 at 6°C and 10°C 

(Fig. 1b). The chlorophyll a quota (Chl a) was lowest at 6°C and slightly increased from 

8.7 pg cell-1 to 10.7 pg cell-1 at 10°C (Fig. 1b). The Chl a:POC ratio was maintained at 

~0.038 pg pg-1 at 2°C and 6°C but increased significantly to 0.05 pg pg-1 at 10°C (Fig. 

1c). 

Photophysiological measurements 

Fig 1. Acclimation parameters of Thalassiosira hyalina at 2°C, 6°C and 10°C. (a) growth rate (d-1; beige),
(b) particulate organic carbon (POC) quota (pg cell-1; beige) and chlorophyll a (Chl a) quota (pg cell-1; 
grey), and (c) Chl a:POC ratio (pg pg-1; beige). Boxplots comprise 4 biological replicates and letters 
indicate significant differences (p f 0.05). 

Fig 2. Photophysiological parameters obtained for Thalassiosira hyalina at 2°C, 6°C and 10°C. (a) 
photosystem II (PSII) quantum yield (Fv/Fm; beige) and the yield of non-regulated energy dissipation of 
PSII under in-situ light intensity (Y(NO); grey), (b) absolute electron transport rates under in-situ light
intensity (absETR; e- PSII-1 s-1; beige) and light acclimation indices (Ik; µmol photons m-2 s-1; grey) and
(c) absorption cross sections of PSII (ÃPSII; nm² PSII-1; beige) and re-opening times of PSII (Ä; µs; grey). 
Boxplots comprise 4 biological replicates and letters indicate significant differences (p f 0.05). 
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T. hyalina exhibited a dark-adapted PSII quantum yield (Fv/Fm) of ~0.63 at 2°C and 

6°C, which significantly decreased to 0.56 at 10°C (Fig. 2a). The yield of non-regulated 

energy dissipation of PSII (Y(NO)) under in-situ light intensity increased gradually from 

0.47 at 2°C to 0.60 at 10°C (Fig. 2b). The absolute electron transport rate (absETR) 

under in-situ light intensity was maintained at 106 e− PSII−1 s−1 across all temperatures, 

and the light acclimation index (Ik) increased from ~85 µmol photons m-2 s-1 at 2°C to 

~150 µmol photons m-2 s-1 at 10°C (Fig. 2b). The absorption cross section of PSII (ÃPSII) 

increased from 3.3 nm2 PSII-1 at 2°C to 3.6 nm2 PSII-1 at 10°C, and the re-opening time 

of PSII (Ä) decreased significantly from 3320 µs at 2°C to 2270 µs at 10°C (Fig. 2c). 

Gas flux measurements 

Gross photosynthetic O2 production rates (PSO2) remained at ~60 µmol O2 (mg Chl a)-

1 h-1 under in-situ light (30 µmol photons m-2 s-1), irrespective of the acclimation 

temperature (Fig. 3a; dark green). Under high-light exposure (150 µmol photons m-2 s-

1), PSO2 was generally more than 2-fold higher than under in-situ light intensity and 

increased gradually with acclimation temperatures from 145 µmol O2 (mg Chl a)-1 h-1 

at 2°C to 190 µmol O2 (mg Chl a)-1 h-1 at 10°C (Fig. 3b; dark green). Under in-situ light, 

gross photosynthetic C-fixation rates (PSCO2) remained unchanged at ~33 µmol C (mg 

Chl a)-1 h-1 at 2°C and 6°C, but decreased significantly to 20 µmol C (mg Chl a)-1 h-1 at 

10°C (Fig. 3a; light green). Under high-light exposure, PSCO2 was also 2-fold higher 

than under in-situ light intensity, but exhibited the same general pattern, i.e. similar 

values of 75 µmol C (mg Chl a)-1 h-1 at 2°C and 6°C with a drop to 42 µmol C (mg Chl 

a)-1 h-1 at 10°C (Fig. 3b; light green). Photosynthetic quotients (PQ) were ~2.0 at 2°C 

and 6°C, while they increased to 2.5 at 10°C under in-situ light intensity (Fig. S2).  
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Respiratory O2 consumption in the light (RO2;light) was always higher than in the dark 

(RO2;dark), irrespective of acclimation temperatures and light exposure. Under in-situ 

light intensities, RO2;light remained constant at 2° and 6°C (~16 µmol O2 (mg Chl a)-1 h-

1), but increased to 22 µmol O2 (mg Chl a)-1 h-1 at 10°C (Fig. 3a; yellow). Under high-

light exposure, RO2;light experienced substantial increase from 25 µmol O2 (mg Chl a)-1 

h-1 at 2°C up to 120 µmol O2 (mg Chl a)-1 h-1 at 10°C (Fig. 3b). RO2;dark remained 

constant at 2°C and 6°C (~30 µmol O2 (mg Chl a)-1 h-1) and increased to 43 µmol O2 

(mg Chl a)-1 h-1 at 10°C (Fig. 3a and b). Respiratory CO2 release in the dark (RCO2; dark) 

was highest at 2°C (24 µmol C (mg Chl a)-1 h-1 ) and decreased remarkably to 11 µmol 

C (mg Chl a)-1 h-1 at 6°C and 10°C (Fig. 3a and b). As a consequence, respiratory 

quotients (RQs) decreased gradually from 0.7 to 0.2 between 2°C and 10°C (Fig. S2).  

 

Discussion 

Indications of increasing light limitation with warming 

Overall cellular fitness, as often approximated by growth rates, did not benefit from the 

here tested degrees of warming. Instead, growth rates stayed constant at ~0.5 d-1 

under the two lower temperatures (2°C and 6°C) and declined at the highest 

temperature of 10°C (Fig. 1a). In a previous study on the same T. hyalina strain using 

Fig 3. Physiological rates based on O2 and C fluxes normalized to Chl a at 2°C, 6°C and 10°C 
acclimation temperatures of Thalassiosira hyalina. Gross photosynthetic O2 production rates (PSO2; dark 
green), gross photosynthetic C-fixation rates (PSCO2; light green), respiratory O2 consumption rates in 
the dark (RO2;dark; dark orange) and in the light (RO2;light; yellow) as well as respiratory CO2 release rates 
(RCO2) under (a) in-situ light intensity of 30 µmol photons m-2 s-1 (Vin-situ) and (b) 150 µmol photons m-2 s-

1 (V150). For illustration reasons, C fluxes are presented as negative values. Error bars denote standard 
deviation of 3 replicates (6°C and 10°C) or 2 replicates (2°C). 
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a higher light intensity (100 µmol photons m-2 s-1) but otherwise same conditions, a 

clear temperature optimum with peak growth rates of 1.4 d-1 was observed at 8 °C 

(Rehder, et al. 2024). In the current study, a thermal stimulation of cell division was 

suppressed likely due to the here prevalent light limitation (30 µmol photons m-2 s-1). 

This is confirmed by light acclimation indices being consistently higher than the in-situ 

light intensity (Ik, Fig 2b). Interestingly, Ik increased further at higher temperatures, 

indicating that the limitation became even stronger with warming. This response is in 

agreement with studies on several temperate and Arctic phytoplankton species as well 

as natural communities (e.g. Mock and Hoch 2005; Rehder, et al. 2024; Wolf, et al. 

2024). Hence, Arctic phytoplankton will likely benefit from a combined increase in 

temperature and light intensity, as it is projected for the future Arctic Ocean (e.g. 

Constable, et al. 2022). 

Adjustments of light harvesting maintain homeostasis in light reactions  

Photophysiological parameters suggest a lower efficiency of the light harvesting 

apparatus under increasing temperatures (Fig. 2). Specifically, the observed decrease 

in PSII quantum yield (Fv/Fm; Fig. 2a), the increased non-regulated energy dissipation 

of PSII (Y(NO); Fig. 2a) as well as the lower relative electron transport rates (rETR; 

Fig. S1) under in-situ light conditions indicate a decrease in photosynthetic 

performance. Despite of this, gas flux measurements indicate unchanged gross 

photosynthetic O2 production (PSO2) under all acclimation temperatures (Fig. 3a), 

which has also been observed in previous studies (e.g. Mock and Hoch 2005; Rehder, 

et al. 2023). Hence, it seems that cells are capable to adjust the photon harvest to 

water splitting. To facilitate this, cells increase their pigmentation per biomass (Chl 

a:POC; Fig. 1c) and specifically enlarge the antenna complexes of PSII (ÃPSII; Fig. 2c). 

As a consequence, absolute electron transport rates per PSII (absETR; Fig. 2b) were 

indeed maintained on a constant level, irrespective of the acclimation temperature. 

Thereby, cells ensure sufficient light harvesting to maintain water splitting of PSII on a 

quasi-constant level. 

PSII re-oxidation times decreased under higher temperatures (Ä; Fig. 2c), indicating a 

faster dissipation of reductant ([e-]) into downstream sinks. However, cells were unable 

to fully exploit this higher efficiency in [e-] transport, because under the here applied 

low-light conditions, the bottleneck of photosynthesis was not reductant-throughput in 

the first place, but rather the limited light harvesting. This emphasizes that the capacity 
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to adjust the light harvesting complex under changing acclimation temperatures is a 

central regulation strategy to maintain physiological homeostasis in photosynthetic 

light reactions.  

Light-driven O2 consumption increases with warming  

The constant rates of gross PSO2 under all tested temperatures (Fig. 3a) suggest that 

the production of NADPH and ATP during the light reactions remains largely 

unchanged. This would also suggest that the Calvin cycle activity, i.e. gross 

photosynthetic C-fixation (PSCO2), likewise remains unaffected by the here applied 

temperatures. Indeed, up to a moderate warming (6°C), cells were able to maintain the 

physiological rates of PSO2, PSCO2 as well as respiratory O2 consumption (both in light 

and darkness; RO2;light and RO2;dark) at process-specific 8comfort rates9. This is in 

agreement with a previous study on the temperate diatom Phaeodactylum tricornutum 

(Rehder, et al. 2023) and indicates that the Arctic diatom T. hyalina follows the same 

strategy to keep physiological homeostasis, at least under moderate warming and the 

here tested light intensity.  

The linear electron flow of the photosynthetic light reactions typically provides an 

excess of NADPH over ATP with regard to the stochiometric requirements of the Calvin 

cycle (Allen, et al. 2005; Curien, et al. 2016; Hahn, et al. 2018; Lepetit, et al. 2022). 

This necessitates alternative electron flows (AEF) to modulate the plastidial 

ATP:NADPH stoichiometry through re-routing [e-] from linear electron transport to 

cyclic electron flow (CEF) or to alternative O2 consuming processes. While CEF 

increases the plastidial ATP and has been observed to be especially efficient in polar 

diatoms (Goldman, et al. 2015), our gas flux measurements rather indicate the 

involvement of at least one O2 consuming AEF to dissipate NADPH, as signified by a 

30% higher O2 consumption rate in the light compared to the dark (Fig. 3a).  

Such a light-driven O2 consumption can originate from different [e-] consuming 

pathways associated with the photosynthetic electron transport, such as PTOX 

(Houille-Vernes, et al. 2011; Kuntz 2004; Peltier, et al. 2010), the Mehler reaction 

(Asada 2000; Curien, et al. 2016; Mehler 1951), as well as a re-routing of reductant 

from the chloroplast to the mitochondria (Bailleul, et al. 2015; Lepetit, et al. 2022; 

Peltier, et al. 2024). This metabolic coupling is well established in diatoms, green algae 

and land plants (Cardol, et al. 2003; Noctor, et al. 2004; Raghavendra and Padmasree 
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2003; Rehder, et al. 2023). In this mechanism, excess [e-] is exported from chloroplasts 

in the form of e.g. Malate and transported to the cytoplasm and the mitochondria (Heldt 

1976; Kinoshita, et al. 2011; Strotmann and Murakami 1976). After [e-] has been 

transferred to compatible carriers, specifically NADH in the mitochondria, it partly fuels 

the respiratory ETC, where it is ultimately transferred to O2 at complex IV or the 

alternative oxidase (Raven and Beardall 2003). The import of reductant causes a shift 

in the mitochondrial redox state, and as a consequence, the citric acid cycle that 

normally provides NADH during catabolic operation is suppressed (Igamberdiev 2020). 

Such regulation under elevated temperature has previously been observed in the 

temperate diatom Phaeodactylum tricornutum (Rehder, et al. 2023), and is here also 

reflected by the respiratory quotient (RQ) decreasing from 0.7 to 0.2 with warming (Fig. 

S2). Typically, mitochondria are thought to operate close to an RQ of 1, when respiring 

carbohydrates in a purely heterotrophic mode, in order to sufficiently provide reductant 

for respiratory ATP production (Kratz and Myers 1955). The low RQ observed in T. 

hyalina can only be achieved if NADH is utilized that is not originating from the citric 

acid cycle.  

Under warming, increased efficiency of microalgal carbon concentrating mechanisms 

has been observed (CCMs; Li and Young 2023). A more efficient import of HCO3- into 

the thylakoid lumen under these conditions consumes more H+ generated during the 

photosynthetic light reaction (Rokitta, et al. 2022), thereby partially consuming the PMF 

under increasing temperatures. Consequently, the lower net PMF, produced from a 

constant water splitting but lowered through the enhanced CCM activity, must result in 

a lower ATP:NADPH ratio, i.e. a higher excess of NADPH. As a consequence, under 

warming, even more NADPH has to be re-routed to the respiratory ETC, explaining the 

even stronger downregulation of the citric acid cycle under 6°C and 10°C, as signified 

by the lowered RCO2 and RQs (Figs. 3a, S2). These findings suggest that [e-] shuttling 

and redox-mediated control of mitochondrial activity are key elements in the 

physiological responses of microalgae to changing temperatures. 

Imbalance of PSO2 and PSCO2 under strong warming 

While the ratio of PSO2 to PSCO2 remained stable under moderate warming, reflected 

by a stable photosynthetic quotient of ~2.0 (PQ; Fig. S2), under strong warming, i.e. at 

10°C, T. hyalina experienced a lowered PSCO2 despite maintained PSO2, resulting in 

an imbalance of photosynthetic processes, reflected by a PQ of 2.5 (Fig. S2). In 
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addition, the decrease of growth rates and photosynthetic efficiency consistently 

indicates thermal stress at 10°C, which is in line with Rehder, et al. (2024). The 

decrease of PSCO2 may originate either from detrimental temperature effects on 

enzymes of the Calvin cycle (Hobbs, et al. 2013), or a further increased consumption 

of the PMF by a more active CCM under these conditions (Li and Young 2023). The 

latter should lower the ATP availability for the Calvin cycle, leading to lower PSCO2 

despite unaltered PSO2. If this was the case, high-light exposure should overcome this 

phenomenon. However, our gas flux measurements under 150 µmol photons m-2 s-1 

still show a downregulated C-fixation while O2 production was further stimulated under 

10°C (Fig. 3b), so that a temperature stimulation of CCM activity cannot explain the 

decreased PSCO2. Thus, a thermodynamic inhibition of the Calvin cycle enzymes is 

more likely to cause the lowered PSCO2. This interpretation is in line with the general 

notion that processes involved in the photosynthetic light reactions are less 

temperature sensitive than those in the Calvin cycle (Raven and Geider 1988), and 

has previously been corroborated for different microalgae in response to strong 

warming (Baker, et al. 2016; Rehder, et al. 2024). Apparently, the thermal inhibition of 

the Calvin cycle contributes to the 8over-reduction9 of the photosynthetic ETC under 

warming. This was also reflected in increased Y(NO) (Fig. 2a) and likely increases the 

demand for [e-] re-routing to the mitochondria. Indeed, the respiratory O2 consumption 

in the light (RO2;light) increased at 10°C, while the citric acid cycle activity remained at 

the same low level as under 6°C, reflected by unaltered RCO2 (Fig. 3a). As a 

consequence, cells exhibited an impressively low RQ of ~0.2 in the highest 

temperature treatment (Fig. S2). During the high-light exposure, this stimulation of 

RO2;light was even more pronounced, due to a massive over-reduction of the chloroplast 

(Fig. 3b). This highlights that the metabolic coupling of chloroplasts and mitochondria 

not only supports energy-partitioning under heat stress, but is also an important 

regulatory valve under high-light stress. 

 

Conclusion 

This study identified physiological bottlenecks under increasing temperature, and the 

compensatory measures taken by the Arctic diatom T. hyalina. Cells increased light 

harvesting to compensate for the lowered photosynthetic efficiency of PSII and the 

increasing light limitation under elevated temperatures. Thereby, they managed to 
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maintain electron transport rates, O2 production and PMF, irrespective of the 

temperature treatment. Furthermore, cells increased the photosynthetic ATP:NADPH 

ratio by exporting plastidial reductant into the mitochondria. This fuels ATP synthesis 

and, importantly, suppressed the citric acid cycle. As a consequence, the net C 

retention can be maximized over a wide range of experienced temperatures. The 

outlined differential responses of O2 and CO2 fluxes can result in strongly diverging 

and unintuitive temperature response patterns: For instance, while Net C retention can 

be maintained under strong warming, net O2 production, however can even become 

negative, due to massive stimulation of respiratory O2 consumption in the light. This 

underlines the importance to assess O2 and CO2 fluxes independently. Whether this 

metabolic coupling also manifests in natural phytoplankton communities, needs to be 

explored in field experiments. Overall, the here described mechanisms allow for the 

surprisingly high plasticity of Arctic phytoplankton to deal with higher temperatures, 

and explain the stimulation of biomass accumulation under moderate warming. This 

will likely be even more prominent as sea ice retreat and increased stratification 

increase surface irradiance and thereby alleviate the temperature-induced light 

limitation.  
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Abstract 

The Arctic Ocean is exposed to exceptional climate change with higher warming rates 

than the global average. As the main Arctic primary producers, phytoplankton are 

profoundly affected by warming, and recent studies revealed that key physiological 

processes differ in their temperature responses. However, these processes have rarely 

been assessed on a community level, impairing our understanding of how they upscale 

to ecologically relevant settings. Therefore, we here exposed a natural Arctic 

phytoplankton community from the marginal ice zone of the Fram Strait to different 

degrees of warming (2°C, 6°C and 9°C) and assessed biomass accumulation, 

community composition (18s rRNA metabarcoding), photophysiology (fast repetition 

rate fluorometry) as well as photosynthesis and respiration rates (membrane-inlet 

mass spectrometry). Growth rates were consistently stimulated by higher 

temperatures, implying increased net biomass accumulation with warming. 

Assessments of photosynthetic and respiratory O2 fluxes, however, showed a strongly 

downregulated net O2 production and increased dark respiration under elevated 

temperatures. As these opposing trends in O2-based and C-based assessments of 

photosynthesis were not accompanied by major functional species shifts, we propose 

that the observed phenomenon is of fundamental physiological nature. These findings 
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are in line with a recent study on Arctic diatom monocultures, arguing for a warming-

induced metabolic coupling of chloroplasts and mitochondria, which results in lowered 

respiratory CO2 loss and thereby increased biomass retention despite the decreased 

net O2 production. Our findings underline the necessity to interpret O2- and CO2-based 

processes of photosynthesis independently, and suggest increased phytoplankton 

biomass accumulation in a warmer Arctic Ocean. 

 

Introduction 

The Arctic Ocean is especially impacted by climate change with warming rates being 

much higher than the global average (Constable et al., 2022; Rantanen et al., 2022) 

This exceptionally strong warming is caused by feedbacks between the decreasing 

sea-ice extent and the concomitantly decreasing surface albedo, a process known as 

<Arctic amplification= (Lee, 2014; Goosse et al., 2018; Pistone et al., 2019). 

Furthermore, the intrusion of North Atlantic water masses via the West Spitzbergen 

current is intensifying since the beginning of the 20th century (Ingvaldsen et al., 2021; 

Tesi et al., 2021). This process, named <Atlantification=, not only increases the 

influence of warm water masses, but also promotes the advection and northward 

expansion of Atlantic organisms (Oziel et al., 2017; Neukermans et al., 2018; 

Wassmann et al., 2019; Oziel et al., 2020), which may be more competitive than Arctic 

ones in a warming habitat. Additionally, marine heatwaves are projected to increase in 

frequency, duration and intensity, further exposing marine organisms to stronger short-

term temperature fluctuations (Hobday et al., 2016; Oliver et al., 2019). 

As the main primary producers, phytoplankton provide the base of the marine food web 

and play a significant role in marine biogeochemical cycling of carbon and other 

elements (Field et al., 1998; Falkowski et al., 2000). Due to a shift from thick multiyear 

to thin first-year sea ice as well as faster seasonal sea ice melting, the light climate 

below the sea ice changes, likely stimulating under-ice phytoplankton blooms if nutrient 

regimes permit. Additionally, the declining sea ice cover leads to more open water 

habitats and extended growing season for pelagic phytoplankton under warming 

(Lewis et al., 2020; Rokitta et al., 2023). As a consequence, overall Arctic primary 

production has already increased over the past decades and is projected to be further 
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stimulated in the future (Arrigo et al., 2008; Kwiatkowski et al., 2018; Ardyna & Arrigo, 

2020; Constable et al., 2022; Oziel et al., 2024). 

Next to changes in light, phytoplankton are influenced by environmental factors such 

as temperature, nutrients and CO2 availability, all of which are modified by climate 

change (Rost et al., 2008; Doney et al., 2012; Cooley et al., 2022). As a universal 

driver, temperature affects molecular movement and thereby principally controls all 

physical and biochemical processes (Brown et al., 2004; Pearle et al., 2010). More 

specifically, temperature variations induce changes of enzyme activity, membrane 

fluidity, substrate diffusion or electron transport rates, which lead to stimulated or 

inhibited metabolic processes such as photosynthesis, respiration, nutrient 

assimilation or cell division in phytoplankton (Raven & Geider, 1988). Phytoplankton 

cell division rates, for example, are typically stimulated by warming up to a species- or 

strain-specific optimal temperature, but sharply decline beyond because oxidative 

stress increases (Moreno et al., 2024) and elevated temperatures become detrimental 

for the process of cell division (Thomas et al., 2012; Grimaud et al., 2017). For Arctic 

phytoplankton, it has recently been shown that other physiological processes within 

the same cell (e.g. photosynthetic electron transport or biomass production) can have 

their own specific 8temperature response patterns9, causing much of the high 

phenotypic variations that phytoplankton exhibit under various constellations of 

environmental drivers (Rehder et al., 2024). 

While temperature effects on single phytoplankton strains are comparably well 

understood (e.g. Publication II; Baker et al., 2016;; Barton et al., 2020; Giesler et al., 

2023; Rehder et al., 2024), the responses of natural phytoplankton communities to 

warming can be rather complex: Their bulk primary production is not only affected by 

temperature effects on each species9 (or even strains9) physiology, but also selection 

for better adapted species can cause profound changes in phytoplankton community 

composition and thus affect overall metabolic activity (Hillebrand et al., 2012; Hoppe 

et al., 2018b; Ahme et al., 2023; Ahme et al., 2024). As a consequence, community 

shifts can possibly amplify but also buffer temperature effects, driven by combined 

selection on a strain-specific (Wolf et al., 2018) and species-specific level (Hoppe et 

al., 2018b). For both, monocultures and natural communities, it was found that 

respiratory O2 consumption is generally more stimulated by warming than 

photosynthetic O2 production (Brown et al., 2004; Lopez-Urrutia et al., 2006), 
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suggesting a shift towards higher heterotrophy in the future (Hoppe et al., 2002; 

Boscolo-Galazzo et al., 2018). Furthermore, physiological assessments of 

phytoplankton monocultures showed diverging temperature responses between 

respiratory CO2 loss and respiratory O2 consumption as a result of physiological 

interaction between chloroplasts and mitochondria (Publication II; Igamberdiev, 2020;; 

Lepetit et al., 2022; Rehder et al., 2023; Peltier et al., 2024). 

Here, we studied the responses of a natural Arctic phytoplankton community to low 

(2°C), intermediate (6°C) and high temperatures (9°C). Next to bulk parameters 

integrated over several days, we employed membrane-inlet mass-spectrometry to 

quantify photosynthetic and respiratory O2 fluxes as well as fast repetition rate 

fluorometry to assess photophysiology at the end of the experiment. Furthermore, we 

used 18S rRNA metabarcoding to assess the community composition and identify 

potential functional shifts within the community, e.g. more heterotrophic or Atlantic 

species with warming. 

 

Methods 

Sampling site and incubation 

An Arctic phytoplankton community was sampled in the central Fram Strait from the 

chlorophyll a (Chl a) maximum at 11 m depth, in a region that was covered by sea ice 

at the time of sampling (Hausgarten station IV; 79°03.834 N, 4°11.465 E). The water 

was collected through the Teflon inflow system of the research vessel Polarstern during 

the PS136 campaign on 31st May 2023 (water temperature: -0.7°C, salinity: 31 PSU) 

and pre-filtered through a 200 µm mesh to exclude meso-zooplankton. Filtered sea 

water (0.2 µm pore size) from the same location and depth was enriched with 

macronutrients (100 µmol L-1 nitrate, 100 µmol L-1 silicate, 6 µmol L-1 phosphate) as 

well as trace metals and vitamins (F/2 medium; Guillard et al. 1962) to dilute the initial 

phytoplankton community to a Chl a concentration of ~2.7 µg L-1 and to ensure nutrient 

replete conditions. For the same reason, a second dilution was done after 6 days of 

incubation. Algal cultures were incubated as biological triplicates in 5 L glass bottles 

(Schott instruments, Mainz, Germany) at low (2°C, equivalent to mean SSTs for this 

region and season; Soltwedel et al., 2016), intermediate (6°C) and high (9°C) 

temperatures (Rantanen et al., 2022) for a duration of 12 to 14 days. Irradiance was 
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set to 30 µmol photons m-2 s-1 under continuous illumination, and cultures were 

continuously and gently aerated with environmental air from outside the ship to avoid 

sedimentation.  

Growth rates, elemental composition and pigmentation 

Chl a concentration in the incubations were monitored at least every other day. To this 

end, 70-150 ml of each community incubation was filtered on glass fiber filters (GF/F; 

0.7 µm nominal pore size, Whatman, UK) and stored at -80°C until extraction. Filters 

were extracted overnight in 5 mL acetone (90%, SIGMA-ALDRICH, St. Louis, USA), 

after cell disruption in a cell-mill (Precellys 24, Bertin, Montigny-le-Bretonneu, 

Germany). Then, the extract was centrifuged (4500 rpm for 7 min, Sigma 4K10, 

Osterode, Germany) and the Chl a concentration in the supernatant was determined 

using the fluorometric 8acidification-method9 (Turner Trilogy, Turner Designs San Jose, 

USA; Knap et al. 1996.  

Particulate organic carbon (POC) was measured at the start of the experiment, after 

six days and at the end of the experiment. To this end, cells were filtered onto pre-

combusted (12h, 500°C) GF filters (0.7 µm nominal pore size, Whatman, UK). After 

drying for at least 24h, filters were measured on an elemental auto-analyzer 

(EuroVector EA 3000, Pavia, Italy) using the flash combustion technique (Knap et al., 

1996). 

The Chl a concentration or POC concentration per community incubation over time 

were used to calculate specific Chl a-based (µChla) or POC-based (µPOC) accumulation 

rates, respectively (Eq. 1): µ =  ��(�Ā)−�� (�ÿ)�Ā− �ÿ                                                                                             (Eq. 1) 

where µ is the specific growth rate (d-1), and N0 as well as N1 are the Chl a or POC 

concentrations at the initial and final time points t0 and t1, respectively. For growth rate 

calculations, only Chl a and POC concentrations after the dilution at day 6 were 

considered.  

Physiological assays 

Photosynthetic and respiratory rates were measured by assessing O2 fluxes during 

consecutive light and dark phases using a custom-made membrane-inlet mass 
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spectrometer (MIMS). The applied MIMS system is based on a Pfeiffer QMG220 

Prisma Plus (pressure at ion source during measurements was ~5*10-6 mbar; Asslar, 

Germany), which couples to a custom-built, water cooled 8 mL cuvette through a PTFE 

membrane (0.01 µm pore size; Reichelt Chemietechnik, Heidelberg, Germany). O2 in 

the seawater can permeate the membrane and enter the inlet, following its steep 

chemical gradient. Gasses are passed along a modified pulse-tube cooler (PXE 100, 

AIM, Heilbronn, Germany) that provides a 170 cm² metal freezing surface (-95°C) to 

facilitate efficient cryodistillation. O2 signals were calibrated following Rokitta and Rost 

(2012). O2 consumption of the instrument was assessed by measuring the O2 and 

Argon (Ar) decline over time in assay medium without biological activity. Based on the 

obtained correlation between O2 and Ar in the calibration (R2 >0.95), Ar signals were 

used to account for the concentration-dependent abiotic O2 consumption during 

biological measurements (Tab. S2).  

Assays were performed at the end of the experiment (Tfin). To this end, cells were 

concentrated by gentle filtration over polycarbonate filters (Isopore TSTP, 3 μm 

nominal pore size; Merck, Darmstadt, Germany) in a reverse filtration unit and 

resuspended in culture medium buffered to a pHNBS of 8.0 (50 mM 4-(2-hydroxyethyl)-

1- piperazineethanesulfonic acid; HEPES). Subsequently, cells were transferred into 

the temperature- and light-controlled MIMS cuvette, and after signal- and temperature-

stabilization (~20 min) during darkness, photosynthesis-vs-irradiance (PI-) assays 

were performed in consecutive light3dark phases with increasing light intensities (0, 

35, 60, 70, 135 μmol photons m-2 s-1). While net photosynthetic rates (NP) and dark 

respiratory rates (DR) were obtained from O2 fluxes directly observed during the light 

and dark phases, respectively, gross photosynthetic rates (GP) were calculated by 

subtracting the mean dark respiration rates from the net photosynthesis rates (GP = 

NP - DR). After each measurement, Chl a samples were collected from the cuvette in 

duplicates and analyzed as described above, for normalization to Chl a. Chl a:POC 

ratios of the same day were used to express physiological rates normalized to POC. 

Photophysiological characteristics based on the variable fluorescence of photosystem 

II (PSII) were assessed using a fast repetition rate fluorometer (FRRf; FastOcean, 

Chelsea Technologies, West Molesey, UK) combined with the FastAct2 Laboratory 

system (Chelsea Technologies, West Molesey, UK) at the same timepoints and in 

accordance to the same assay concept as described above. Light-emitting diodes were 
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set to 450 nm emission wavelength. We used the FRRf in single turnover mode, in 

which the saturation phase comprised 60 flashlets on a 2 µs pitch, and the relaxation 

phase comprised 15 flashlets on a 90 µs pitch. All measurements were conducted in a 

temperature-controlled cuvette at the respective acclimation temperature after dark 

acclimation for 45 min. Minimum Chl a fluorescence (F0 and F90 for light- and dark-

acclimated measurements, respectively) and maximum Chl a fluorescence (Fm and 

F9m for light- and dark-acclimated measurements, respectively) were obtained from 

iteratively fitting the induction phase (Kolber et al., 1998), and PSII re-opening times 

were obtained from iteratively fitting the relaxation phase (Oxborough, 2012). FRRf 

measurements were performed in photosynthesis-irradiance (PI-) curves of 8 light 

levels (5 min pre-acclimation at respective actinic light; maximum light level of ~300 

µmol photons m-2 s-1). Basic photophysiological parameters such as maximum 

quantum yields of PSII (Fv/Fm), relative electron transport rates (rETRexp) at 30 photons 

m-2 s-1 (incubation irradiance), light acclimation indices (Ik) and absorption cross 

sections of PSII (ÃPSII) were obtained using standard calculations (Genty et al., 1989; 

Maxwell & Johnson, 2000; Schuback et al., 2017). 

Community composition 

Protist community composition was assessed through 18S rRNA metabarcoding. To 

this end, 500 mL of each community incubation was filtered onto polycarbonate filters 

(0.8 µm nominal pore size, Nucleopore, Whatman, Maidstone, UK) and stored at -20°C 

until extraction. DNA extraction was performed using the NucleoSpin Soil extraction kit 

according to the manufacturer9s protocol (Macherey-Nagel GmbH, Düren, Germany) 

before normalization to 5 ng/µL. Using the forward primer GCG GTA ATT CCA GCT 

CCA A and reverse primer ACT TTC GTT CTT GAT, amplicons of the variable region 

4 of the 18S rRNA gene including an Illumina tail were generated based on the 

standard protocol for amplicon library preparation (16S Metagenomic Sequencing 

Library Preparation, Part #15044223 Rev. B. Illumina, San Diego, CA, USA). Indexing 

of single samples was performed using the Nextera XT Index Kit v2 Set A primers 

(Illumina, San Diego, CA, USA). Resulting libraries were pooled and sequenced on a 

MiSeq sequencer (Illumina, San Diego, CA, USA), with the outcome of 300 base pair 

paired-end gene amplicon reads, which were demultiplexed by the integrated 

<Generate FASTQ= workflow. Primer removal was performed with v2.8 cutadapt 

(Martin, 2011) and quality-trimming, denoising, paired-end merging and chimera-
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removal were conducted using the v1.18 DADA2 package (Callahan et al., 2016). The 

resulting amplicon sequence variants (ASVs) were taxonomically annotated using the 

reference database PR2 (v5.0.1; Guillou et al., 2012). 

Samples with a sequencing depth below the 5 % quantile and ASVs identified as 

metazoans, fungi, plastids or nuclei were removed. A sufficient sequencing depth of all 

samples was confirmed via rarefaction. Trophic mode was assigned based on the 

categorizations by Adl et al. (2019). To analyze species composition data, all samples 

were scaled to the lowest depth through ranked subsampling (Beule & Karlovsky, 

2020) before the replicates were merged to produce pie charts. For beta-diversity 

analyses, pairwise dissimilarity matrices were generated using Aitchinson distances 

and then visualized with a principal components analysis (PCA) based on the 

recommendations by (Gloor et al., 2017).  

Statistical analysis 

All parameters are presented as the mean of the biological replicates, if not stated 

otherwise. For all data, normal distribution was confirmed using the Shapiro-Wilk-Test 

and equal variances were tested using the Welch test. We performed an ANOVA with 

subsequent Tukey post-hoc tests to identify significant differences using JASP 

statistics. The level of significance was set to p f 0.05. 

18s rRNA data did not allow statistical analyses due to the loss of one biological 

replicate at 2°C. 
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Results 

Acclimation responses and physiological assays

 

Fig 1. Acclimation responses (A, B) and physiological assays (C) of the communities at the end of the 
experiment (tfin) at 2°C, 6°C and 9°C. (A) Growth rates based on chlorophyll a (Chl a; µChl; olive) and 
growth rates based on particulate organic carbon (POC; µPOC; dark olive), (B) ratios of Chl a:POC after 
at the end of the incubation (tfin; grey) and (C) net photosynthetic rates (NP; dark green), gross 
photosynthetic rates (GP; green) and dark respiratory rate (DR, orange). Boxplots display the mean of 
three biological replicates (n = 3) and letters indicate significant differences (p f 0.05). 

 

Chl a-based growth rates (µChla) were lowest at 2°C with ~0.45 d-1 and increased 

gradually to ~0.55 d-1 at 6°C and to ~0.65 d-1 at 9°C (Fig. 1A). POC-based growth rates 

(µPOC) also increased gradually with temperature from 0.35 d-1 at 2°C to 0.46 d-1 at 6°C 

and 0.54 d-1 at 9°C (Fig. 1A). The Chl a:POC ratio of the in-situ phytoplankton 

community was ~0.012 pg pg-1 (SI). At the end of the experiment, Chl a:POC was 

0.017 pg pg-1 at 2°C and increased to 0.023 pg pg-1 at 6°C and 9°C (Fig. 1B).  

Net photosynthetic rates (NP; Fig. 2C) were highest at 2°C (0.48 µmol O2 mg C a-1 h-

1) but significantly lowered at 6°C and 9°C (0.07 and 0.17 µmol O2 mg C-1 h-1, 
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respectively). Dark respiratory rates (DR; Fig. 2C) were lowest at 2°C (0.13 µmol O2 

(mg C)-1 h-1) and increased consistently to 0.37 and 0.49 µmol O2 mg C-1 h-1 at 6 and 

9°C, respectively. Gross photosynthetic rates (GP, Fig. 2C), were maintained between 

0.45 and 0.6 µmol O2 mg C-1 h-1 across all temperatures. However, GP was significantly 

lower at 6°C than in the other treatments.  

 

Tab 1. Photophysiological parameters obtained by Chl a variable fluorescence measurements (FRRf). 
Maximum quantum yield efficiency of PSII (Fv/Fm), relative electron transport rates at incubation 
irradiance (rETRexp), maximum relative electron transport rates (rETRmax) and light acclimation indices 
(Ik) at 2°C, 6°C and 9°C. Values display the mean of 3 biological replicates ± SD (n = 3), except for 9°C, 
where one replicate was lost due to instrumental error (n = 2).  

Temp 

[°C] 

Fv/Fm 

 

rETRexp  

 

rETRmax 

 

Ik  

[µmol photons 

m-2 s-1] 

     

2°C 0.57 ± 0.01 16 ± 1 72 ± 27 117 ± 48 

6°C 0.56 ± 0.01 14 ± 1 73 ± 19 138 ± 52 

9°C 0.50 ±0.01 11 ± 1 106 ± 10 279 ± 63 

 

Maximum quantum yield of PSII (Fv/Fm) reached similar values of 0.57 and 0.56 at 2 

and 6°C and decreased to 0.50 under 9°C (Tab. 1). Relative electron transport rate 

under experimental intensity (rETRexp) decreased consistently from ~16 at 2°C to ~14 

at 6°C and to ~11 at 9°C. Maximum electron transport rates (rETRmax) remained 

similarly high at 2°C and 6°C with a value of ~72 and increased to ~106 at 9°C (Tab. 

1). The light acclimation indices (Ik) of the incubated communities were  ~120 µmol 

photons m-2 s-1 in the 2°C and ~140 µmol photons m-2 s-1 in the 6°C treatment, while 

the value was remarkably increased to ~280 photons m-2 s-1 at 9°C.  
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Community composition 

 

Fig 2. Relative species composition per temperature treatment at t0 and tfin (2°C, 6°C, 9°C), based on 
the ASV data. Diatoms are colored in different shades of green. 

 

At the end of the experiment, the main genera of phytoplankton were Phaeocystis, 

Chaetoceros, Thalassiosira and Pseudo-Nitzschia, irrespective of the temperature 

treatment (Fig. 2). Over the applied experimental temperature gradient, the relative 

abundance of Phaeocystis generally decreased with warming, whereas the relative 

abundance of diatoms generally increased. Chaetoceros was the dominant diatom 

genus in all temperature treatments. Across temperature treatments, heterotrophs had 

generally low relative abundances (<10%), with the lowest one at 9°C (<5%).  
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Discussion 

Warming induced a shift from Phaeocystis towards diatoms 

Despite a rather high variation within treatment replicates, which together with the low 

number of biological replicates did not allow for statistical testing, we observed a trend 

of a warming-induced dominance shift in the phytoplankton communities (Fig. 2). The 

relative abundance of Phaeocystis gradually decreased with warming, while the 

relative abundance of diatoms, especially Chaetoceros, gradually increased. Such a 

decreasing trend of Phaeocystis abundance under increasing temperatures has also 

been observed in another incubation study on phytoplankton communities from the 

Fram strait (Ahme et al. 2023), whereas field data from sediment traps and remote 

sensing indicate long-term phytoplankton composition shifts from diatoms towards 

Phaeocystis dominance in this region (Nöthig et al., 2015; Soltwedel et al., 2016; 

Orkney et al., 2020). Based on the experimental data from temperature manipulations, 

however, we would argue that the observed increase in Phaeocystis dominance over 

the past decades in the Fram strait may rather be a result of other environmental 

drivers than temperature. 

Biomass accumulation increases with warming 

Irrespective of whether they were based on changes in Chl a or POC, growth rates 

increased gradually with warming, indicating a faster biomass accumulation (Fig. 1A). 

This temperature-dependent stimulation in growth is in line with other findings on Arctic 

natural phytoplankton communities (Sugie et al., 2020; Ahme et al., 2023; Wolf et al., 

2024) and Arctic phytoplankton monocultures (Pančić et al., 2015; Coello-Camba & 

Agustí, 2017; Hoppe et al., 2018a; Wolf et al., 2018; Rehder et al., 2024), in which 

several species exhibited optimal growth temperatures substantially higher than what 

they typically experience in their natural habitat. This demonstrates that many Arctic 

phytoplankton species currently live below their optimal growth temperature, and thus, 

their biomass accumulation rates will likely increase in response to warming, provided 

that nutrients are not limiting. 

Oxygen fluxes suggest opposing trend to biomass accumulation response 

While growth rate data signified a stimulated biomass accumulation with warming, the 

MIMS-based measurements of photosynthesis and respiration suggested an 

apparently opposing trend (Fig. 1B): Gross photosynthetic O2 production per biomass, 
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a proxy for the light reactions that provide chemical energy for C assimilation, was 

largely maintained across the applied temperature gradient, indicating an overall 

unaltered potential for C-assimilation. Simultaneously, the respiratory O2 consumption, 

a proxy for the activity of the mitochondrial electron transport chain, was gradually 

stimulated with temperature (Fig 1B). As a result, net photosynthetic rates were 

significantly lowered at high temperatures. At first sight, this suggests that 

phytoplankton metabolism becomes more <heterotrophic= with warming, which should, 

however, also result in a lowered net C-assimilation, i.e. biomass accumulation.  

Such temperature responses of gross photosynthesis and respiration have previously 

been observed in temperate as well as Arctic phytoplankton (Hancke & Glud, 2004; 

Barton et al., 2020; Wolf et al., 2024). Some studies found that warming can promote 

compositional shifts in a plankton community from rather autotrophic towards more 

mixo- or heterotrophic species, which should increase community respiration (Hancke 

& Glud, 2004; Holding et al., 2013; Coello-Camba et al., 2015). In our study, however, 

we can exclude this possibility, as we did not detect a relative increase of hetero- or 

mixotrophic species with warming (Fig. 2). 

Organellar reductant exchange may explain the diverging temperature 

responses 

Overall, our data implies that the tested Arctic phytoplankton community became more 

productive with warming from a =C-based point of view= as reflected by the increased 

biomass accumulation rates (Fig. 1A), but also more heterotrophic from an <O2-based 

point of view=, indicated by the lowered net photosynthetic O2 production rates (Fig. 

1B). This pattern appears somewhat counterintuitive, since O2- and CO2-based 

photosynthetic and respiratory processes are typically thought to be closely connected 

as they provide reductant for each other. In fact, many studies interpret them to be 

interchangeable or at least easily convertible into each other.  

This opposing temperature response in O2- and CO2-based rates has also been 

observed recently in diatom monoculture experiments (Publication II; Rehder et al., 

2023), in which especially the respiratory CO2 release and O2 consumption diverged 

substantially under elevated temperatures. This can be attributed to the ability of 

phytoplankton to independently re-adjust single physiological processes in response 

to warming. More precisely, under high temperatures, diatoms have been found to be 
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able to export excess reductant from the chloroplasts to the mitochondria to fuel the 

respiratory O2 consumption and thus mitochondrial ATP production. As a physiological 

feedback, this alternative electron source for mitochondrial respiration leads to a 

downregulation of the citric acid cycle activity and thus lowered respiratory CO2 loss, 

which ultimately enhances net C-retention. Even though we cannot directly refer to 

detailed single cell physiology in a community experiment, our data as well as a similar 

experiment on Arctic phytoplankton by Wolf et al. (2024) both showed theses diverging 

temperature responses in net O2 and CO2 fluxes, which strongly advocates for a similar 

physiological regulation with downregulated respiratory CO2 loss and thus increased 

carbon retention on a community level.  

Such regulation pattern could indeed be a more fundamental response to increasing 

temperatures and is thus rather prevalent in natural phytoplankton communities. The 

proposed mechanism would also add an explanation as to why observed 

photosynthetic quotients vary far beyond what theory predicts (Trentman et al., 2023) 

with far-reaching implications for oceanographic methods that assess carbon fluxes 

based on oxygen data. 

Warming enables photophysiology to exploit higher light levels  

Photophysiological assays proved phytoplankton communities to be light limited in all 

temperature treatments as light acclimation indices (Ik) always exceeded irradiances 

in the acclimation (Tab. 1). The degree of limitation, however, became even stronger 

with warming, as indicated by the increase in Ik, which is in line with previous findings 

on temperature responses of Arctic phytoplankton (Publication II; Behrenfeld et al., 

2008; Rehder et al., 2024; Wolf et al., 2024). The relative electron transport rates under 

experimental irradiance (rETRexp) were gradually downregulated with warming (Tab. 

1), indicating an overall lowered efficiency of PSII. This response is likely attributed to 

the increasing light limitation, and experiments on Arctic monocultures showed that 

this decrease of rETR can be partially compensated by a physiological upregulation of 

the light harvesting machinery (Publication II). The elevated Chl a:POC ratios (Fig. 1C), 

which originate from Chl a-based accumulation rates being slightly higher than POC-

based ones (Fig. 1A), indicate such an upregulation of light harvesting abilities with 

warming also in our communities. One may argue the relatively increased pigmentation 

per biomass could originate from the temperature-induced shifts in the community 

composition, but Hoppe, CJM et al. (2024) observed no major effects from such shifts 
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on Chl a:POC ratios. Thus, a physiological upregulation of pigmentation per biomass 

with warming likely causes the increased Chl a:POC ratios. Such a response has also 

been described in several studies (e.g. Thompson et al., 1992; Baker. et al., 2016; 

Rehder et al., 2024; Wolf et al., 2024), and is therefore likely a fundamental regulatory 

mechanism to compensate for the temperature-induced light limitation.  

While warming challenges the photophysiology in terms of the increasing light 

limitation, it also enables phytoplankton to exploit higher irradiances and thus obtain 

overall higher rates, as indicated by strongly increasing maximum relative electron 

transport rates (rETRmax, Tab. 1) at 9°C. Consequently, Arctic phytoplankton may likely 

benefit from a combined increase of temperature and irradiance, as it is projected for 

large parts of the Arctic Ocean due to sea ice decline and increased stratification 

(Constable et al., 2022). 

Conclusion and ecological implications 

Warming was found to stimulate growth and biomass accumulation at temperatures 

far beyond what Arctic phytoplankton currently experience in their natural habitats. This 

does not only underline that Arctic phytoplankton currently live below their optimal 

growth temperatures (see also Rehder et al. 2024), but also that they will likely benefit 

from ocean warming, provided that nutrients are not limiting. Thus, Arctic 

phytoplankton may also remain reasonably competitive towards advected 

phytoplankton species from the North Atlantic and still thrive under moderate warming 

scenarios. Despite the stimulated biomass accumulation, which indicates higher net C 

retention rates, net O2 production was substantially lowered with warming. This shows 

that different physiological processes of photosynthesis and respiration can strongly 

diverge in their temperature responses, underlining the necessity to interpret O2- and 

CO2-fluxes individually. As a consequence, Arctic phytoplankton communities may 

provide less O2 per biomass in a warmer future Ocean, but yet they still increase their 

net C-fixation and consequently also their provision of food for the pelagic and deep-

sea environments. Photophysiological data, furthermore, suggest that this stimulation 

of biomass accumulation will even be more prominent under a combined increase of 

temperature and light, as it is projected for the future Arctic Ocean. 
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6.1. Main findings of this dissertation  

This dissertation aimed to understand how Arctic phytoplankton is affected by 

temperature changes, with a special emphasis on the physiological underpinnings of 

their overall high plasticity towards ocean warming. I performed detailed physiological 

assessments of single-strain temperature responses (Publication I and II), which were 

then verified in field experiments with Arctic natural communities (Publication III and 

IV). This way, I did not only look at direct temperature effects on physiology, but also 

accounted for ecologically more relevant scales, in which also functional redundancy, 

species selection and thermal history pay a role. 

Physiological processes such as growth rates, biomass production rates or electron 

transport rates exhibit diverging temperature response patterns due to differences in 

their thermal sensitivities. Publication I assessed response patterns in key Arctic 

phytoplankton species of different functional groups, i.e. the centric diatom 

Thalassiosira hyalina, the pennate ice algae Nitzschia frigida and the mixotrophic pico-

eukaryote Micromonas pusilla, over large parts of their thermal range under saturating 

light (100 µmol photons m-2 s-1). All investigated species exhibited optimal 

temperatures for cell division and biomass production higher than what they currently 

experience in their natural habitat, indicating a stimulation of biomass accumulation at 

least under moderate warming. Thermal sensitivities and optimal temperatures, 

however, differed between species and physiological processes. This was also 

reflected in the temperature response patterns of the respective biomass quotas, which 

were shown to be a result of the distinct interplay of their underlying physiology, i.e. 

cell division and biomass production. Overall, this emphasizes the necessity for holistic 

approaches, including the assessment of different phytoplankton functional groups and 

functional traits under multiple temperatures, which should be considered for 

biogeochemically modeling or interpretation of remote sensing data (Riebesell & 

Gattuso, 2015; Collins et al., 2022). 

Publication II aimed to identify physiological bottlenecks potentially arising under 

warming and to understand how cells adjust their physiology, thereby explaining the 

observed overall high plasticity and stimulation of biomass production under warming 

(Publication I). To this end, the same T. hyalina strain as used in Publication I was 

acclimated to sub-optimal, optimal and supra-optimal temperatures, and 

photophysiological characteristics as well as photosynthetic O2 production, 
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photosynthetic C-fixation, respiratory CO2 release and respiratory O2 consumption 

were assessed. It was found that under warming, cells upregulated their light 

harvesting abilities in order to compensate for a warming-induced light limitation in PSII 

efficiency, so that cells were able to maintain their gross O2 production rates. 

Furthermore, T. hyalina employed a metabolic coupling of chloroplasts and 

mitochondria to dissipate excess reductant into mitochondrial respiration. As a 

consequence, the TCA cycle, and thereby the respiratory CO2 loss, was 

downregulated despite an increased respiratory O2 consumption. Overall, this coupling 

between organelles allowed cells to support a sufficient plastidial ATP:NADPH 

stoichiometry and thereby to maximize net biomass retention under warming. 

To also understand temperature responses on Arctic natural communities, I used an 

incubation approach similar to Publication II, also in natural Arctic phytoplankton 

communities from the open-ocean central Fram strait (Publication III) and from a 

coastal fjord system in Svalbard (Publication IV). Both communities exhibited a 

strongly increasing respiratory O2 consumption and thus lowered net O2 production, 

despite stimulated net biomass retention under warming. In neither of the two studies, 

responses were accompanied by distinct species shifts towards more heterotrophic 

communities, indicating that the opposing temperature responses of O2- and C-fluxes 

on a community level may result from the same regulatory mechanisms as observed 

in the single-strain experiment. This highlights that the metabolic coupling of 

chloroplasts and mitochondria is likely a fundamental mechanism employed across 

Arctic phytoplankton species in response to ocean warming.  

Publication IV aimed to further elucidate the responses to abrupt temperature changes 

as phytoplankton would experience them in marine heatwaves. To this end, 

communities9 responses were also investigated over short-term temperature 

fluctuations (warming and cooling) towards their physiology and community 

composition. Results showed the responses to abrupt temperature changes cannot be 

predicted from stable warming treatments, especially when combined with subsequent 

cooling phases. It could be shown that the abrupt cooling at the end of heatwaves 

impacts the physiology and composition of Arctic phytoplankton communities at least 

as much as abrupt warming, and especially moderate heatwaves (+4°C) showed most 

detrimental effects.  
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Building on the findings of these four Publications, I will identify overarching concepts 

on warming responses of Arctic phytoplankton physiology that allow cells to plastically 

respond to ocean warming (6.2). Furthermore, findings will be discussed in the context 

of temperature-light interactions (6.3) of time-scales (abrupt vs. acclimation) on a 

single-strain and community level (6.4). Lastly, important perspectives for future 

research will be highlighted (6.5).  

 

6.2. Overarching effects of warming and strategies of physiological 

regulation 

6.2.1. Growth and biomass production benefit from moderate warming 

Most physiological processes are generally assumed to be stimulated in response to 

warming due to increased e.g. diffusion- and reactions rates as well as enzymatic 

activity, at least until a certain optimum (Raven & Geider, 1988; Padfield et al., 2016; 

Barton et al., 2020). Findings from all Publications indeed reveal stimulatory effects on 

cell division rates and net biomass production rates, which followed typical optimum 

curve patterns with a stimulation up to species-specific optimal temperatures and a 

decline beyond (Thomas et al., 2012; Grimaud et al., 2017). Thereby, all investigated 

Arctic phytoplankton species exhibited surprisingly high maximal growth and 

production rates under saturating light conditions (Publication I), especially in 

comparison to temperate phytoplankton species under otherwise similar conditions, 

which partly exhibit even lower maximal growth rates under much higher temperatures 

(Baker et al., 2016; Barton & Yvon-Durocher, 2019; Rehder et al., 2024). This not only 

indicates a high flexibility of Arctic phytoplankton to regulate their underlying physiology 

and thereby compensate for negative impacts over a wide temperature range, it also 

suggests that Arctic species will not be unavoidably displaced by temperate species in 

a warmer Arctic. Arctic phytoplankton will rather engage in ecological competition with 

poleward advected species from the North Atlantic (Oziel et al., 2020), and the 

outcome will additionally be affected by the polar photoperiods, i.e. the presence of 

polar day and night (Giesler et al., 2023). Optimal temperatures of growth and 

production rates were also consistently above what phytoplankton currently experience 

in the present Arctic Ocean, indicating a potential for stimulated Arctic primary 

production under moderate warming and saturated light conditions (Publication I, III, 

IV), and thus likely remain competitive. To robustly predict future primary production, 
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however, it is essential to identify upcoming physiological bottlenecks and to 

furthermore understand how cells invest into regulatory mechanisms to achieve 

metabolic homeostasis, which is discussed in the following section.  

6.2.2. Warming impacts PSII efficiency and causes light limitation  

Across all investigated species and communities in this dissertation, one potential 

bottleneck for otherwise not resource-limited (Arctic) phytoplankton under warming 

was found in the photophysiology of PSII (Publication I, II, III, IV; Hancke et al., 2008; 

Liu et al., 2017). Experiments consistently unraveled detrimental effects on the 

photosynthetic efficiency of PSII, indicated by decreasing PSII quantum yields (Fv/Fm; 

Publication I, II, III, IV) and relative electron transport rates (rETR; Publication II, III, 

IV). This was surprising because of the simultaneous increase in growth and 

production rates under warming as well as the assumption of stimulated electron traffic 

under increasing temperatures due to faster diffusion rates and increased membrane 

fluidity (Brown et al., 2004; Los et al., 2013). In fact, all investigated single-species 

(Publication I, II), the coastal communities from Svalbard (Publication IV) as well as 

previous studies (Baker et al., 2016; Aardema et al., 2024) exhibited faster re-opening 

times of PSII, proving a thermodynamically accelerated capacity for electron traffic 

through the photosynthetic ETC under increased temperatures. Publication I showed 

that PSII re-opening times are highly species-specific, and it has previously been 

shown that re-opening times in mixed communities cannot be easily interpreted 

(Suggett et al., 2009), which likely explains the indistinct warming effects on re-opening 

times in phytoplankton cells from the pelagic community due to a rather high variability 

of community composition in between treatments (Publication III). Hence, despite the 

lack of significant trends in the latter experiment, the stimulated thermodynamic 

potential for electron traffic likely remains a fundamental consequence of elevated 

temperature for phytoplankton. Nonetheless, cells are apparently unable to exploit this, 

as Fv/Fm and rETR were actually decreasing with warming.  

In all experiments, the lowered Fv/Fm and rETRs with increasing temperatures were 

accompanied by gradually increasing light acclimation indices (Ik; Publication I, II, III, 

IV), which is well in line with other studies on polar and temperate phytoplankton 

(Hancke et al., 2008; Liu et al., 2017; Camoying & Trimborn, 2023) and indicates a 

warming-induced light limitation. Hence, under warming, Arctic and temperate 

phytoplankton would require generally higher light intensities to exhibit saturated 
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electron transport rates. In other words, cells transition from (close to-) light saturation 

at low temperatures to light limitation at high temperatures. Thereby, the main 

bottleneck for electron transport shifts from temperature at cold temperatures to light 

at high temperatures, proving that light acclimation is ultimately temperature-

dependent (Behrenfeld et al., 2008).  

6.2.2.1. Upregulated light harvesting compensates the warming-induced light 

limitation 

Despite the decreasing PSII efficiency under warming, phytoplankton cells, however, 

maintained species-specific homeostatic gross O2 production rates more or less 

independent of temperature treatments (Publication II, III, IV). This was surprising 

since the lowered Fv/Fm and rETRs typically indicate an overall lower electron 

extraction from the water splitting process at the PSII OEC (Suggett et al., 2009; 

Schuback et al., 2021). Consequently, Arctic phytoplankton must involve physiological 

regulation to somehow cope with the increasing warming-induced light limitation of 

PSII. Such a regulation was found in the pigmentation per biomass ratios (Chl a:POC) 

throughout all studies conducted. Except for the ice algae N. frigida, all investigated 

species and communities exhibited increased Chl a:POC ratios under warming, which 

could be seen in increased antenna sizes of the PSII LHCs (Publication I, II, III, IV). 

Depending on the acclimation light intensity, cells were thereby able to compensate 

the lowered relative ETRs, i.e. PSII efficiencies, so that absolute ETRs per PSII could 

be maintained (Publication II) or even profit from warming (Publication I), 

Consequently, the upregulation of light harvesting abilities, is a central regulatory 

mechanism to compensate PSII deficiency under warming and thereby maintain 

homeostatic O2 production over a large temperature gradient, as illustrated in Fig. 14.  

 

 



Synthesis 

109 
 

Fig 14. Schematic illustration of warming effects on photosystem II (PSII) under constant light. PSII 
quantum yields (Fv/Fm) and relative electron transport rates (rETR) decrease under warming, resulting 
in a warming-induced light limitation. In response, cells upregulate their light harvesting abilities (LHC 
antenna) to maintain absolute ETRs per PSII. Thereby, photosynthetic water splitting, O2 production 
and the provision of protons (H+) for the thylakoid proton gradient are maintained. 

 

The flexible up- or downregulation of the light harvesting abilities in response to the 

environmental light conditions is a well-known measure taken by of phototrophic 

organisms to adjust their photophysiology (e.g. Ballottari et al., 2007; Pi et al., 2019). 

All Publications clearly show that regulation of photophysiological processes is also 

elicited by thermal cues. The observed upregulation of the antenna size in response to 

a warming-induced light limitation seems logical, even though this ability is modulated 

by environmental conditions (see chapter 6.3) and can differ between species 

(Publication I). For instance, Nitzschia frigida neither exhibited such a warming-

induced light limitation nor increased its pigmentation per biomass. This species 

remained strongly light limited at acclimation light level throughout their entire thermal 

range. As an ice alga, N. frigida generally thrives under low light conditions, and seems 

to follow a specialized photophysiological strategy involving comparably low antenna 

sizes, which is believed to function as a constitutive high-light protection for the case 

of spontaneous ice break up (Kvernvik et al., 2020; Kvernvik et al., 2021).  

Since both, the open-ocean (Publication III) as well as the coastal natural communities 

(Publication IV) exhibited responses very similar to those observed in the detailed 

physiological characterization (Publication I, II), it can be assumed that the observed 

temperature responses in photophysiology are widespread in phytoplankton, whereas 

ice-algae, as an exception, oppose these general temperature-driven patterns of photo 

acclimation (Kvernvik et al., 2020; Kvernvik et al., 2021). 
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6.2.3. The metabolic coupling of chloroplasts and mitochondria  

Photosynthetic O2 production, C-fixation and respiratory O2 consumption are 

maintained under higher temperatures 

In addition to elucidating photophysiological responses to warming, gas flux 

measurements of O2 (and CO2 ) were used to identify potentially divergent temperature 

responses of photosynthetic and respiratory sub-processes (Publication II, III, IV). As 

discussed in chapter 6.2.2, photophysiological adjustments allowed T. hyalina to 

maintain photosynthetic electron transfer as determined fluorometrically as well as O2 

evolution as determined by MIMS (Publication II), and O2 flux data indicated such a 

regulation also on a phytoplankton community level (Publication III, IV). Thus, in all 

investigated species or communities, gross photosynthetic O2 production remained 

mostly unchanged over acclimation timescales, irrespective of acclimation 

temperature, which is in line with observations of the temperate diatom Phaeodactylum 

tricornutum (Rehder et al., 2023). Up to moderate warming, also gross photosynthetic 

C-fixation as well as respiratory O2 consumption in the light and dark were maintained 

on a constant level (Publication II), thereby ensuring physiological homeostasis 

between these processes. Only under temperatures beyond optimal growth, however, 

the Calvin cycle and respiratory ETC get out of tune, as indicated by a declining gross 

C-fixation and increasing respiratory O2 consumption. Under supra-optimal 

temperatures, regulatory mechanisms that maintain the physiological homeostasis 

between processes are apparently partly failing and warming becomes detrimental. 

6.2.3.1. Dissipating excess plastidial NADPH is critical to avoid overreduction 

Photosynthetic light reactions and the Calvin cycle are physiologically directly 

dependent from each other, as the former generates the energy and reductants in form 

of ATP and NADPH to fuel the latter (Falciatore et al., 2022). Therefore, it seems logical 

that in T. hyalina as well as P. tricornutum both processes remain homeostatic under 

moderate warming (Publication II; Rehder et al., 2023). The photosynthetic light 

reactions, however, generally provide excess NADPH relative to ATP with respect to 

the requirements of the Calvin cycle, N-assimilation and CCM activity even under low 

temperatures (Allen, 2003; Hahn et al., 2018; Lepetit et al., 2022). Under warming and 

concomitantly increased diffusion rates, however, more HCO3- can diffuse into the 

thylakoid lumen, i.e. increased CCM activity, which consumes a larger fraction of the 

PMF that could otherwise be used for ATP generation. Thereby, the plastidial 
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ATP:NADPH ratio is lowered under warming. This suggests that while CCMs are 

indispensable for phytoplankton C-fixation, they are also important consumers of the 

PMF and may therefore be a prime source of the metabolic imbalances occurring under 

thermal stress. Consequently, cells have evolved mechanisms to adjust the 

ATP:NADPH stoichiometry in order to prevent plastidial 8overreduction9 and 

concomitant redox stress (Burlacot, 2023; Peltier et al., 2024).  

6.2.3.2. Warming increases a metabolic coupling of chloroplasts and 

mitochondria 

To decrease the excess of plastidial NADPH, cells need to either dissipate NADPH, or 

increase ATP production (Allen, 2003). To this end, cells employ different pathways of 

photosynthetic AEF (see chapter 1.3.1; e.g. Curien et al., 2016; Burlacot, 2023), such 

as CEF around PSII (Larkum et al., 2018; Nawrocki et al., 2019), the O2-consuming 

Mehler reaction (Mehler, 1951; Asada, 2000), the O2- consuming plastidial terminal 

oxidation (Nawrocki et al., 2015) as well as a metabolic coupling of chloroplast and 

mitochondria. The latter re-routes plastidial reductant into the respiratory processes of 

the mitochondrial electron transport chain (Bailleul et al., 2015; Burlacot, 2023; Rehder 

et al., 2023; Peltier et al., 2024). 

In line with findings on P. tricornutum (Bailleul et al., 2015), also T. hyalina exhibited a 

consistently higher respiratory O2 consumption in the light than in the dark, which was 

even more pronounced under warming, indicating a substantial contribution of at least 

one O2-consuming AEF pathway (Publication II). The significant concomitant decrease 

of respiratory CO2 fluxes under moderate and strong warming in T. hyalina (Publication 

II), strongly supports the suggestion of a metabolic coupling, in which the additional 

reductant transported to the mitochondria, shifts the redox state and thereby 

suppresses the TCA cycle. In line with this, a previous study revealed in response to 

low acclimation temperatures a transcriptomic upregulation of the TCA cycle in a sub-

Arctic Chaetoceros strain (Liang, Y et al., 2019). Such a metabolic coupling as a 

measure to avoid plastidial overreduction is well established in diatoms, green algae 

and land plants (Cardol et al., 2003; Raghavendra & Padmasree, 2003; Noctor et al., 

2004; Rehder et al., 2023). This dissertation shows, however, that the metabolic 

coupling not only optimizes the plastidial ATP:NADPH stoichiometry for C-fixation, but 

obviously also controls the flow of carbon and energy through phytoplankton cells as 

a function of temperature (Fig. 15). Under low temperatures, cells require less 
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metabolic coupling, likely also because of the relatively lower PMF consumption by the 

CCM under low temperatures. In this situation, the respiratory ETC seems to be 

primarily fueled by reductant extracted during the traditional heterotrophic pyruvate 

respiration in the TCA cycle (Fig. 15a). Under high temperatures, in turn, cells employ 

the metabolic coupling to fuel plastidial reductant to the mitochondrial ETC more 

directly, skipping the contribution of carbon-dissimilatory processes for reductant 

generation (Fig. 15b). This mechanism also explains the stimulation of biomass 

retention that is widely observed in phytoplankton when grown under increasing 

temperatures. 

 

Fig 15. Simplified pathways of reductant flow through phytoplankton cells at low temperatures (a) and 
high temperatures (b), when the prime alternative electron flow pathway is a re-routing of plastidial 
reductant into mitochondrial respiration. Arrows indicate reductant flow. 

 

6.2.3.3. Metabolic coupling affects net O2 production and net C-fixation 

opposingly 

The metabolic coupling of chloroplasts and mitochondria not only regulates PMF and 

reductant flow through phytoplankton cells, but in further instances also strongly affects 

net cellular O2- and C-fluxes. Despite steady gross O2 production rates across the 

investigated temperature gradient, net O2 production rates strongly decreased towards 

high temperatures, because of the stimulated respiratory O2 consumption (Publication 

II, III, IV). The downregulation of TCA cycle activity and thus the decrease in respiratory 

CO2 loss led, in turn, to massively stimulated net C-fixation rates (Publication II).  

The described diverging warming responses of O2- and C-based net photosynthetic 

rates were also reflected on the community level (Publication III, IV). Even though the 
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open-ocean and coastal communities differed in composition, i.e. Phaeocytsis-

Chaetoceros and Navicula-Fragilariopsis dominance, respectively, communities from 

both habitats showed the phenomenon of stimulated biomass accumulation despite a 

lowered net O2 production. Such a decrease of net O2 production on a community level 

under warming has also been observed in benthic communities of Fjord systems in 

northern Norway and Svalbard (Hancke & Glud, 2004), and a stimulation of biomass 

accumulation despite decreased net O2 production was also signified in a mesocosm 

study with North sea phytoplankton spring bloom communities (Ahme et al., 2024). 

Apparently, the metabolic coupling as the dominant AEF pathway under warming has 

not only been verified for T. hyalina in this dissertation, but the mechanism is also 

indicated in different natural phytoplankton community experiments, apparently 

independent of species composition. Consequently, it appears to be a fundamental 

physiological regulation strategy of phytoplankton from polar and temperate habitats 

under warming. 

 

6.3. How light modulates phytoplankton temperature responses 

Phytoplankton physiology is controlled not only by temperature but also by other 

environmental drivers such as light and nutrient availability, which are also affected by 

climate change (e.g. Doney et al., 2012; Cooley et al., 2022). Several studies have 

already shown that these different environmental drivers modulate each other9s 

responses in phytoplankton. Therefore, to understand how temperature affects 

phytoplankton physiology on a broader level, it is also essential to elucidate how 

thermal sensitivities of physiological processes are modulated by e.g. variations in light 

intensity (e.g. Geider, 1987; Behrenfeld et al., 2008; Chen et al., 2015; Edwards et al., 

2016; Anderson et al., 2022). After discussing overarching temperature responses and 

physiological regulation strategies in general (see chapter 6.2), the following chapter 

will unravel how light levels may have modulated these findings by explicitly comparing 

temperature responses under saturating light (100 µmol photons m-2 s-1; Publication I) 

and limiting light (30 µmol photons m-2 s-1; Publication II, III, IV). 
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6.3.1. Temperature-light interaction modulates the interplay of cell 

division and biomass production 

Differences in light intensities affect the shape of temperature response patterns for 

growth rates in phytoplankton. While all investigated species showed typical unimodal 

growth rate responses towards the applied temperature gradient under saturating light 

(Publication I), cells did not exhibit any stimulation in growth rates under warming when 

light-limited (Publication II). This temperature-light interaction has previously been 

observed in several phytoplankton species, where lower light intensities generally 

decreased optimal growth temperatures, and light-limited cultures did not exhibit 

stimulated growth rates under warming at all (Edwards et al., 2016). In turn, under 

saturating light intensities, warming can increase growth rates, when both, light 

intensity and temperature increase, so that phytoplankton may exhibit higher optimal 

growth temperatures and reach higher maximal growth rates (Chen et al., 2015; 

Edwards et al., 2016; Coyne et al., 2021).  

Under saturating light, biomass production rates of all investigated single-strains 

responded similarly as the growth rates, i.e. they followed unimodal temperature 

response patterns (Publication I), whereas optimal temperatures and temperature 

sensitivities were also likely lowered under limiting light (Publication II). Publication I 

showed that the thermal sensitivities, i.e. the slope of warming-induced stimulation as 

well as the optimal temperatures of specifically the processes of cell division and 

biomass production diverged, leading to different patterns of cellular biomass quotas 

(Morel, 1987). In that study, T. hyalina exhibited a higher temperature sensitivity in cell 

division than in biomass production with warming, resulting in a U-shaped response 

pattern of biomass quotas (Fig. 16a). Under limiting light (Publication II), however, T. 

hyalina experienced the above described suppression on cell division under higher 

temperatures whereas net C-fixation rates indicated an optimum curve of biomass 

production. Thus, biomass production exhibited a higher temperature sensitivity as well 

as a higher optimal temperature than cell division, which is also reflected in a more or 

less linearly decreasing temperature response pattern of the resulting biomass quotas 

(Fig. 16b). Consequently, temperature responses of underlying physiological 

processes such as cell division or biomass production are modulated by light, and also 

the resulting biomass quotas are shaped by this interaction.  
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Fig 16. Schematic illustration of the interplay of the temperature response patterns of cell division (blue) 
and biomass production (orange), which shape the response patterns of biomass quotas (grey) in 
Thalassiosira hyalina under (a) light saturation and (b) light limitation. Modified after Publication I. 

 

6.3.2. Temperature and light can synergistically increase maximum 

photosynthetic efficiencies of PSII 

The photophysiological data revealed a similar temperature-light interaction on 

electron transport as in growth and biomass production: As postulated above T. hyalina 

as well as both, the open-ocean and coastal natural communities experienced 

gradually decreased rETRs with warming at a limiting incubation light intensity, which 

cells compensated by an upregulation of light harvesting abilities and thereby achieved 

maintained absETRs per PSII (Publication II, III, IV, see chapter 6.2.2). Under 

saturating light, however, all investigated single-strains including the same strain of T. 

hyalina showed more or less unchanged rETRs in response to warming, but still 

increased light harvesting abilities, so that cells experienced even a stimulation in 

absETRs under warming up to a species-specific optimum (Publication I). Even though 

it might not be surprising that light intensity has a huge effect on light harvesting 

abilities (e.g. MacIntyre et al., 2002; Graff et al., 2016; Hoppe et al., 2018; Campbell & 

Serôdio, 2020), it underlines the close interaction of temperature and light on the 

photosynthetic efficiency.  

Furthermore, when cells become increasingly light limited with warming, this also has 

the potential to <unleash= photosynthesis: Under increasing temperatures, also higher 

maximum ETRs (relative and absolute) can be achieved (Publication I, II, III), 

especially under abrupt high-light exposure (Rehder 2023). Thus, higher temperatures 
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enable phytoplankton to exploit higher light intensities, underlining synergistic 

beneficial interaction of elevated temperature and light on photosynthetic efficiency of 

PSII (Rehder et al., 2023; Rokitta et al., 2023).  

 

6.4. A matter of time and company – abrupt versus acclimation 

temperature responses in single-strain or community incubations 

Temperature responses on phytoplankton strongly depend on exposure time-scales, 

i.e. abrupt vs. acclimation effects (Strock & Menden-Deuer, 2021; Rehder et al., 2023), 

but also on potential intra- or inter-specific competition (Irwin et al., 2006; Marinov et 

al., 2010; Wolf et al., 2018). 

Abrupt temperature increases typically result in a stimulation of photosynthetic and 

respiratory rates until a process-specific optimum (Barton et al., 2020; Rehder et al., 

2023). Over the course of acclimation, however, phytoplankton apparently seeks to 

adjust their photosynthetic processes on constant levels across large parts of their 

thermal range, while respiratory processes are a fundamental part of the regulation 

inventory to plastically respond to ocean warming and do not approach constant rates 

irrespective of temperature (see chapter 6.2; Publication II). Especially the observed 

downregulation of TCA cycle activity in response to increasing temperatures on 

acclimation time-scales (Publication II) has been confirmed as a direct response to 

abrupt temperature increases in P. tricornutum (Rehder et al., 2023). This indicates 

that the metabolic coupling instantaneously responds to temperature, and sustains 

under acclimation. Consequently, net C-fixation rates, likely exhibit distinct 

temperature response patterns on both, abrupt as well as acclimation time-scales, 

whereas the temperature sensitivity on short time-scales is likely higher than on 

acclimations time-scales due to the stimulatory response of gross C-fixation (Fig. 17a 

and b; Publication II; Rehder et al., 2023).  

In natural phytoplankton communities, differences of abrupt and <acclimation= 

responses can be expected to be more complex than in single-strain incubations. Next 

to the continuous acclimatory adjustments of cells, also competition for resource 

availability and species selection processes affect community structure and thus the 

overall physiological output in terms of net biomass accumulation or net O2 production 

(Sommer, 1996; Descamps-Julien & Gonzalez, 2005; Wolf et al., 2018). Thereby, the 
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sum of individual physiological responses is directly depending on community 

composition, which is amplified by the aspect of community shifts towards best adapted 

strains and species.  

Even though, single-strain incubations revealed an optimum curve temperature 

response pattern of net C-fixation over the course of acclimation (Fig. 17b; Publication 

I, II), the investigated natural communities from both habitats seemed to exhibit a 

gradual stimulation of net C-fixation over the same temperature gradient, indicated by 

the responses of biomass accumulation rates (Fig. 17c; Publication III, IV). This was 

likely a result of species-selection for highest growth rates and may have thereby 

masked detrimental temperature effects on the Calvin cycle in typical Arctic 

phytoplankton species, because communities develop in a way that in sum, they can 

maintain gross C-fixation also under higher temperatures than the applied warming 

treatment of 9°C. The metabolic coupling, however, was also indicated on a community 

level, so that the respiratory CO2 loss was probably still lowered under higher 

temperatures, which overall explains the observed gradually increasing net biomass 

accumulation (Fig. 17c; Publication III, IV). 

 

Fig 17. Schematic illustration of temperature responses of net C-fixation (dark green), gross C-fixation 
(light green) and respiratory CO2 loss (orange), (a) when a low temperature acclimated single-strain 
culture is abruptly exposed to increasing temperatures, (b) when this single-strain culture is acclimated 
to the higher temperatures and (c) when a community was exposed to increasing temperatures over 
weekly time-scales and underwent selection for better-adapted species and strains. Solid-lines indicate 
measured temperature responses, the dashed lines indicate suggested temperature response patterns 
assuming more or less constant gross C-fixation and lowered respiratory CO2 loss, due to the metabolic 
coupling (see chapter 6.2).  
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6.4.1. Abrupt cooling impacts phytoplankton communities at least as 

much as abrupt warming 

Publication IV revealed that short-term temperature responses in the context of 

heatwaves cannot be directly predicted, neither by community composition nor by 

physiology, which seems to originate especially from the cooling phase in the end of a 

marine heatwave. Under the first initial abrupt warming, communities that were 

exposed to the heatwave scenario, responded similar as under the control treatment 

which was close to in-situ temperature. The abrupt cooling after the heatwave scenario, 

however, inhibited net primary production so strongly (NPP; measured using the 14C 

method), that communities experienced lower NPP rates than the control treatment at 

the same temperature, very similar to abrupt cooling responses of P. tricornutum 

(Rehder et al., 2023). Especially the moderate heatwave scenario (+4°C) exhibited 

distinct shifts in community composition after the abrupt cooling, indicating a stronger 

selection pressure than under stable warming treatments, which may have also 

affected the overall physiology. A physiological reason for detrimental effects instead 

of a relief from acute temperature stress after both heatwave scenarios (+4°C and + 

7°C) could furthermore be found in the photophysiological adjustments of the light 

harvesting abilities. During the heatwave scenario, communities upregulated their light 

harvesting abilities to compensate for a temporal warming-induced light limitation as 

physiologically resolved in detail in Publication II (see chapter 6.2.2). When 

temperature was afterwards abruptly decreased at the end of the heatwave, 

communities were apparently unable to quickly downregulate light harvesting abilities 

as indicated by unaltered high antenna sizes (Publication IV), even though the lower 

temperatures likely alleviate the warming-induced light limitation. Thus, communities 

likely experienced cold-induced high-light stress, in turn, because of the abrupt 

inhibition of thermodynamic processes, indicated by slower re-opening times of PSII, 

despite unchanged high light harvest. This may explain the more severe effects on the 

photosynthetic light reactions from abrupt cooling than abrupt warming, which 

potentially also resulted in a higher species selection pressure, as a fast and efficient 

light harvesting regulation is likely favorable under fluctuating temperatures.  
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6.5. Future perspectives 

6.5.1. Further elucidation of the metabolic coupling 

The metabolic coupling of chloroplast and mitochondria (see chapter 6.2.3) seemed to 

be fundamental across all investigated species and communities under limiting light 

conditions (Publication II, III, IV). However, the magnitude of reductant re-routing is 

most likely modulated by acclimation light intensities, as it is strongly depending on an 

8overreduction9 of the chloroplasts (Burlacot, 2023). This suggests an even stronger 

need of cells to fuel plastidial reductant directly into mitochondrial ETC under warming 

when acclimation light intensities are higher, as they likely cause a more pronounced 

8overreduction9 of the photosynthetic ETC. Temperature responses of the respiratory 

O2 consumption in the light under abrupt high light exposure, indicate a temporal 

stimulation of O2 consuming AEFS, especially under warming (Publication II). If an 

NADPH dissipation is, however, facilitated by a stronger operation of the metabolic 

coupling or if other AEF pathways, such as Mehler reaction or PTOX additionally 

contribute (Curien et al., 2016; Burlacot, 2023), remains puzzling. Furthermore, it also 

remains unknown, if a combined warming and high light exposure over acclimation 

time-scales would actually even intensify the need to dissipate reductant or if cells 

involve other regulatory inventory to adjust physiology. Since the downregulation of 

respiratory CO2 loss highly effects cellular C biomass retention, which may even have 

effects on an ecosystem level, further experiments on the metabolic coupling and other 

potential AEFs should put special emphasis on the following aspects, especially in 

regards of combined increases in temperature and light intensity: (1) an elucidation of 

the plastidial overreduction using e.g. electrochromic shift measurements (Bailleul et 

al., 2015), (2) a quantification of a potential further downregulation of the TCA cycle 

using MIMS approaches including isotopic labelling of CO2 to distinguish between 

respiratory CO2 loss in the light and dark and ultimately confirm a light-depending 

regulation of the TCA activity (3) and the verification of reductant shuttling using e.g. 

proteomics.  
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6.5.2. Possible warming effects on photosystem I 

The regulation of PSII light harvesting abilities was found to be essential as a 

compensation strategy for the increasing warming-induced light limitation, but also 

seemed to be a reason for severe impacts in response to abrupt cooling in the end of 

marine heatwave scenarios. This dissertation elucidated PSII photophysiology on a 

detailed level, however, it remains open how temperature actually affects PSI and its 

associated antenna complex. Although PSI is often considered more stable towards 

environmental stressors than PSII (Scheller & Haldrup, 2005), a protection of PSI 

under temperature- or light-stress seems essential because of its time- and energy-

expensive recovery in comparison to PSII (Bernhard Teicher et al., 2000; Sonoike, 

2011). To this end, future studies on mechanistic physiological temperature responses, 

especially on abrupt time-scales, should also investigate PSI responses. In regard of 

increasing temperatures, there are different possibilities, how PSI may be affected (Fig. 

18): It could respond similar to warming as PSII, i.e. PSI experiences a warming-

induced light limitation, which cells compensate by upregulating PSI light harvesting 

abilities. This would likely maintain a balance between PSII and PSI, thereby ensuring 

stable NADPH generation and avoiding redox stress due to <electron traffic jams= 

during the photosynthetic ETC (Fig. 18a). PSI could, however, also experience 

warming-induced light limitation, but cells cannot invest into a regulatory compensation 

of the LHC. This would likely result in a less efficient PSI electron excitation and a 

reduced electron transfer to FNR. As a consequence, cells would likely experience 

lowered NADPH generation, but also an accumulation of electrons between PSII and 

PSI. Such an <electron traffic jam= would require electron dissipation between PSII and 

PSI, for instance involving PTOX, to avoid redox stress in the ETC, rather than 

employing the metabolic coupling (Fig. 18b). To compensate for a warming-induced 

light limitation of PSI without upregulation of LHC, cells could furthermore also 

decrease the PSII:PSI stoichiometry. A higher relative abundance of PSI could thus 

ensure maintained NADPH generation and avoid redox stress (Fig. 18c). Finally, PSI 

may actually be stimulated by warming instead of inhibited. This would probably have 

no effect on NADPH generation, as PSII and PSI efficiency would scale in balance 

(Fig. 18d). 
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Fig 18. Different possibilities of photosystem I (PSI) responses to increasing temperatures, when 
photosystem II (PSII) exhibits upregulated light harvesting complexes (LHCs) under warming. (a) PSI 
responses similar as PSII, i.e. PSI experiences thermal-induced light limitation and exhibits upregulated 
LHCs, (b) PSI experiences thermal-induced light limitation, but does not upregulation LHCs. As a 
consequence, less NADPH is generated and electrons are dissipated into plastidial terminal oxidation 
(PTOX), (c) PSI experiences thermal-induced light limitation, but does not upregulation LHCs. As a 
compensation, cells increase PSI abundances to maintain the NADPH pool, and (d) PSI does not 
experience thermal-induced light limitation, i.e. no compensation is necessary. 

To this end, in future experiments absorption cross sections of PSI as a proxy for 

antenna size by means of pulse amplitude modulation (PAM) and combined 

spectrophotometric assessments of PSI photo-oxidation kinetics (Zipfel & Owens, 

1991; Ryan-Keogh et al., 2012) should be investigated. PSI:PSII stoichiometry can 

also be assessed spectrophotometrically (Falkowski & Owens, 1980; Falkowski et al., 

1981) and could further be quantified using proteomic analysis (Kranz et al., 2010; 

Levitan et al., 2010; Schober et al., 2019). This would allow a more holistic view on the 

photosynthetic light reaction under temperature changes and should also include 

marine heatwave simulation experiments, as here a proper regulation mechanism of 

PSI would be most essential, especially in response to cooling phases. 
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6.6. Conclusion – resolving the elephant 

This dissertation aimed to dissect temperature responses in Arctic microalgae on a 

detailed physiological level. Temperature response patterns diverged between 

functional traits as well as species, especially the ones of cellular quotas. This may 

remind one to the parable of <The elephant in the dark= (Shah, 1974), in which blind 

people experience an elephant differently according to their subjectivities (Fig. 19). If 

only bits and pieces are investigated separately, we risk to miss the whole picture or 

even come up with a wrong assumption. Thus, holistic experiments on multiple 

functional traits at numerous temperatures in several taxonomic groups are necessary 

to <resolve the phytoplankton= and understand temperature effects on phytoplankton 

physiology on a broader view. 

 

Fig 19. Illustration of the parable <The elephant in the dark=, modified after Hans Møller.  

Despite the many diverging functional trait responses, the combined approach of 

detailed single-strain characterizations as well as ecologically more relevant 

community experiments enabled me to identify fundamental mechanisms how cells 

adjust their physiology over a wide temperature gradient and thereby maintain 

metabolic homeostasis. Especially, the upregulation of light harvesting abilities and the 

metabolic coupling seems fundamental for Arctic phytoplanktons` high plasticity 

towards ocean warming. This was reflected in the optimal temperatures for growth and 

biomass production, which exceeded those in the present Arctic Ocean, suggesting a 

stimulation of biomass accumulation at least under moderate warming. Data of 

photophysiological assessments further signify synergistic beneficial effects on 

photosynthetic processes under a combined increase of temperature and light 

intensity, as it is projected for the future Arctic Ocean. 
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Supporting Information of Publication I 

Table S1 Photosynthesis-irradiance- (PI-) parameters of Thalassiosira hyalina, 

Micromonas pusilla and Nitzschia frigida. 

Table S2 Statistical parameters of linear and quadratic least squares regressions of 

Thalassiosira hyalina. 

Table S3 Statistical parameters of linear and quadratic least squares regressions of 

Micromonas pusilla. 

Tab. S4 Statistical parameters of linear and quadratic least squares regressions of 

Nitzschia frigida. 

Fig. S1 Exemplary micrographs of cultivated Nitzschia frigida. 

Fig. S2 Non-photochemical quenching (NPQ) of Thalassiosira hyalina, Micromonas 

pusilla and Nitzschia frigida. 
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Tab S2 Statistical parameters obtained from linear or quadratic least squares regressions of functional 
trait parameters of Thalassiosira hyalina. 

 

Tab S3 Statistical parameters obtained from linear or quadratic least squares regressions of functional 
trait parameters of Micromonas pusilla. 

 

Tab S4 Statistical parameters obtained from linear or quadratic least squares regressions of functional 
trait parameters of Nitzschia frigida. 
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Fig. S1 Exemplary micrographs of cultivated Nitzschia frigida, 0°C (A and B) and 11°C (C and D), 
black bars indicate 200 μm (A, C), 50 μm (B) and 20 μm (D).  

 

Fig. S2 Non-photochemical quenching (NPQ) of Thalassiosira hyalina (A), Micromonas pusilla (B) and 
Nitzschia frigida (C) at increasing irradiances obtained from a fluorescence light curve. Colors indicate 
acclimation temperatures, whereof blue reflects temperatures below growth optimum, purple reflects 
the optimum growth temperature and red reflects temperatures beyond growth optimum. 
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Supporting Information of Publication II 

Fig S1. Relative electron transport rates (rETR) at in-situ light intensity of 30 µmol 

photons m-2 s-1 at different acclimation temperatures (2°C, 6°C and 10°C) in 

Thalassiosira hyalina. 

Fig S2. Photosynthetic (PQ) and respiratory (RQ) quotients at in-situ light intensity of 

30 µmol photons m-2 s-1 at different acclimation temperatures (2°C, 6°C and 10°C) in 

Thalassiosira hyalina. 

 

Fig S1. Relative electron transport rates (rETR) at in-situ light intensity of 30 µmol photons m-2 s-1 at 
different acclimation temperatures (2°C, 6°C and 10°C) in Thalassiosira hyalina. 

Fig S2. Photosynthetic (PQ) and respiratory (RQ) quotients at in-situ light intensity of 30 µmol photons 
m-2 s-1 at different acclimation temperatures (2°C, 6°C and 10°C) in Thalassiosira hyalina. 
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Supporting Information of Publication IV 

Fig S1. Weighted means over time of additional parameters. 

Fig S2. Relative composition of top 5 genera by treatments at initial timepoint and final 

timepoint. 

Fig S3. Rates of Net primary production (NP; 14C), gross O2 production (GP) and 
respiratory O2 consumption in the dark (DR) at timepoint (t) 2 and 3 of the stable 
temperature treatments. 

 

  

Fig S1. Weighted means over time of additional parameters. a) and b) Chl a:POC ratios, c) and d) 
relative electron transport rates at experimental light intensity, e) and f) PSII re-opening time. Left: stable 
temperature treatments, right: heatwave treatments. 



Appendix 

145 
 

 

Fig S2. Relative composition of top 5 genera by treatments at initial timepoint and final timepoint. 
Numbers describe relative abundance of assigned ASVs in percent. 
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Fig S3. Rates of Net primary production (NP; 14C), gross O2 production (GP) and respiratory O2 
consumption in the dark (DR) at timepoint 2 and 3 of the stable temperature treatments. 
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