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Abstract 

Climate change is massively reshaping aquatic ecosystems, for example, by altering nutrient 

cycles, increasing water temperatures and intensifying the frequency and intensity of extreme 

events such as heatwaves and heavy rainfall events. These environmental changes have far-

reaching consequences for the structure and functioning of phytoplankton communities which 

determine the food quantity (biomass) and quality (stoichiometry) available to higher trophic 

levels and thus, form the foundation of aquatic food-webs. Even though significant progress 

has been made to understand how phytoplankton respond to shifts in its environment, critical 

knowledge gaps remain. For example, experimental studies often focus on mean warming levels 

or nutrient concentrations, even though nature is determined by more complex facets of these 

parameters. Furthermore, despite their pivotal role, phytoplankton communities are often 

underrepresented in ecosystem-level assessments, leading to an incomplete understanding of 

how climate-induced changes at the base of the food web cascade through trophic levels. This 

thesis addresses these gaps by integrating long-term monitoring data with targeted experiments 

to unravel the effects of a wide range of facets of climate change on phytoplankton communities 

and link experimental insights to monitoring findings.  

After a general introduction (chapter 1), chapter 2 synthesizes population trends and highlights 

the current status of phytoplankton relative to other ecosystem components in the natural 

environment. The results demonstrate that phytoplankton as a group show as many positive as 

negative population trends, whereas fish and zooplankton show overall decreasing population 

trends. However, as several phytoplankton classes demonstrate overall decreasing trends, this 

clearly shows a drastic reorganization of coastal communities, including phytoplankton. The 

reasons for these alterations are based on an interplay of local pressures (e.g., shifts in the 

nutrient regime) and global stressors (e.g., global warming) which are individually and in 

interaction addressed in chapters 3-6. In chapter 3, I conducted an indoor mesocosm experiment 

and showed that warming increased the compositional and functional variability (biomass, 

gross oxygen productivity) of a temperate protist community, whereas its stoichiometry 

remained largely unaffected by temperature.  This is in line with the findings from a laboratory 

experiment in chapter 4 in which no effect of warming or the rate of temperature change on the 

community stoichiometry was found. In turn, I experimentally showed that phytoplankton 

community stoichiometry is strongly influenced by nutrient dynamics (chapter 4-6). However, 

the stoichiometric response goes beyond prevailing nutrient conditions and associated 

limitation patterns (chapter 4) but is additionally shaped by the nutrient supply ratio, the relative 
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timing and interaction with temperature (chapter 4). Additionally, varying the temporal pattern 

of nutrient pulses during in-situ mesocosm experiments (chapter 5-6) showed that 

phytoplankton biomass fully recovered from an extreme nutrient and cDOM pulse, whereas 

multiple pulses of higher frequency gradually increased the biomass. In terms of stoichiometry, 

however, the extreme pulse led to the lowest stability (chapter 5). The direction of 

phytoplankton responses was consistent across seasonal and spatial settings, whereas the 

magnitude of changes was strongly influenced by seasonal and site-specific characteristics, 

such as the trophic status of a system (chapter 6).Overall, this highlights that extreme rainfall 

events, which are predicted to increase in frequency in the future, may destabilize 

phytoplankton stoichiometry, potentially leading to shifts in the consumer community 

composition (chapter 5) and thus, likely cascade through the food-web. 

In the synthesis of this thesis (chapter 7), I summarise these mechanistic findings (chapter 7.1 

and 7.2), transfer them to the ecosystem scale to use this knowledge for interpreting findings 

from long-term monitoring data (chapter 7.3) and highlight implications of phytoplankton 

changes for the food-web (chapter 7.4). Most dominantly, the here evidenced alterations of 

phytoplankton food quantity and quality impact higher trophic levels, for example, by inducing 

quality starvation, constraining the energy transfer efficiency and promoting shifts in grazer 

community composition which eventually impact fish and bird populations and communities. 

Ultimately, this thesis points to conducting ecologically relevant and transferable experiments, 

for example by using multi-driver and scenario-based approaches, alternative facets of 

environmental change or/and natural phytoplankton communities to increase our understanding 

of the fate of aquatic systems in the future. Beyond experimental implications, this thesis 

strongly highlights the importance of monitoring phytoplankton stoichiometry in environmental 

assessments to be aware of changes at the base of the food-web and potential critical thresholds 

that induce food quality limitation for higher trophic levels.  
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Zusammenfassung 

Der Klimawandel setzt aquatische Ökosysteme unter massiven Druck, indem er z.B. die 

Wassertemperaturen erhöht, Nährstoffkreisläufe verändert oder die Häufigkeit und Intensität 

von Extremereignissen wie Hitzewellen und Starkregenereignissen verstärkt. Diese 

Umweltveränderungen führen zu weitreichenden Folgen für die Struktur und Funktionsweise 

von Phytoplanktongemeinschaften, die die Menge (Biomasse) und Qualität (Stöchiometrie) der 

Nahrung bestimmen, die höheren trophischen Ebenen zur Verfügung steht und somit die 

Grundlage der Nahrungsnetze in aquatischen Systemen bildet. Obwohl in den letzten 

Jahrzehnten bereits große Fortschritte erzielt wurden, um die Veränderungen des 

Phytoplanktons infolge von Umweltveränderungen zu verstehen, bestehen noch entscheidende 

Wissenslücken. Beispielsweise konzentrieren sich experimentelle Studien häufig auf mittlere 

Veränderungen in der Temperatur oder Nährstoffverfügbarkeit, obwohl die Natur durch 

komplexere Facetten dieser Parameter bestimmt wird. Während Phytoplankton in der 

Wissenschaft eine zentrale Rolle in der Klimawandelforschung zugeschrieben wird, sind sie in 

Bewertungen über den Zustand von Ökosystemen, die an politische Entscheidungsträger 

herangetragen werden, häufig unterrepräsentiert. Die vorliegende Doktorarbeit schließt diese 

Lücken, indem sie zielgerichtete Experimente mit Langezeitbeobachtungsdaten verbindet, um 

die Auswirkungen einer Vielzahl von Facetten an Umweltweltveränderungen auf 

Phytoplanktongemeinschaften zu entschlüsseln. 

Nach einer allgemeinen Einführung (Kapitel 1), präsentiere ich eine Synthese von 

Populationstrends, um den aktuellen Status von Phytoplankton im Vergleich zu anderen 

Organismengruppen im Ökosystem zu betrachten (Kapitel 2). Die Ergebnisse zeigen, dass 

Phytoplanton als Gruppe sowohl positive als auch negative Populationstrends aufweist, 

während beispielsweise Zooplankton und Fische insgesamt rückläufige Trends zeigen. 

Gleichzeitig weisen jedoch eine Vielzahl von Phytoplanktonklassen negative Populationstrends 

auf, womit ich insgesamt eine drastische Umstrukturierung von Küstengemeinschaften, 

einschließlich des Phytoplanktons zeige. Die Gründe für diese Umstrukturierung beruhen auf 

einem Zusammenspiel aus lokalen (z.B. Verschiebungen in der Nährstoffverfügbarkeit) und 

globalen Stressoren (z.B. Klimaerwärmung), die einzeln und in Kombination in den Kapiteln 

3-6 behandelt werden. In Kapitel 3 zeige ich anhand eines Mesokosmos-Experiments, dass 

wärmere Temperaturen die Variabilität der Gemeinschaftszusammensetzung und 

Funktionsweise vom Phytoplankton erhöhen, während ihre Stöchiometrie weitgehend 

unbeeinflusst von der Temperatur bleibt. Dies spiegelt sich auch in einem Laborexperiment in 
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Kapitel 4 wider, bei dem keine Effekte von der Intensität oder Rate der Temperaturveränderung 

auf die Stöchiometrie der Phytoplanktongemeinschaft gefunden wurden. Allerdings zeigen 

Kapitel 4-6 eindeutig, dass die Nährstoffverfügbarkeit der wichtigste Treiber für die 

Stöchiometrie der Phytoplanktongemeinschaft ist. Dies geht jedoch über vorherrschende 

Nährstoffkonzentrationen oder Limitierungsmuster hinaus (Kapitel 4) und wird zusätzlich 

durch das Verhältnis von verfügbaren Nährstoffen zueinander, der Interaktion und dem relativen 

Zeitpunkt zu Temperaturveränderungen bestimmt (Kapitel 4). Die Variation des zeitlichen 

Musters von Nährstoffpulsen während in-situ Mesokosmos-Experimenten (Kapitel 5-6) zeigt 

zudem, dass sich die Phytoplanktonbiomasse von einem extremen Puls (als simuliertes 

Extremregenereignis) vollständig erholen kann, während die Stöchiometrie eine hohe 

langfristige Instabilität aufweist. Pulse mit höherer Frequenz, hingegen, zeigen ein 

gegensätzliches Muster von graduell ansteigender Biomasse und stabilerer Stöchiometrie 

(Kapitel 5). Die Richtung der Phytoplanktonreaktion war über getestete Jahreszeiten und Seen 

hinweg konsistent, während die Intensität der Veränderung im Phytoplankton eine hohe 

Kontextabhängigkeit zeigte (Kapitel 6). Insgesamt können also extreme 

Niederschlagsereignisse, deren Häufigkeit in Zukunft zunehmen wird, die Stöchiometrie von 

Phytoplankton destabilisieren, was zu Verschiebungen in der Zooplanktongemeinschaft führen 

(Kapitel 5) und sich entlang des Nahrungsnetz übertragen kann. 

In der Synthese der Doktorarbeit (Kapitel 7) fasse ich die experimentellen Ergebnisse 

zusammen (Kapitel 7.1 und 7.2), übertrage sie auf die Ökosystemskala, um diese Erkenntnisse 

für die Interpretation von Langzeitbeobachtungsdaten zu nutzen (Kapitel 7.3) und zeige die 

Auswirkungen von Phytoplanktonveränderungen auf das Nahrungsnetz auf (Kapitel 7.4). Die 

gezeigten Veränderungen der Quantität und Qualität von Phytoplankton wirken sich zunächst 

auf höhere trophische Ebenen aus, indem sie beispielsweise die Effizienz des Energietransfers 

einschränken oder zu Verschiebungen in der Zusammensetzung der Zooplanktongemeinschaft 

führen. Abschließend empfehle ich die Durchführung von ökologisch relevanten und auf 

natürliche Systeme übertragbaren Experimenten, z.B. durch die Verwendung von mehreren 

Treibern oder Szenario-basierten Ansätzen, alternativen Facetten von Umweltveränderungen 

und/oder natürlichen Phytoplanktongemeinschaften, um unser Verständnis für 

Ökosystemveränderungen zu verbessern. Neben experimentellen Empfehlungen unterstreiche 

ich die Bedeutung von Phytoplankton für Umweltbewertungen, um Veränderungen an der Basis 

des Nahrungsnetzes, die zur Einschränkung der Nahrungsbedingungen für höhere trophische 

Ebenen führen, frühzeitig zu erkennen. 

 



1 INTRODUCTION 

 1 

 
 
 
 
 
 
 
 
 

1 Introduction 
  



1 INTRODUCTION 

 2 

1.1 Changing the rules: how the climate crisis reshapes the aquatic environment 

Aquatic systems are increasingly exposed to cumulative pressures from local anthropogenic 

activities, such as tourism or fisheries, interacting with the large-scale pressures of climate 

change and eutrophication (Ramírez et al. 2018, IPBES 2019, Mazaris et al. 2019). On a global 

scale, greenhouse gas emissions following industrialization led to an average global 

temperature increase of 1.1°C at a mean warming rate of 0.06°C per decade since 1850 (IPCC 

2023). Anthropogenic activities have also significantly altered the global cycles of phosphorus 

and nitrogen, for instance, by increasing the phosphorus concentrations from wastewater and 

agriculture, and nitrogen compounds from the agricultural use of fertilizers that ultimately 

accumulate in aquatic ecosystems, especially in lakes and coastal ecosystems (Vitousek et al. 

1997, Filippelli 2008). Beyond their concentration, also the ratio between nutrients in the 

environment is significantly impacted by imbalanced anthropogenic inputs (Wu et al. 2022) as, 

for example, the global average nitrogen:phosphorus ratio in fertilizers has increased by 51% 

since 1975 (Peñuelas et al. 2013).  However, climate change is not only altering mean levels of 

environmental parameters but also the frequency and intensity of extreme events such as 

heatwaves, droughts, or heavy rainfall (IPCC 2023) which is accompanied by terrestrial run-

off of nutrients into lakes and coastal ecosystems. 

Understanding the effects of global change on aquatic ecosystems, however, requires 

considering the interplay of multiple environmental drivers to provide a comprehensive and 

realistic prediction of future scenarios. For example, rising surface water temperatures increase 

stratification globally by 0.9% per decade (Li et al. 2020), which weakens mixing and thus 

reduces nutrient supply to surface waters (Thomas et al. 2012). In lakes, in turn, increased 

stratification can reduce the oxygen content in the hypolimnion, causing internal fertilization as 

chemical processes release and accumulate nutrients that were previously bound in the sediment 

(Song et al. 2013). Strong eutrophication again can severely limit light availability (Wilhelm 

and Adrian 2008). To account for this interconnectedness and complexity of drivers, studies 

investigating the response of aquatic organisms to global change should aim to realistically 

mimic the changing environment, for example, by including a multi-driver perspective or the 

variability around changes in the mean within their study designs. 
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1.2 Scales of environmental change: local to global, from cells to ecosystems 

 The anthropogenic activities that impact aquatic ecosystems through interconnected pressures 

operate across different temporal and spatial scales (Petersen et al. 2009), from local over 

regional to global pressures (Figure 1.1). For example, pollution and nutrient input from a single 

sewage outfall are local stressors, while land use management, the agricultural landscape and 

the associated large-scale use of fertilizers can be classified as regional pressures, as they 

depend on national or regional regulations. Climate change and hence, global warming, can be 

classified as global pressures, although the effects of climate change are not evenly distributed 

across the globe (IPCC 2023) and aquatic systems (O'Reilly et al. 2015). Additionally, there are 

cross-scale feedbacks in which a global pressure, such as warming interacts with regional 

pressures, such as eutrophication (Petersen et al. 2009). 

Pressures from anthropogenic activities across temporal and spatial scales, in turn, affect 

aquatic systems on various ecological scales, from single cells over populations to entire 

ecosystems (Petersen et al. 2009) (Figure 1.1). Understanding these scales is necessary to 

adequately address environmental responses resulting from local, regional and global pressures 

and assigning them to logical management levels. Scientific studies experimentally mimic these 

pressures in laboratory experiments, which typically target small and short-lived species such 

as phytoplankton and zooplankton, whereas mesocosms allow for the incubation of more 

complex aquatic communities (Gerhard et al. 2023). Both experimental approaches usually 

address pressures on shorter time scales (Petersen et al. 2009) or test the effects of pressures 

that occur on long time scales (e.g., warming) in a compressed experimental duration (Peck et 

al. 2009). Long-term monitoring fills this gap and provides a realistic picture of the past and 

present derived from the natural environment.  

By integrating these approaches, we can build a mechanistic understanding of individual and 

multiple pressure effects on specific ecosystem components, relate the findings from 

populations to communities, and ultimately, use this knowledge to interpret long-term 

monitoring data and enhance our holistic understanding of climate change effects on aquatic 

ecosystems. 
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Fig. 1.1: Ecological systems, pressures and scientific exploration across temporal and spatial scales. Ecological 
systems range from biochemical reactions on cell-level over populations of small, short-lived organisms to 
communities and larger organisms (such as birds and fish) to the entire ecosystem perspective. Pressures act on 
local scales (such as wastewater outlets), on regional scale (such as extreme events and agricultural use of 
fertilizers) and with climate change on the global scale. Scientific studies explore the responses of ecological 
systems to these pressures, for example, in laboratory experiments, mesocosm studies, whole-lake experiments or 
via long-term monitoring and time series analyses. Along these scales, the complexity and realism that these 
scientific approaches address increases. Modified after Petersen et al. (2009). 
 
 
1.3 The central role of phytoplankton in the aquatic ecosystem  

Although phytoplankton only contribute between 1 and 2% to the total global plant carbon 

biomass (Falkowski 1994), they hold global relevance as major primary producers (Field et al. 

1998) and play a vital role in the Earth’s climate by driving the cycling of carbon and oxygen 

(Falkowski 1994, Falkowski et al. 2008). In the process of photosynthesis, phytoplankton 

produces a large proportion of the world’s oxygen and simultaneously transforms atmospheric 

carbon dioxide into organic matter which later contributes to carbon sequestration in the deep 

sea and lake sediments, or fuels the aquatic food web (Falkowski 1994, Li et al. 2023).  

However, phytoplankton react sensitively to changes in their environment such as seasonal 

changes, short-term disturbances or long-term climate change. Their extraordinarily high 

diversity in physiology (dominant pigment type, light and nutrient uptake parameters, 

temperature optima) and morphology (shape, size, biovolume, mucilage) (Litchman and 

Klausmeier 2008, Weithoff and Beisner 2019) contains a variety of strategies to cope with those 

changes via shifts in community composition or intracellular acclimation. For example, 

inherent nutrient acquisition traits, including maximum uptake rates and subsistence quotas 

directly regulate phytoplankton elemental assimilation, creating a critical bridge to cellular 

stoichiometry (Edwards et al. 2012). 
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Phytoplankton stoichiometry is defined as the cellular elemental composition of essential 

macromolecules, most commonly carbon (C), nitrogen (N) and phosphorus (P) for example 

bound into proteins, lipids, carbohydrates and nucleic acids of the cell (Geider and La Roche 

2002, Liefer et al. 2019). The structural stoichiometry i.e., the composition of the functional 

machinery of the cell, is rather constant and determines the species’ nutrient requirements 

(Sterner and Elser 2002). However, phylogenetic differences in the composition of 

macromolecular compounds into which C, N and P are bound among major phytoplankton 

groups lead to group-specific, but also species-specific, variations in the C:nutrient ratios (Rhee 

and Gotham 1980, Finkel et al. 2009, Finkel et al. 2016). For example, cyanobacteria exhibit 

comparably low cellular C:N ratios, whereas Bacillariophyta and Chlorophyta fall within the 

intermediate range and Dinophyta demonstrate the highest cellular C:N ratios (Finkel et al. 

2016). 

During the onset of stoichiometry research, Redfield (1958) proposed the key concept of a mean 

universal C:N:P ratio of 106:16:1 in marine phytoplankton. However, more recent studies show 

that a strong latitudinal pattern underlies this generalization with ratios of 195:28:1 in the 

nutrient-deplete, warm low-latitude gyres, 137:18:1 in nutrient-rich, warm upwelling zones, 

and 78:13:1 in nutrient-rich, cold high-latitude regions (Martiny et al. 2013). Further important 

elements such as iron (Fe) or silicate (Si) were proposed to be included in the stoichiometric 

framework (Quigg et al. 2003), but still receive scarce consideration in studies on elemental 

ratios, although these micronutrients limit phytoplankton growth in certain regions (e.g., Martin 

et al. 1990). Nonetheless, this underlines that phytoplankton stoichiometry is not static but 

systematically varies depending on environmental conditions. 

Over the years, more underlying processes have been identified to lead to plasticity in the 

cellular stoichiometry of phytoplankton. For example, the physiological demands for the 

allocation of nutrients depend on the growth phase of the phytoplankton as explained by the 

growth-rate hypothesis (Sterner and Elser 2002). During the exponential growth phase, such as 

the onset of a bloom event, a higher assimilation of phosphorus-rich ribosomes, and thus a 

lower N:P supply ratio, is required for protein synthesis (Klausmeier et al. 2004, Gerhard et al. 

2019). During the stationary phase, phytoplankton cells prioritize the synthesis of nitrogen-rich 

proteins to facilitate metabolic processes (Klausmeier et al. 2004, Gerhard et al. 2019). At these 

low growth rates, phytoplankton stoichiometry often matches their nutrient supply (Sterner and 

Elser 2002, Klausmeier and Litchman 2004). Besides nutrient acquisition traits, also the cell 

size or the ability to store excess nutrients, influence the stoichiometry of a population 

(Litchman and Klausmeier 2008, Marañón et al. 2013).  
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Thus, both the stoichiometric plasticity of the present species in response to environmental 

conditions (Geider and La Roche 2002) and shifts in group composition (Finkel et al. 2016) can 

explain shifts in community stoichiometry in space and time.  

1.3.1 Phytoplankton growth and stoichiometry in a changing environment 

Phytoplankton grows in the euphotic zone of aquatic systems where the concentration of 

inorganic nutrients, light, and temperature naturally vary in space and time (Tanioka and 

Matsumoto 2020). Even though they can cope with these natural variations within their habitat-

specific conditions, they are increasingly stressed by long-term environmental changes (press 

disturbances) and fluctuations with increased intensity and frequency (pulse disturbances) 

imposed by anthropogenic climate change. These pressures do not only alter mean conditions 

(e.g., average temperature, nutrient conditions), but also the temporal and spatial variance 

around these conditions.  

Generally, phytoplankton populations follow genotype-specific performance curves along 

environmental gradients. For example, growth in response to warming follows a unimodal, left-

skewed curve that increases exponentially or linearly under colder temperatures and decreases 

sharply after its temperature optimum (Eppley 1972, Kontopoulos et al. 2024). Under 

increasing light, the growth curve initially increases linearly, saturates at an optimum light 

intensity and then slowly decreases due to photo-inhibition (Langdon 1988, Litchman and 

Klausmeier 2008). Nutrients show a typical saturation function with a rapid increase in low 

nutrient concentrations (Eppley et al. 1969).  

Phytoplankton stoichiometry, as a second major performance parameter, shows an increased 

C:P and a stable C:N ratio in response to warming (Fig. 1.2, Yvon-Durocher et al. 2017, Verbeek 

et al. 2018, Tanioka and Matsumoto 2020). The mechanisms behind this are still under debate 

but include an increased metabolic stimulation of carbon versus phosphorus uptake or an 

enhanced resource use efficiency under warming (Paul et al. 2015). With increasing light, both 

C:nutrient ratios increase as phytoplankton down-regulates the production of light-harvesting 

nitrogen-rich pigments and proteins to avoid photooxidative stress while increased carbon 

fixation enhances the storage of lipids and polysaccharides (Berman-Frank and Dubinsky 1999, 

Tanioka and Matsumoto 2020, Heinrichs et al. 2024). Similarly, rapid carbon fixation at high 

light conditions outpaces phosphorus uptake and thus, decouples carbon and phosphorus 

assimilation leading to increased carbon relative to phosphorus (Hessen et al. 2002, Hessen et 

al. 2008, Tanioka and Matsumoto 2020). Additionally, both C:nutrient ratios decrease with the 
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concentration of the respective nutrient until reaching a saturation which is largely controlled 

by nutrient storage strategies (Tanioka and Matsumoto 2020).  

 

 

Fig. 1.2: Illustration of how expected future environmental changes affect the cellular allocation of volume 
between phosphorus-rich (blue), nitrogen-rich (red), and carbon-rich (orange) pools and modulate phytoplankton 
C:N and C:P ratios. Decreasing P supply leads to a decrease in P and N pools and thus, an increase in both 
C:nutrient ratios. A decrease in N supply negatively affects cellular N pools and decreases the C:N ratio. 
Decreasing light increases the C pool, while decreasing both nutrient pools which lead to increases in both 
C:nutrient ratios. Warming increases the C pool but decreases the P pool and by this induces an increase in C:P 
ratios.  Modified based on Tanioka and Matsumoto (2020). 
 
The past decades have been used to extensively study the response of phytoplankton 

performance to individual drivers. However, the natural world is multi-factorial and its drivers 

never act in isolation. Therefore, to make ecologically relevant estimates and predictions of 

climate change, it is important to consider the interaction of effects between environmental 

drivers (e.g., Thomas et al. 2017, Heinrichs et al. 2025). Multiple experiments demonstrated 

interactive effects of two environmental factors on phytoplankton performance, e.g., 

temperature and light (Dauta et al. 1990, Edwards et al. 2016), temperature and nutrients 
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(Thomas et al. 2017, Thrane et al. 2017, Marañón et al. 2018, Verbeek et al. 2018) or even 

threefold interactions (Spilling et al. 2015, Heinrichs et al. 2024, Heinrichs et al. 2025). 

For the temperature-light interaction, light limitation was shown to decrease the temperature 

optimum of phytoplankton populations by ~ 5°C compared to optimum light conditions and the 

growth rate no longer increases with temperature under these light-limited conditions (Edwards 

et al. 2016). Similarly, highlighting the importance of temperature-nutrient interactions, nitrate 

limitation was found to decrease the temperature optimum by ~ 4°C compared to unlimited 

conditions (Thomas et al. 2017). Thus, nutrients alter the curvature and height of a population 

growth curve at a set temperature (Thomas et al. 2017). In addition, thermal dependence of 

phytoplankton metabolism was shown to accentuate with increasing nutrient concentration (and 

vice versa) (Thrane et al. 2017, Marañón et al. 2018).  

Stoichiometry is inherently combining the effects of multiple stressors as each component of 

the elemental composition is differently influenced by environmental parameters. For example, 

light availability predominantly drives carbon uptake, while nutrient supply mainly regulate the 

nitrogen and phosphorus quotas, and temperature modulates these processes by determining 

metabolic rates and growth efficiency (Tanioka and Matsumoto 2020). However, despite also 

being applicable to stoichiometry, multiple stressor research is still an underrepresented topic 

in the field. Still, recent research has shown that the thermal response of phytoplankton 

stoichiometry can be suppressed under nutrient limitation (Verbeek et al. 2018) and that the 

magnitude of the increase in C:nutrient ratios in response to increased irradiance is also nutrient-

dependent (Dickman et al. 2006). This is in support of the light-nutrient hypothesis (Sterner and 

Elser 2002) predicting C:nutrient ratios to be a function of the light:nutrient supply ratio.  

To date, the vast majority of mechanistic understanding of single-driver and multi-driver 

impacts on phytoplankton performance is based on single-species experiments. Although the 

here described response curves and surfaces are widely applicable, performance metrics (e.g., 

range or optima) along environmental gradients are species-dependent (Heinrichs et al. 2025). 

Additionally, community response curves and surfaces are not simply aggregated species 

responses, but are shaped by complex species interactions, such as competition and species 

selection (e.g., Anderson et al. 2022, Breton et al. 2022). Environmental gradients act as filters 

favoring certain species over others and thus, both the plasticity of the present species to 

environmental changes (Geider and La Roche 2002) as well as shifts in community composition 

(Finkel et al. 2016) shape the community performance across environmental conditions.  
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1.3.2 Up the food web: Stoichiometric links from microalgae to birds  

The biomass and stoichiometry of phytoplankton set the quantity and quality of food available 

to consumers at higher trophic levels. Not only a low food quantity but also a reduced nutritional 

content or a low digestibility of the dominating phytoplankton species can cause declines in 

grazer populations (Elser et al. 2000, Sterner and Elser 2002, Striebel et al. 2012). In contrast 

to the plastic stoichiometry of primary producers, consumers like zooplankton at higher trophic 

levels maintain relatively stable elemental body ratios (Andersen and Hessen 1991, Elser et al. 

2000). However, since they acquire essential nutrients by feeding on prey with a plastic balance 

of these, elemental mismatches may emerge. For example, low C:nutrient ratios in the prey may 

evoke an energy limitation, while the nutrient content in high C:nutrient ratios potentially 

becomes too dilute and induces nutrient limitation for consumers (Urabe and Sterner 1996, 

Hodapp et al. 2019). However, zooplankton – as the primary consumers of phytoplankton – 

possess physiological mechanisms and feeding strategies to cope with such mismatches. For 

example, some can regulate their own elemental balance and thus, effectively reduce the 

mismatch, by digesting or retaining essential elements in ratios independent from the ratio in 

the prey (Elser et al. 2001, Kooijman et al. 2004). Unselectively feeding Daphnia increase their 

consumption rate as compensation for low food quality (Mandal et al. 2018), while copepods 

can select for nutritionally valuable food (Meunier et al. 2015). 

Additionally, the nutritional quantity and quality of phytoplankton are heterogeneously 

distributed in space and can fluctuate over time, even more profoundly in response to 

environmental disturbances. Even though phytoplankton is capable of compensating for short-

term fluctuations in environmental parameters through biochemical adjustments and changing 

the balance between photosynthesis and respiration (Padfield et al. 2016), their performance 

metrics (e.g., growth or stoichiometry) often respond sensitively to environmental variability 

depending on the fluctuation frequency (Svensen et al. 2002, Kunze et al. 2022). However, 

these fluctuations – which translate into temporally and spatially variable resources for 

consumers – are subsequently attenuated while spreading through the food web (Noy-Meir 

1973, Schwinning and Sala 2004) as a dynamic averaging process occurs at each trophic level 

(Simon and Vasseur 2021). Strategies employed at the zooplankton level to mitigate the impact 

of fluctuations in resources or nutrient limitation include the increase in the individual ingestion 

rate in daphnids referred to as "compensatory feeding" (Koussoroplis et al. 2012) or "selective 

feeding" on nutrient-rich cells, a strategy employed by copepods (Cowles et al. 1988, Meunier 

et al. 2015). 
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Nonetheless, elemental mismatches may be accompanied by a reduced trophic transfer 

efficiency between primary and secondary producers (Urabe et al. 2003) and thus, may impact 

the entire aquatic food web by strengthening or creating stoichiometric bottlenecks (van de 

Waal et al. 2010). Within this, zooplankton plays a key role as being positioned in the center of 

the food web, while the mid-trophic level is often dominated by a few abundant species of 

pelagic schooling fish, channeling the produced energy and nutrients to top predators such as 

predatory fish, marine birds or mammals (Frederiksen et al. 2006). For example, in the North 

Sea ecosystem, the abundance of zooplankton (Richardson et al. 2004, Frederiksen et al. 2006), 

recruitment of fish (Beaugrand et al. 2003, Frederiksen et al. 2006), and seabird breeding 

productivity (Aebischer et al. 1990, Frederiksen et al. 2006) were all shown to be bottom-up 

controlled. Systems in which bottom-up control is the predominant mechanism are particularly 

vulnerable to environmental change, as the impact on each trophic level accumulates and 

cascades up the food web. Understanding the impacts of climate change on bottom-up 

controlled systems is therefore crucial for predicting and attenuating negative cascading effects. 

1.4 How is phytoplankton currently studied and assessed? 

To achieve the overarching goal of estimating and predicting the effects of global change on 

phytoplankton as the base of the aquatic food web, researchers employ a diverse array of 

methodological approaches. These range from gaining a mechanistic understanding of the 

effects of specific drivers and driver combinations in small-scale laboratory experiments and 

more complex mesocosm experiments, to long-term time series analysis that capture the current 

status of change and explore the complex web of naturally interacting drivers (Fig. 1.1). 

Understanding phytoplankton responses to global change requires experimental and 

observational science to inform each other to identify patterns in real-world data by linking it 

to mechanistic understanding.  

Observational studies that build on long-term monitoring provide essential insights for 

detecting trends and changes in species composition and biomass and identify causalities 

between biotic changes and environmental parameters or anthropogenic disturbances over time 

(e.g., Di Pane et al. 2022, Rönn et al. 2023). The collection of such data relies on sustained 

funding for monitoring and continuous data processing which often limits the time series length 

or the range of monitored species. For example, in the Wadden Sea, while phytoplankton has 

been monitored for decades (Rönn et al. 2023) and regularly informs eutrophication 

assessments as bulk biomass (van Beusekom et al. 2019), zooplankton monitoring was only 

established 5 years ago and has not yet been incorporated in official assessments that guide 
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conservation efforts (Jak and Slijkerman 2023). Additionally, interpreting patterns found 

between environmental parameters and species changes requires linking them to experimentally 

derived mechanistic understanding.    

Experimental studies typically select certain species or assemble artificial communities in 

laboratory experiments, whereas mesocosm studies more frequently test natural communities 

with one or two trophic levels. These studies usually manipulate specific environmental drivers 

in isolation or a controlled multi-driver setting which enables to gain mechanistic insights into 

cellular responses and community dynamics which collectively inform how phytoplankton may 

respond to future conditions of global change. However, due to the compromise between 

controllability and complexity in experimental design (Gerhard et al. 2023), these studies are a 

simplistic representation of natural processes and cannot fully capture the complexity of nature 

in which even more environmental parameters, their variability, interactions with higher trophic 

levels and dispersal drive the ecosystem-level response.   

Despite considerable advancements, plankton communities are still underrepresented in 

ecosystem assessments and thus, a crucial link from the base of the food web to changes on 

higher trophic levels is often overlooked. Additionally, several aspects that allow for a more 

realistic representation of climate change effects on natural plankton communities are currently 

critically understudied, such as applying a certain rate of temperature change or data-derived 

future precipitation patterns. 

1.5 Aims and outline of the thesis 

In this thesis, I aim to (1) mechanistically disentangle the effects of classical and overlooked 

facets of future temperature and nutrient changes in moderating phytoplankton community 

biomass and stoichiometry; (2) map phytoplankton change in a whole-ecosystem perspective 

and identify potential effect on trophic dynamics; (3) and address methodological issues in 

observational and experimental studies on phytoplankton in the face of climate change to 

improve their ecological relevance. Five interconnected studies form the core chapters of this 

thesis (chapters 2–6), moving from a data analysis of long-term monitoring data to identify how 

plankton communities are restructuring in comparison with other ecosystem components, to 

then mechanistically and experimentally disentangle the effects of various facets of 

environmental change on phytoplankton performance.  

In chapter 2 (publication I), I applied a new systematic and quantitative approach to generalize 

population trends across all ecosystem components within the Wadden Sea and thus, present a 
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seascape-wide assessment of population status. To fill a critical gap in governmental assessment 

strategies, I aimed to include a community perspective of phytoplankton and zooplankton, as 

important basal trophic levels, and thus, to provide a holistic view of biodiversity re-

organization in the Wadden Sea which complements existing assessments. 

In the subsequent chapters, I aimed to experimentally understand the effects of the most 

important drivers behind these changes in natural plankton communities. To upscale the 

changes on the base of the food web, I focused on food quality (stoichiometry) and quantity 

which allowed to estimate potential effects for higher trophic levels and draw conclusions from 

a broader ecological viewpoint. 

Specifically, chapter 3 (publication II), mimics the effect of future temperature increases on a 

natural phytoplankton community in the spring-summer transition phase to assess how warming 

altered the compositional and functional variability of the community.  

Conducted alongside the mesocosm experiment in chapter 3, chapter 4 (publication III) 

includes gradients of nitrogen and phosphorus concentrations in addition to warming as drivers 

of growth and stoichiometry in a natural phytoplankton community. Additionally, this chapter 

studies novel facets of these drivers by testing different rates of temperature change and timings 

of nutrient input relative to warming and with this aims to identify biases in the experimental 

design of temperature change experiments to ultimately improve the comparability across 

studies and the transfer of the results to natural systems. 

Chapter 5 (publication IV) and chapter 6 (publication V) pick up the topic of nutrient 

fluctuations introduced into natural aquatic systems by terrestrial run-off following heavy 

rainfall events. In these chapters, different scenarios of future rainfall, from regularly small 

events to extreme events, were applied as nutrient and cDOM pulses to a natural plankton 

community. By this, I aimed to disentangle the effect of different fluctuations of nutrients and 

light on phytoplankton and zooplankton growth and stoichiometry (chapter 5 and 6) and to 

understand seasonal and spatial dependencies to identify general patterns (chapter 6). 
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Fig. 1.3: Overview of the five publications of this thesis. The box of the first publication (I) shows the idea of 
generalizing population trends in which each line represents one population and the outcome of a subsequent meta-
analysis as organism group symbols identifying saltmarsh plants and seagrasses, fish and zooplankton as having 
overall negative trends (orange), macrozoobenthos and phytoplankton with neutral trends (grey) and birds with 
overall positive trends (green). The second publication (II) displays the three temperature treatments that were 
applied to the phytoplankton community to test their effect on phytoplankton community composition, biomass 
and stoichiometry. The box of the third (III) publication presents the experimental treatments that were applied 
i.e., gradual versus acute temperature change and nutrient addition before or after the temperature change. The box 
of the fourth and fifth (IV, V) publication shows the input of nitrogen, phosphorus and colored dissolved organic 
matter (cDOM) that were applied with different frequencies, intensities and chronologies mimicking different run-
off scenarios across two different lakes and seasons. 
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Abstract 

Extreme weather events, including heavy rainfalls, are predicted to further increase in frequency 

and intensity in the coming decades. The associated flushing of colored and non-colored organic 

matter from terrestrial systems via run-off into lakes contributes to increasingly fluctuating 

aquatic nutrient and modified light regime with potential impacts for plankton growth and 

stoichiometry. Lake characteristics, such as the trophic status and level of browning, and 

seasonality add complexity to the plankton response to run-off events. Therefore, we conducted 

three identical mesocosm experiments across two sites (that differed in nutrient concentration 

and watercolor) and seasons during which we added the same total concentration of nitrate, 

phosphate and colored dissolved organic matter (cDOM) to each mesocosm in pulses of 

different frequencies (daily, intermittent or one extreme addition) over a simulated run-off 

period followed by a recovery period. Our results showed a consistent direction of C:nutrient 

responses in the small seston (< 105µm) with increased biomass, lowered C:N and C:P, but 

increased C:Si ratios across all run-off scenarios and experimental settings. However, seasonal 

and spatial differences determined the magnitude of responses with the eutrophic lake and 

spring conditions exhibiting less vulnerability compared to the oligotrophic lake and summer 

conditions, respectively, in various response variables. Our findings highlight the critical role 

of trophic status and seasonal dynamics in shaping ecosystem responses to run-off scenarios 

and thus, the need for multi-site and multi-seasonal approaches to capture the complexity and 

context-dependency of freshwater ecosystem dynamics. 

Introduction 

The impacts of climate change are increasingly evident, with shifts in precipitation and runoff 

patterns, such as an increase in more frequent and heavy rainfalls, potentially reshaping 

freshwater ecosystems (IPCC 2023). Although these pulse disturbances are usually of short 

duration, they often provoke intense short and long-term impacts on the ecosystem (Jentsch et 

al. 2007; Urrutia-Cordero et al. 2021b; Urrutia-Cordero et al. 2020). For example, extreme 

precipitation events cause high flushing rates, which diminish light availability through the 

influx of colored dissolved organic matter (cDOM) (Lyche Solheim et al. 2024; Roulet and 

Moore 2006) and modify the timing and concentration of essential nutrient and cDOM inputs 

from terrestrial sources via run-off into aquatic systems (Jeppesen et al. 2009). Such alterations 

in nutrient availability influence the growth and stoichiometry of primary producers such as 

phytoplankton (Frost et al. 2023; Sterner and Elser 2002). Phytoplankton stoichiometry i.e., the 

elemental ratio of carbon (C), nitrogen (N) and phosphorus (P), is an important determinant in 
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nutrient cycling and energy transfer within aquatic food webs. For higher trophic levels, 

phytoplankton stoichiometry determines the nutritional quality with low seston C:nutrient ratios 

usually representing higher-quality prey for zooplankton (De Senerpont-Domis et al. 2014), but 

too low C:nutrient ratios potentially inducing energy-limitation for consumers (Urabe and 

Sterner 1996). Increased nutrient input typically decreases seston C:nutrient ratios due to 

increased nutrient uptake (Elser et al. 2001), whereas species-specific responses and effects of 

preceding limitation patterns can be expected. Lake characteristics, such as the identity of the 

limiting nutrient, trophic status and level of browning influence the expected response to 

perturbations (Burns and Schallenberg 2001; Lyche Solheim et al. 2024). For example, light 

limitation due to browning can counteract the stimulatory effects of increased nutrient input on 

phytoplankton growth (Lyche Solheim et al. 2024) and thus, phytoplankton cells shift toward 

lower cellular C and higher P content (Sterner et al. 1997; Striebel et al. 2008). These 

stoichiometric shifts cascade through the ecosystem, causing mismatches between producers 

and consumers, affecting ecological efficiency and the survival of higher trophic levels (Diehl 

et al. 2022; Hessen et al. 2013). In natural systems, seasonality also adds complexity to the 

effects as biological and chemical processes can vary significantly between summer and spring 

due to temperature changes, shifts in light exposure, and alterations in biological activity 

(Woolway 2023).  

Previous experimental studies compared the effects of pulse disturbances across sites 

(Cottingham and Schindler 2000; Hillebrand et al. 2018) or both seasons and sites (Urrutia-

Cordero et al. 2021b; Urrutia-Cordero et al. 2020). In response to disturbances across sites and 

seasons, functional variables (e.g. biomass and chlorophyll-a) showed the same direction, but 

differences in the magnitude of effects. In contrast, the compositional response was subject to 

a high context-dependency even in terms of direction of the effect (Urrutia-Cordero et al. 

2021b). Furthermore, Cottingham and Schindler (2000) showed a site-dependent resistance of 

the phytoplankton biomass response to small nutrient and cDOM pulses in systems dominated 

by large-bodied grazers, such as Daphnia, compared to systems with smaller grazers. However, 

a large nutrient and cDOM pulse led to an inconsistent response pattern in phytoplankton 

biomass and thus, a lack of buffering, potentially driven by compositional differences of the 

phytoplankton and grazer community (Cottingham and Schindler 2000). 

Whilst the impact of resource availability on phytoplankton community stoichiometry is 

broadly investigated (e.g., De Senerpont-Domis et al. 2014; Frost et al. 2023), the impacts of 

fluctuating nutrient inputs, particularly in timing and frequency, are less understood. In a single-

site study, Happe et al. (2025b) showed a high vulnerability and long-lasting effects of seston 
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C:P and N:P ratios but a high stability of seston biomass in response to an extreme nutrient and 

cDOM pulse compared to multiple smaller pulses. However, the identification of general 

patterns requires a multi-site and multi-seasonal approach that accounts for context-dependency 

(Urrutia-Cordero et al. 2021b). Revisiting the response of plankton stoichiometry to different 

run-off scenarios with a more extensive data set is critical to fundamentally understand how 

phytoplankton communities respond to specific facets of environmental change, specifically 

altered rainfall patterns.  

To address this research gap and generalize results, we conducted three mesocosm experiments 

with identical set-ups, spanning two seasons and sites with different trophic states. By 

manipulating the intensity, chronology and frequency of nutrient and cDOM pulses (i.e., small 

daily pulses, intermediate irregular pulses, one extreme pulse), but keeping the total amount 

constant, we mimic potential future run-off scenarios. To assess the recovery and overall 

ecological vulnerability of plankton stoichiometry, a 20-day simulated run-off period was 

followed by a 17-day recovery period. This comparative approach across temporal and spatial 

scales is the first to examine the stoichiometric responses of different seston size classes to 

variable and cDOM pulses. It explicitly tests the hypothesis that the magnitude, but not the 

direction (i.e., sign of the mean in the same direction), of effects on seston stoichiometry to the 

run-off scenarios differs between the seasons and sites. Based on the findings of Happe et al. 

(2025b), we expect that an extreme run-off event causes long-term disruptions to phytoplankton 

stoichiometry but only short-term biomass effects, while multiple smaller pulses show a 

contrasting response with a long-term biomass accumulation and only short-term stoichiometric 

shifts. For the seasonal and spatial comparisons, we expect seston stoichiometry to be more 

vulnerable to nutrient and cDOM pulses in an oligotrophic compared to a mesotrophic lake, 

and in summer compared to spring due to lower nutrient concentrations.  

Methods 

Description of the study sites 

In this study, three identical mesocosm experiments were conducted across two seasons and 

sites using the SITES AquaNet infrastructure (Urrutia‐Cordero et al. 2021). Lake Erken (59.835 

N, 18.632 E) located in Eastern Central Sweden is a mesotrophic clearwater lake with a mean 

depth of 9 m and a total area of 23 km3. About 500 km away, Lake Bolmen (56.9418 N, 13.6409 

E) is located in the Southwest of Sweden and represents a humic and oligotrophic lake with a 

mean depth of 5 m and an area of 173 km3. The summer experiments at Lake Bolmen and Erken 
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lasted from 7th of July to 11th of August 2022, followed by the spring experiment at Lake Erken 

from 2nd of May to 8th of June 2023. 

Mesocosm set-up 

At the beginning of each experiment, 16 in-situ polyethylene mesocosms (550 L) were filled 

with unfiltered lake water. The experimental duration covered a 20-day simulated run-off 

period and a subsequent 17-day recovery period. By this, we mimic the run-off of water and 

the contained substances from land surfaces via rivers into lakes following different rainfall 

patterns. The run-off scenarios were applied as three different nutrient and cDOM pulse 

treatments with the same total amount of nitrate, phosphate and cDOM: i) multiple small daily 

pulses (5% of the total amount added in 20 pulses), ii) multiple pulses with irregular frequencies 

and amounts (5-30% of the total amount added in 7 pulses), iii) one extreme pulse (100% of 

the total amount added once on day 7), iv) as well as a control without additions (Fig. S1). The 

pulses of each treatment summed up to an addition of 2 mg L-1 cDOM, 50 µg L-1 phosphorus 

(mainly as KH2PO4) and 500 µg L-1 nitrogen (mainly as NaNO3). With this, the scenarios 

differed in their frequency, from one extreme pulse to daily pulses, and in their chronology, 

covering regular (deterministic) and irregular (stochastic) additions. Each treatment was 

replicated by 4 which summed up to 16 experimental units per mesocosm experiment. 

Sensors were installed to monitor the water temperature and dissolved oxygen concentration 

(oxygen optode 4531 sensor, Aanderaa Data instruments AS, Bergen, Norway), and turbidity 

(TriLux sensor, Chelsea Technologies Group, UK) during the experiments. Data on the 

development of pH was obtained from handheld multiprobe measurements (YSI Exo Sonde, 

13M100983) and on photosynthetic photon flux density (PPFD) using a handheld Apogee PAR 

SQ-500 sensor (389 to 692 nm ± 5 nm, Apogee Instruments Inc., USA). Samples were taken 

every fourth day to determine dissolved nutrients and stoichiometry. Dissolved phosphorus (as 

PO4-P) was measured using a Metrohm Ion Chromatography system (883 Basic IC Plus), while 

dissolved nitrogen and dissolved organic carbon (DOC) were measured on a Shimadzu TOC-L 

TNM-L at 6 selected time points as described in Langenheder et al. (2024). Dissolved silicate 

was measured photometrically at a wavelength of 810 nm using a microplate reader 

(SYNERGY H1, BioTek, Bad Friedrichshall, Germany) after the addition of hydrochloric acid, 

ammonium molybdate, disodium EDTA and sodium sulfite as regents following Wetzel and 

Likens (2003). Further details on the experimental design and in-situ measurements can be 

found in Langenheder et al. (2024). 
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Stoichiometric analyses  

Water samples for size-fractioned stoichiometry analyses were taken every fourth day resulting 

in 10 data points. In the first step, the water sample was separated into a small and large size 

fraction using a 105 µm mesh. Then, the small (< 105 µm) and large (> 105 µm) size fractions 

were filtered onto pre-combusted and acid-washed glass microfiber filters (WHATMAN, GF/C 

filter) for subsequent particulate organic carbon (POC) and nitrogen (PON), and phosphorus 

(POP) analyses. Additionally, the small size fraction was filtered onto membrane filters 

(Whatman NC45 membrane filters, cellulose nitrate, 0.45µm, 25mm diameter; CAT no 

10401106) for determining the biogenic silicate (BSi) content. All filters were frozen at -20 °C. 

The POP content collected on the filters was quantified by molybdate reaction after potassium 

peroxydisulfate digestion (Wetzel and Likens 2003) and measured photometrically at 880 nm 

(SYNERGY H1, BioTek®). Samples for POC/PON samples were measured using a CHN 

analyzer (Flash EA 1112, Thermo Fisher Scientific, Waltham, USA). The filters for BSi were 

oxidised and reagents (molybdate reagent, oxalic acid and ascorbic acid) were added before 

photometrically measuring the samples in a plate reader (SYNERGY H1, BioTek®) at 810nm 

(Grasshoff et al. 1999; Happe et al. 2025b). 

For the experiment at Lake Erken in summer, one replicate of the daily-pulsed treatment (#2) 

was excluded from all analyses due to an early wrong addition of nutrients and cDOM, and a 

subsequent functional deviation from the remaining replicates. 

Nutrient limitation bioassay 

Nutrient limitation bioassays were performed two days after the last experimental nutrient and 

cDOM addition (day 21) in each mesocosm experiment. Due to personnel limitations at Lake 

Bolmen, the bioassay with mesocosm water was started after the bioassay with lake water was 

finished (day 25). For the bioassays, water from the lake and a pooled sample from all four 

daily-pulsed replicates was filtered over a 105 µm gauze to reduce large grazers and exposed 

to four nutrient treatments in cell culture bottles (SARSTEDT AG & Co. KG). Treatments 

comprised an addition of phosphate (KH2PO4, 2.46 µg ml-1 final concentration), an addition of 

nitrogen (NaNO3, 24.62 µg ml-1 final concentration), an addition of the combination (N+P) in 

the same concentration and a control treatment without any nutrient addition. The nutrients 

originated from the same stock that has been used for the mesocosm experiments and were 

added as a unique pulse at the start of each bioassay. In summary, each set-up consisted of 2 

origins of water (lake and daily-pulsed treatment) × 4 nutrient treatments (N, P, N+P, control) 
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× 3 replicates and added up to 24 experimental units. The bottles were incubated under natural 

temperature and light conditions by hanging in the lake at a depth of 20 cm. Each bioassay was 

terminated after 4 days. During both experiments at Lake Erken, fluorescence was measured 

daily from each unit using a handheld fluorometer (Turner Designs). For all experiments, 

particulate carbon (as a proxy for biomass) was measured by filtering a start sample and the 

whole volume of each bottle at the end onto pre-combusted and acid-washed glass microfiber 

filters (WHATMAN, GF/C filter). The filters were analyzed as described above. To test for 

significant differences between the run-off treatments for each water origin and experiment 

separately, non-parametric Kruskal-Wallis one-way ANOVAs were used due to the violation 

of the homogeneity of variances in several cases and thus, to use a consistent method across the 

experiments. 

Stability calculations 

To follow the patterns of biomass-nutrient ratios and ensure independence of response 

variables, all stoichiometric C:nutrient ratios (i.e., C:N, C:P for both size fractions, and C:Si for 

the small size fraction) were calculated as the molar ratios between the particulate nutrient 

concentrations. For experimental units in the large size fraction where PON concentrations were 

below detection limit, a value of half of the lowest measured value was assumed for further 

analyses (Clarke 1998).  

To assess the vulnerability of the size fractions to the run-off scenarios, the overall ecological 

vulnerability (OEV) framework proposed by Urrutia-Cordero et al. (2021a) was used. The OEV 

indicates the destabilization across the duration of the experiment, which allows us to quantify 

the ecosystem vulnerability to disturbance by integrating multiple dimensions of stability into 

one metric (Urrutia-Cordero et al. 2021a). The area under the curve was calculated using the 

“pk.calc.au” function in the PKNCA package (Denney et al. 2015) based on the time series of 

the log-response ratios (LRR) of the stoichiometric ratios. The LRRs were calculated for each 

mesocosm as the natural logarithm of the quotient between the treatment unit divided by the 

mean of the control mesocosms. To test the persistence of the treatment effects, recovery 

(Hillebrand et al. 2018; Urrutia-Cordero et al. 2021a) was calculated as the LRR of the final 

sampling point. A value of 0 indicates a full recovery. Recovery was standardized to absolute 

values prior to all statistical analyses (Hillebrand et al. 2018). To visualize the magnitude of the 

difference between the sites and seasons, ΔOEV and ΔRecovery were calculated as the absolute 

difference between the mean value of the respective stoichiometric ratio at Lake Erken in 
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summer and either Lake Erken in spring (for season) or Lake Bolmen (for site) for each 

treatment. 

Statistical analyses 

To assess whether the stoichiometric stability differed significantly between (a) the run-off 

scenarios and (b) the seasons (or sites), two-way multivariate analyses of variance 

(MANOVAs) were conducted to analyze the carbon-based response variables for the small (C, 

C:N ratio, C:P ratio, C:Si ratio) and large size fraction (C, C:N ratio, C:P ratio). Overall, four 

MANOVAs were performed for each size fraction to account for non-independent response 

variables: (i) with the OEV for each response variable predicted by the applied run-off 

scenarios, the season and their interaction using only the two Erken experiments, (ii) the same 

analysis but based on the recovery for each response variable, (iii) with the OEV for each 

response variable predicted by the run-off-scenarios, sites and their interaction using only the 

two summer experiments, and (iv) the same analysis but based on recovery for each response 

variable. The model assumptions of multivariate normality of data and residuals were evaluated 

with Mardia’s skewness and kurtosis analysis using the “mvn” function in the MVN package 

(Korkmaz et al. 2014) and homoscedasticity was assessed using Levene’s tests using the 

“leveneTest” function in the car package (Fox and Weisberg 2019). For significant site-

treatment or season-treatment effects, two-way ANOVAs and subsequent post-hoc 

comparisons were performed to identify pairwise differences between levels of treatments and 

sites or seasons. For this, the “emmeans” package (Lenth 2023) was used to estimate marginal 

means and pairwise comparisons were conducted using Tukey's Honest Significant Difference 

(HSD) test, adjusted for multiple comparisons using the Bonferroni correction. 

To assess the effects of different nutrient use of phytoplankton between the treatment, the 

resource efficiency (RUE) across treatments and experiments for nitrogen and phosphorus was 

calculated based on Hodapp et al. (2019) (see Fig. S. 26-29 for more details). 

To estimate the factors driving the effects between sites and seasons, a principal component 

analysis (PCA) on the environmental parameters measured in the mesocosms throughout the 

experiment was performed using the packages factoextra (Kassambara and Mundt 2020) and 

FactoMineR (Le et al. 2008). The PCA was performed based on time, temperature, 

photosynthetic photon flux density (PPFD) on the water surface (-5 cm), turbidity, pH, DOC, 

dissolved nitrogen, dissolved phosphorus (PO4-P) and dissolved silicate. The eigenvalues were 

obtained and their contribution to the principal components was analyzed. 
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All statistical results were interpreted as significant for a significance level of α = 0.05 and 

performed using the R statistical environmental version 4.2.3 (R Core Team 2023).  

Results 

Abiotic conditions during experiments 

The PCA shows a high overlap between sites but a clear distinction between seasons indicating 

that environmental conditions were more similar between sites at the same season than between 

seasons at the same site (Fig. 1). Seasonal differences were mostly driven by temperature and 

dissolved nutrients (N and P). This arises from a mean seasonal temperature difference of 7.7 °C 

(Fig. S2) and substantially lower dissolved nitrogen but higher phosphorus mean concentrations 

in during the summer experiment (0.6 mg N L-1 and 6.6 µg PO4 L-1) than in the spring 

experiment (630.6 mg N L-1 and 3.0 µg PO4 L-1) (Fig. S3-4). The spatial differences were largely 

driven by PPFD, DOC and pH, where Erken is characterized by a lower mean PPFD (177 µmol 

m-2), but higher pH (8.7) and DOC concentration (11.6 mg C L-1) compared to Bolmen (414 

µmol m-2, pH of 7.8, 10.7 mg C L-1) (Fig. S5-7). However, Bolmen showed a 63 % larger light 

attenuation coefficient (0.0181 m-2) compared to Erken (0.0111 m-2) in summer. The dispersion 

within experiments was driven by treatment differences i.e., the addition of nutrients and 

cDOM, and time effects (Fig. S10). 

 

Figure 1: Environmental principal component analysis (PCA) of the abiotic conditions during the experiments at 
Lake Erken and Bolmen in summer (julian day 188) and Lake Erken in spring (julian day 90). Concentration 
ellipses are given in respective colors (Bolmen summer in blue, Erken in spring grey, Erken in summer yellow). 
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Small seston (< 105 µm) 

The small size fraction showed significant main effects for the spatial and seasonal difference 

of OEV across biomass and all stoichiometric ratios (Table 1). Additionally, for many OEV 

responses significant interactive effects between the treatments and seasons were found. For 

recovery, significant main effects of the season were found for C, the C:N ratio and C:Si ratio 

as well as between-sites effects for the C:P and C:Si ratio (Table 1).  

In all experiments (i.e., all sites and seasons), POC fully recovered after the extreme pulse and 

showed a lower or similar OEV compared to multiple smaller pulses (Fig. 2). Only the Erken 

summer experiment showed a higher OEV in both multi-pulsed scenarios compared to the 

extreme pulse, but also compared to Bolmen and the spring experiment. This is also reflected 

in an overall shift towards higher biomass throughout the course of the experiment (Fig. S12). 

Hence, the multi-pulse scenarios induced a significantly different response between sites and 

seasons, with a higher vulnerability in summer compared to spring (Table S2, p < 0.001 for 

both treatments) and in Erken versus Bolmen (Table S3, p = 0.005 for both treatments). 

Table 1: MANOVA results for overall ecological vulnerability and recovery of stoichiometric ratios for the small 
size fraction (< 105 µm). 

 

The OEV of the particulate C:N ratio depended on season and site, whereas for recovery only 

seasonal differences were found (Table 1). Summer conditions induced a lower OEV to the 

extreme (Table S4, p < 0.001) and intermittent (Table S4, p = 0.003) pulses compared to spring 

conditions. On the contrary daily pulses showed significant differences between the sites with 

Bolmen being less vulnerable compared to Erken (Table S5, p = 0.003). The ΔOEV of the 

particulate C:P ratio showed a consistent pattern with larger magnitudes of differences between 

sites compared to seasons across all run-off scenarios (Fig. 2). Within this, Bolmen showed the 
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highest vulnerability and weakest recovery across all run-off scenarios (Fig. 2) and thus, 

induced significant site and season effects on OEV and a site effect on recovery (Table 1). For 

the C:Si ratio, significant spatial and seasonal effects were found for both OEV and recovery 

(Table 1). This arose from a consistent pattern across all treatments with a significantly lower 

recovery and higher OEV (p < 0.01 for all combinations, except for the site-dependent OEV to 

the extreme pulse) in Erken in summer compared with both other settings (Fig. 2, Table S8-9, 

Table S14-15).  

 

Figure 2: Overall ecological vulnerability (OEV) and recovery as functional stability measures of biomass in 
particulate organic carbon (POC) and molar stoichiometric ratios (C:N ratio, C:P ratio, C:Si ratio) of the small 
seston size class (< 105 µm). Higher OEV values represent a larger destabilisation over the entire time of the 
experiments. A recovery value of 0 indicates full recovery. The horizontal bars represent the ΔOEV and ΔRecovery 
(absolute difference between the mean value of the respective stoichiometric ratio) as the visualized magnitude of 
difference between the sites (shapes) and seasons (filled shapes). Colors represent the run-off scenarios. The results 
for N:P ratios, Si:N ratios and Si:P ratios are presented in Fig. S3. 
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Overall, a consistent direction of recovery effects (i.e., sign of the mean in the same direction) 

was found in all but two (out of 39) cases of site and season comparisons. Both exceptions were 

related to the recovery of the C:Si ratios to the extreme pulse, which was strongly deflected in 

the Erken summer experiment, whereas the two other experiments showed the opposite sign, 

but were close to a full recovery (Fig. 2). 

Large seston (> 105 µm)  

The large seston showed a less consistent pattern compared to the small size fraction. Whereas 

Erken showed a significantly higher OEV and lower recovery in response to the multi-pulse 

scenarios in summer than in spring (p < 0.05 for all combinations, Table S16, Table S18), the 

extreme pulse led to a consistently low OEV and almost complete recovery during both seasons 

(Fig. 3). The differences in OEV between the sites followed the same pattern (p < 0.02 for both 

multi-pulse scenarios, Table S17), but no differences were found after the extreme pulse. The 

ΔOEV of the C:N ratio showed consistently larger differences between seasons than sites. This 

mainly arose from a low instability in Erken during summer and a particularly high instability 

during spring across all treatments (Fig. 3). Despite this, there was full recovery in all treatments 

in the Erken spring experiment. Both multi-pulse treatments showed significant between-site 

effects (p ≤ 0.001 for both scenarios, Table S24) with opposing directions i.e., Lake Bolmen 

was deflected towards higher C:N ratios and Lake Erken towards lower C:N ratios compared 

to control conditions. The OEV of the C:P ratio in response to the extreme pulse was 

significantly lower in spring than in summer (p = <0.001, Table S24). This pattern was reversed 

in both multi-pulse scenarios but only significantly in case of the daily pulses (p = <0.001, Table 

S24). No significant differences between sites and seasons were found for the recovery of C:P 

ratios. However, Δrecovery and ΔOEV point towards a consistently larger difference between 

seasons than sites. 

Overall, the direction of effects on recovery was not consistent in 44% (8 of 18) of site and 

season comparisons. Most of the different directions of effects are either attributed to 

insignificant differences close to 0 (4 cases) or to one season being fully recovered, while the 

other one is deflected (2 cases). However, in the recovery of the C:N ratio to intermittent and 

daily pulses between sites, a significant difference was found with response in opposing 

directions (Fig. 3). 
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Table 2: MANOVA results for overall ecological vulnerability and recovery of stoichiometric ratios for the large 
size fraction (> 105 µm). The C:N ratio for OEV was log-transformed due to a violation of homoscedasticity. 

 

 

Figure 3: Overall ecological vulnerability (OEV) and recovery as functional stability measures of biomass in 
particulate organic carbon (POC) and molar stoichiometric ratios (C:N ratio, C:P ratio) of the large seston size 
class (> 105 µm). Higher OEV values represent a larger destabilisation over the entire time of the experiments. A 
recovery value of 0 indicates full recovery. The horizontal bars represent the ΔOEV and ΔRecovery (absolute 
difference between the mean value of the respective stoichiometric ratio) as the visualized magnitude of difference 
between the sites (shapes) and seasons (filled shapes). Colors represent the run-off scenarios. The results for N:P 
ratios are presented in Fig. S4. 
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Nutrient limitation bioassay 

The nutrient limitation bioassay indicates a shift from a tendency towards a nitrogen-

phosphorus co-limitation in the lake water to non-limiting nutrient conditions after the 

simulated run-off scenarios during spring for the mesocosm experiment in Lake Erken (Fig. 

S11, Table S1). In the Erken summer experiment, the run-off treatments shifted the nutrient 

conditions from non-limiting for POC towards co-limitation of nitrogen and phosphorus (Fig. 

S11, Table S1). The Bolmen experiment showed a tendency towards a nitrogen-phosphorus co-

limitation in the lake water and phosphorus limitation after the run-off scenarios (Fig. S11, 

Table S1). 

Discussion 

Consistent direction of stoichiometric response to run-off scenarios 

The response direction to the nutrient and cDOM pulses was largely consistent across seasons 

and sites for the phytoplankton-dominated small seston size class. As hypothesized, a persistent 

overperformance of biomass (POC) was observed in the multi-pulse scenarios, however, 

following the extreme pulse, the biomass fully recovered after a short-term peak. Regarding 

stoichiometry, a tendency for persistently decreased C:N and C:P ratios was found while the 

C:Si ratios recovered or increased across all run-off scenarios. 

The contrasting biomass response between the multi-pulse and the extreme scenarios may be 

explained by phytoplankton utilizing the supplied resources more efficiently under multiple 

smaller pulses (Fig. S12), by aligning their nutrient uptake machinery or selecting for species 

that are most competitive under the given nutrient scenario (Hodapp et al. 2019). As shown for 

the Erken summer experiment, biomass differences between the nutrient pulse scenarios and 

the control indicate effects of nutrient availability, while differences between the scenarios were 

largest between the multi-pulse (i.e., daily and intermittent) and the extreme treatments (Ágreda 

López 2023). In theory, especially the daily-pulsed scenario may select for species with high 

maximum uptake rates throughout the simulated run-off period. During the extreme pulse, in 

turn, species with higher nutrient uptake affinities (i.e., efficiency of nutrient uptake at low 

concentrations) may prevail after the prolonged pre-pulse phase (Tilman 1982), eventually 

preventing the community from translating the pulse into proportional biomass increases. 

Moreover, the extreme pulse likely promoted luxury consumption, as indicated by sharp 

declines of dissolved phosphorus alongside moderate biomass peaks and decreased C:P ratios 

after the pulse. Simultaneously, the sudden decrease in light availability after the extreme 
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cDOM pulse likely counteracted the expected stimulatory effects of nutrient inputs on biomass 

(Heinrichs et al. 2025; Sterner et al. 1997).  

Regarding particulate stoichiometry, the nutrient and cDOM pulses induced the expected 

reduction in seston C:N and C:P ratios due to the assimilation of nutrients (Tanioka and 

Matsumoto 2020; Verbeek et al. 2018). Additionally, despite not being tested in the nutrient 

limitation bioassay (due to logistical limitations), the strong drawdown of dissolved silicate 

throughout the experiment (Fig. S9) may point towards an emerging silicate limitation. This 

would explain the increased and non-recovered C:Si ratios, especially during the spring 

experiment in Erken, as diatoms may have been outcompeted by non-siliceous phytoplankton 

groups such as chlorophytes or dinoflagellates. 

The large size fraction, comprising zooplankton and large phytoplankton or cyanobacteria 

colonies (e.g., Gloeotrichia echinulata during summer in Erken), displayed less consistent 

responses in POC and C:N ratios, but showed a tendency towards a persistent decrease in C:P 

ratios in response to the daily and extreme pulses, whereas the recovery to intermittent pulses 

was more complete. Overall, the large seston size fraction demonstrated higher within-

treatment variability of POC and C:P ratios during the recovery in all experiments. This could 

be explained by the complexity of this size fraction due to the coexistence of multiple trophic 

levels within the same size class and differences in the community composition between sites 

and seasons.  

Overall, biomass and stoichiometry of the small seston follow the same response direction, 

independent of seasonal or spatial settings. In contrast, the large seston size fraction displayed 

less consistent and less unidirectional responses. Even for unidirectional responses across 

experiments, the magnitudes of the effects often differ and likely depend on seasonal and spatial 

differences in environmental and biotic conditions. 

Seasonal differences moderated by temperature, photoperiod and species succession 

The expected pattern of a higher vulnerability to the nutrient and cDOM pulses in summer 

compared to spring (based on the Erken experiments) was only confirmed for specific responses 

to the multi-pulse scenarios. These include a stronger biomass response in both seston size 

classes, and a gradual shift towards elevated C:Si ratios. Furthermore, both seston size classes 

showed a higher vulnerability of C:N ratios in spring, whereas a contrasting and treatment-

dependent response pattern was found for the C:P ratios of the large size fraction. 
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The environmental conditions between seasons most strongly differed due to seasonal 

temperature changes i.e., a steady increase from 4 to 15 °C in spring and a rather constant 

temperature around 19 °C in summer, the baseline availability of dissolved nutrients and the 

photoperiod. Higher temperatures not only increase phytoplankton metabolic rates and thus 

increase the nutrient demand, which amplifies rapid nutrient uptake (Pomati et al. 2017), but 

also modulate the co-limitation of light and nutrients (Heinrichs et al. 2025). In line, the nutrient 

and cDOM pulses in summer could only be translated into relatively higher biomass for both 

seston size classes in the multi-pulse scenarios, as the extreme pulse likely induces a strong 

light limitation (as discussed above). Interestingly, the multi-pulse scenarios (i.e., daily and 

intermittent) in summer behaved similarly to each other but contrasted to the extreme pulse 

regarding effects on phytoplankton biomass as well as diversity and community composition 

(Ágreda López 2023), highlighting the importance of frequency of run-off events (multiple 

smaller pulses versus one extreme pulse) against regularity.  

Ultimately, the dominant species and their succession may also determine the community 

response to the nutrient pulses. The typical phytoplankton spring community in Lake Erken is 

dominated by larger (>15µm) and fast-growing diatom species with a highly efficient nutrient 

use (Ahlgren et al. 1997; Yang et al. 2016). The high nutrient use efficiency of the spring 

community may be mirrored in the more vulnerable and decreased small seston C:N ratios 

during spring. Furthermore, the nutrient and cDOM pulses induced a shift in nutrient and light 

conditions away from those typical for a spring bloom, for example, by preventing the plankton 

community from developing a typical nutrient limitation. Thus, the phytoplankton species 

likely optimized their nutrient uptake which can be amplified under gradually increasing 

temperatures in spring (Anderson et al. 2022) and thus, showed a more pronounced relative 

decrease in C:N ratios.  

The initial summer conditions, in contrast, were dominated by 50% of cryptophytes, followed 

by around 25% of diatoms (Ágreda López 2023). Over the course of the summer experiment, 

the cyanobacterium Gloeotrichia echinulata bloomed in the large size fraction across all but 

the extreme treatment (Happe et al. 2025a) due to a preference for high temperatures as reported 

for previous years (Pettersson et al. 1993; Yang et al. 2016). Simultaneously, Bacillariophyta 

decreased and Chlorophyta increased until a strong dominance at the end of the experiment 

(Ágreda López 2023) in response to the nutrient scenarios (but not in the control) indicating a 

response to altered resource conditions. This is in line with the shift in C:Si ratios towards the 

end of the summer experiment, which led to both spatial and seasonal differences.  
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In the large seston, higher OEV towards lowered C:N ratios in response to intermittent and 

extreme pulses was found in spring but not in summer. This mirrors the decreased C:N ratios 

of the small seston during the spring experiment and the differences in nutritional strategies 

between copepods with higher nitrogen requirements typically dominating in spring (Cowles et 

al. 1988) and mesozooplankton typically dominating in summer, like cladocerans that prefer P-

rich phytoplankton (Andersen and Hessen 1991). However, in spring, the C:N ratios were 

recovered at the end of the experiment, whereas the summer experiment showed pronounced 

deflections. The cyanobacterium G. echinulata that dominated the large size fraction in the 

multi-pulse scenarios during the summer experiment is a nitrogen fixer (Cottingham et al. 

2015), in line with persistently decreased C:N ratios coupled with a strong large seston biomass 

increase opposing fully recovered conditions of the same metrics in spring.  

Spatial differences: Lake characteristics may suppress responses 

As hypothesized, oligotrophic Bolmen showed a consistently higher vulnerability of small 

seston C:P ratios following the run-off scenarios. Contrary to our hypothesis, however, 

mesotrophic Erken showed a higher vulnerability of C:Si ratios, and more strongly increased 

biomass of both size classes in the multi-pulse scenarios. Generally, the site with the highest 

OEV to the pulses in a given response variable was also further deflected from a full recovery.  

Above all, previous studies identified the trophic status and turbidity as the largest difference 

in lake characteristics between Bolmen and Erken (Urrutia‐Cordero et al. 2021), whereas the 

differences in the summer experiments mainly arose from light intensity, DOC concentration 

and pH. Importantly, the concentration of dissolved nutrients between lakes at the time of the 

experiment did not strongly differ. Additionally, differences in baseline community 

composition shaped the response with the largest difference between Erken and Bolmen being 

the typical Gloeotrichia bloom in Erken during summer (Pettersson 1990). Oligotrophic lakes, 

like Bolmen, are expected to be more vulnerable to nutrient inputs than mesotrophic or 

eutrophic lakes since even small nutrient pulses represent proportionally large changes under 

low baseline conditions (Reinl et al. 2021). In contrast, the small seston biomass only showed 

a moderate response to the run-off scenarios in Bolmen, while the biomass in Erken strongly 

responded to the multi-pulse scenarios in summer. This suggests that a second environmental 

parameter, likely the high level of browning and the associated shift in the light intensity and 

spectrum suppressed the stimulatory effect of nutrient inputs on seston biomass in Bolmen in 

summer. The extreme nutrient and cDOM pulse induced a sudden decrease in light availability 

which likely induced a shift towards light-limitation (Deininger et al. 2017; Seekell et al. 2015) 
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and suppressed the phytoplankton biomass equally across both lakes. In Bolmen, however, the 

combination of a high light attenuation coefficient alongside spectral limitation due to its high 

level of browning (Klante et al. 2021) likely functioned as a physiological bottleneck which 

prevented phytoplankton from utilizing multiple smaller nutrient inputs to increase biomass. 

This is in line with a Swedish multi-lake experiment showing that the positive effects of 

nitrogen are weaker or neutralized with increased level of browning (Deininger et al. 2017). 

Generally, spectral selectivity for the absorption of blue light by cDOM (Thrane et al. 2014) 

directly overlaps with peak absorption capabilities of many phytoplankton species (Clementson 

and Wojtasiewicz 2019) with blue light typically leading to highest community growth rates 

(Hintz et al. 2021). Thus, the high degree of browning in Bolmen (Klante et al. 2021) created a 

spectral environment forcing phytoplankton to utilize energetically less efficient red-green 

wavelengths (Hintz et al. 2021). This spectral mismatch and reduction in light availability likely 

limited carbon assimilation, and the prevailing nitrogen-phosphorus co-limitation potentially 

pushed phytoplankton to rapidly assimilate phosphorus (proportionally more than carbon) 

following the pulses which is reflected in more vulnerable and strongly lowered C:P ratios in 

the small seston in Bolmen. The higher importance of phosphorus (relative to nitrogen) in the 

system is also evidenced by a phosphorus limitation after the run-off scenarios (Fig. S11) which 

explains the smaller response magnitude of C:N ratios. 

Overall, the community in oligotrophic but browning-influenced Bolmen was more vulnerable 

to nutrient pulses than mesotrophic and clear Erken regarding C:P ratios, but not in terms of the 

C:N ratio, C:Si ratio and biomass. This highlights that despite its relatively low nutrient 

concentrations, the plankton response underlies a high context-dependency involving the 

interaction of further lake characteristics, such as the level of browning or prevailing limitation 

patterns, and biotic dynamics in Bolmen. Additionally, cDOM pulses naturally impose complex 

responses by causing light limitation while increasing the nutrient availability. 

Conclusion 

Our findings emphasize the critical role of lake characteristics, seasonal dynamics and biotic 

dynamics in shaping ecosystem responses to nutrient pulses. We show that biomass and 

stoichiometric responses in small seston follow the same direction, independent of seasonal or 

spatial settings, whereas the large seston size fraction displayed a less consistent response 

pattern. Generally, the environmental conditions differed more strongly between seasons than 

between lakes, but still differences in response magnitudes were revealed on both scales.  
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Although oligotrophic systems, such as Lake Bolmen, with their limited nutrient reserves, may 

be particularly vulnerable to such perturbations, an overlying browning-induced light limitation 

can act as a natural buffer against increased run-off from heavy rainfall events. Seasonal 

differences are likely driven by species succession, differences in temperature and photoperiod 

or seasonal nutrient limitation patterns which may be delayed due to run-off events during a 

spring bloom or alleviated early-on in summer. Further environmental parameters, such as 

temperature or PAR, can intensify plankton responses to changed nutrient dynamics. 

Our results can help to predict ecosystem stability under future scenarios of increased 

precipitation, extreme events and nutrient run-off driven by climate change. By demonstrating 

the context-dependency of stoichiometric responses, this study also underscores the need for 

multi-site and multi-seasonal approaches to capture the complexity of freshwater ecosystem 

dynamics. Investigating these effects across temporal and spatial scales is essential for the 

development of dynamic and effective restoration strategies adapted to specific ecosystems and 

seasonal conditions, therefore maintaining the functional stability of lake ecosystems in the face 

of environmental change.  
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By integrating long-term monitoring data with targeted experiments, this thesis aimed to 

unravel the effects of a wide range of facets of climate change on phytoplankton community 

functioning (Fig. 7.1). After assessing phytoplankton long-term trends within a whole-

ecosystem perspective (publication I), experimentally derived mechanistic insights into the 

impact of relevant environmental drivers on phytoplankton performance (publication II-V) 

form the basis to explain causes and consequences of these long-term trends. 

Overall, publication I highlighted the current status of phytoplankton relative to other 

ecosystem components in the natural environment. Whereas fish and zooplankton demonstrated 

overall decreasing population trends, phytoplankton showed as many positive as negative 

population trends but dominated the significantly decreasing classes. Overall, this clearly 

showed a drastic reorganization of coastal communities, including phytoplankton, which 

supports previous findings of a massive restructuring of phytoplankton biodiversity (van 

Beusekom et al. 2019, Di Cavalho et al. 2023) and traits (Hillebrand et al. 2022). These 

alterations are strongly linked to a multitude of changing abiotic parameters. By mimicking and 

manipulating various factors of environmental change, such as the temperature level 

(publication II), the rate of temperature change, the temporal sequence of stressors, the ratio of 

dissolved nitrogen to phosphorus (publication III), or the amplitude and frequency of nutrient 

and cDOM inputs (publication II and IV), this thesis encompasses often overlooked facets of 

environmental change.  

The following synthesis will integrate the results derived from the previous chapters by 

highlighting overarching patterns of climate change effects on phytoplankton biomass and 

growth (chapter 7.1), and stoichiometry (chapter 7.2), transferring the mechanistic insights to 

observational findings on the ecosystem scale (chapter 7.3) and linking the results to food-web 

implications (chapter 7.4). Finally, methodological potentials for monitoring and experimental 

studies will be outlined to manage phytoplankton changes caused by climate change more 

efficiently (chapter 7.5). Throughout the synthesis sub-chapters, particular emphasis will be 

placed on highlighting the key outcomes relevant to the thesis objectives: to (1) mechanistically 

address the effects of various facets of future temperature and nutrient changes in moderating 

phytoplankton community biomass and stoichiometry; (2) map phytoplankton change in a 

whole-ecosystem perspective and identify potential effect on trophic dynamics; (3) and address 

methodological issues in observational and experimental studies focusing on phytoplankton 

responses to climate change. 
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Fig. 7.1: Scales of ecological systems, pressures and scientific exploration addressed in this thesis. Ecological 
systems range from biochemical reactions on cell-level over populations of small, short-lived organisms to 
communities and larger organisms (such as birds and fish) to the entire ecosystem perspective. Pressures act on 
local scales (such as wastewater outlets), on regional scale (such as extreme events and agricultural use of 
fertilizers) and with climate change on the global scale. Scientific studies explore the responses of ecological 
systems to these pressures, for example, in laboratory experiments, mesocosm studies, whole-lake experiments or 
via long-term monitoring and time series analyses. Along these scales, the complexity and realism that these 
scientific approaches address increases. The scales covered by each publication are highlighted by color. Modified 
after Petersen et al. (2009). 
 
 

7.1 Mechanistic effects on phytoplankton biomass and growth across studies 

Publications II-V provide mechanistic insights into the phytoplankton community biomass and 

growth performance across various facets of temperature and nutrient change (Table 7.1). 

Warming increased community biomass (publication II) and community-averaged growth rates 

if the experimental temperature was manipulated abruptly (publication III). In contrast, if the 

temperature was gradually increased, warming did not enhance community-averaged growth 

rates (publication III). Kremer et al. (2018) proposed that a temperature increase can lead to a 

temporary growth overshoot at organismal scales, and here I confirmed the same mechanism 

for communities, likely complemented by shifts in community composition. Further, a balanced 

macronutrient supply ratio (N:P) enhanced community growth rates, which decreased with 

nutrient limitation (publication III). Adding nutrients before warming increased the community 

growth rate, whereas adding nutrients after warming reversed this effect to decreasing 

community growth rates (publication III). In line with the findings of temperature-

oligotrophication experiments by Verbeek et al. (2018), this is likely attributed to the generally 

low phosphorus concentration in this experiment prior to warming, which subsequently was 
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fully depleted after the temperature change, pushing the community towards a collapse in which 

the increased metabolic rates could not be sustained. Regarding the frequency and intensity of 

nutrient input into aquatic systems (publication IV), an extreme nutrient pulse (contrary to 

multiple smaller pulses) revealed a short, unsustainable biomass increase which may be 

explained by lower resource use efficiency in this extreme scenario. 

The drivers manipulated in publication II-IV – temperature and nutrients – are also the strongest 

moderators of seasonal changes at the spring-summer transition assessed in publication V, 

aligning with studies in freshwater (Zhang et al. 2021, Hung et al. 2024) and marine 

environments (Wiltshire et al. 2015). However, the dominance of temperature and nutrients as 

drivers of phytoplankton performance is only applicable from spring to summer when the 

photoperiod is not suppressing growth (Wiltshire et al. 2015), suggesting that the winter-spring 

and autumn-winter transitions are predominantly governed by light availability. In publication 

V, the elevated temperature and low nitrogen concentrations in summer led to a higher biomass 

vulnerability, manifested as a stronger increase, in response to the run-off scenarios (applied as 

nutrient and cDOM pulses) than in spring. Higher water temperatures in summer stimulate 

phytoplankton metabolism and nutrient demand (Marañón et al. 2018), leading to nutrient 

depletion that makes summer communities highly responsive in terms of growth and biomass 

to nutrient pulses from run-off (Fernández-González et al. 2022).  

 

7.2 Mechanistic effects on phytoplankton community stoichiometry across studies 

 
Beyond phytoplankton as food quantity (biomass), publications II-V provide mechanistic 

insights into its nutritional quality for higher trophic levels. To link the responses of 

phytoplankton community stoichiometry to environmental change (objective 1), it is featured 

throughout all experimental studies in this thesis (publication II-V) summarized in Table 7.1. 

By subsequently associating the mechanistic responses to those drivers as a moderator of 

seasonal differences (chapter 7.3, based on publication V) and as long-term climate change 

drivers (chapter 7.3, based on publication I), I demonstrate the diverse effects of warming and 

nutrient dynamics on phytoplankton community stoichiometry.  

The identified effects on phytoplankton community stoichiometry comprise stoichiometric 

plasticity on the cellular level (Yvon‐Durocher et al. 2015) and changes in community 

composition with associated phylogenetic differences in macromolecular composition (Rhee 

and Gotham 1980, Finkel et al. 2009, Finkel et al. 2016). 
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Table 7.1: Overview of the phytoplankton stoichiometric (carbon:nitrogen ratios, carbon:phosphorus ratios and 
nitrogen:phosphorus ratios) and growth (µ) response to various driver facets of temperature and nutrients based 
on the publications presented in this thesis. A positive effect is represented by a green circle (+), a negative effect 
is shown by an orange circle (-), a grey circle indicates no effect, and an empty space represents that the respective 
combination has not been tested or is too highly interactive to be displayed here. 
 

 
 
In publication II and III, I showed that phytoplankton stoichiometry remained generally stable 

in response to warming. For C:N ratios, this is in line with previous studies on phytoplankton 

populations (Tanioka and Matsumoto 2020, and references therein) and communities (Yvon-

Durocher et al. 2017, Verbeek et al. 2018) which can be attributed to the close correlation 

between carbon assimilation and nitrogen uptake in addition to the relatively limited capacity 

of many phytoplankton species to store excess nitrogen (Frost et al. 2023). For the C:P ratio, 

however, previous studies showed an increase (Toseland et al. 2013, Yvon-Durocher et al. 2017, 

Tanioka and Matsumoto 2020) in response to warming, thus contrasting the here found stable 

C:P ratios in publication II and III. As these stable C:P ratios in response to warming occurred 

across diverse nutrient scenarios (publication III), the prevailing phosphorus limitation in 

publication II can be excluded as a reason for this discrepancy, fostering further investigation 

towards possible explanations based on the growth phase or community shifts. In accordance 

with the absence of a temperature effect on stoichiometry, the rate of temperature change did 

not affect phytoplankton stoichiometry either (publication III). However, in natural systems, 

warming induces an additional indirect effect on phytoplankton stoichiometry by increasing 



7 SYNTHESIS 

 106 

stratification and thus, reducing nutrient transport to surface waters (Bopp et al. 2013, Boyd et 

al. 2015).  

In terms of nutrients as a driver, I tested the effects of N:P supply ratios and associated limitation 

patterns (publication III), the timing of nutrient input relative to warming (publication III) and 

the effect of different nutrient pulse scenarios (publication IV-V) on phytoplankton community 

performance. The stoichiometric responses induced by nitrogen and phosphorus limitation are 

in line with a meta-analysis on population level by Tanioka and Matsumoto (2020) finding a 

general increase in C:N ratios and no effect on C:P ratios under nitrogen limitation, but an 

increase in both C:nutrient ratios under phosphorus limitation (publication III). Under reduced 

phosphorus concentrations, both cellular macronutrient pools decrease (Tanioka and 

Matsumoto 2020) suggesting an impaired protein synthesis due to its dependency on ribosomes. 

Vice versa, under nitrogen limitation, cellular P concentration is unaffected as only downstream 

protein synthesis (high N demand) is impaired, resulting in stable C:P ratios but increasing C:N 

ratios. Similarly, the correlation of macronutrient availability and its respective intracellular 

pool is reflected in a decreased N:P ratio under N limitation and vice-versa as well as in 

increased phytoplankton C:P and N:P ratios with increasing N:P supply ratios (publication III). 

Moreover, making nutrients available before warming (versus after) results in lower 

phytoplankton C:N and C:P ratios (publication III) arising from a more balanced uptake of 

nutrients in relation to carbon if nutrients are available during a temperature increase (Armin 

and Inomura 2021). In contrast, phytoplankton experiencing warming without sufficient 

nutrients may continue to fix carbon, resulting in unbalanced cellular C:nutrient pools. For the 

phytoplankton N:P ratio, however, complex interactions with nutrient levels and temperature 

were found in response to the timing of nutrient input (publication III). When nutrients were 

applied as pulses, an extreme pulse triggered fast phytoplankton growth which increases the 

demands for carbon and phosphorus (Elser et al. 2003), whereas cellular nitrogen 

concentrations remained constant, leading to higher C:N ratios, no effect on C:P ratios and 

lower N:P ratios in Lake Erken (publication IV-V).  

Generally, the various tested dimensions of nutrient dynamics impacted phytoplankton 

community stoichiometry more broadly than temperature. However, beyond the single-driver 

responses displayed in Table 7.1, multiple two-fold and three-fold interactions between the 

different facets of temperature and nutrient manipulations exist. For example, the addition of 

nutrients before (versus after) temperature change only lowered phytoplankton N:P ratios under 

phosphorus-limited conditions at ambient temperature but reversed this effect under high 

temperatures (publication III, Table 7.1). Overall, these mechanistic insights into phytoplankton 
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community stoichiometry underline the manifold facets of temperature and nutrient dynamics 

beyond classically tested single drivers, such as temperature level and nutrient concentrations, 

and highlight the complexity of how environmental drivers affect the functioning of natural 

communities.  
 

7.3 Transferring mechanistic effects to the ecosystem scale 

In publication II-V, I investigated natural phytoplankton communities in controlled laboratory 

and mesocosm systems and thereby covered broad experimental and ecological scales towards 

more realism (Fig. 7.1). Further, I experimentally simulated naturally possible environmental 

scenarios that despite seeming abstract if applied in controlled systems, are already observed 

and relevant in nature by exerting multifactorial pressures that are restructuring phytoplankton 

communities and food webs. A suitable case study can be found in the Wadden Sea which is 

currently experiencing multifactorial changes in the afore studied drivers, namely long-term 

trends of warming at a rate of 0.4°C per decade (Rönn et al. 2023), increased episodes of 

extreme warming (Philippart et al. 2024), increasing N:P ratios and decreasing total 

macronutrient loading (van Beusekom et al. 2019, Rönn et al. 2023). 

These shifts in nutrient regimes can be attributed to the implementation of effective 

management strategies. Following a peak of eutrophication in the 1980s, successful efforts to 

reduce eutrophication resulted in historically low nutrient levels (Grizzetti et al. 2012, van 

Beusekom et al. 2019, Rönn et al. 2023). However, since phosphorus is decreasing by about 

5% per year and thus proportionally faster than nitrogen with about 2.5% per year, the N:P ratio 

increased across the North Sea (Box 1, Rönn et al. 2023, Brandenburg et al. 2025). This results 

in a long-term shift towards coastal phosphorus limitation (Burson et al. 2016) and thus favors 

certain phytoplankton species and functional groups (Philippart et al. 2007). 

In publication I, I have shown structural changes among the phytoplankton community, 

specifically with many phytoplankton classes being identified as losers including 

Bacillariophyceae and Coscinodiscophyceae (diatoms), whereas Mammiellophyceae 

(Micromonas pusilla) and Coccolithophyceae (the harmful algae-bloom (HAB) species 

Phaeocystis globosa) were the only winners among phytoplankton classes. This increase of 

HAB-forming species in the North Sea has been previously reported (Edwards et al. 2006, 

Bresnan et al. 2013) and specifically, the increase in Phaeocystis species abundances was 

observed for different parts of the Southern North Sea (e.g., Cadée and Hegeman 1986, 

Beukema and Cadee 1991, Rönn et al. 2023, Brandenburg et al. 2025). As Phaeocystis is known 
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to be a strong competitor under low phosphorus concentrations (publication 2, Hegarty and 

Villareal 1998, Schoemann et al. 2005) and increasing N:P ratios (Brandenburg et al. 2025), the 

current nutrient shifts in the Wadden Sea create an optimal competitive environment for them 

to thrive. 

 

 | Box 1: Stoichiometry in observational Wadden Sea data 
 

 
 

Figure 7.2: Time series of carbon and the particulate N:P ratio at the Wadden Sea stations used in publication I. 
The lengths of the time series differ between carbon and the N:P ratio. Grey shaded areas represent 95% 
confidence intervals. The left figure (carbon) was created by Rönn et al. (2023). The right figure (N:P ratios) is 
based on data from Rönn et al. (2023) collected alongside the phytoplankton data used in publication I. For this, 
the difference between total and dissolved nutrients for nitrogen and phosphorus was calculated before creating 
the ratio between both nutrients.  
 
While particulate carbon increased by an order of magnitude between 1999 and 2014 in the 

Netherlands with a subsequent decrease in recent years, the German stations show slightly 

negative or neutral trends (Rönn et al. 2023). Both particulate nutrients show a decrease over 

time with a 0.93% decrease per year in particulate organic nitrogen (PON) and a 1.31% 

decrease per year in particulate organic phosphorus (POP) averaged across the whole Wadden 

Sea. Since POP is decreasing proportionally faster than PON, corresponding to the faster 

decrease in dissolved phosphorus observed in Rönn et al. (2023), the particulate N:P ratio 

increases by 1.46% per year. Simultaneously to an increase in the dissolved N:P ratios from 

14 to 35 (Rönn et al. 2023), this means an increase of the mean particulate N:P ratios from 

16 to 26 since the 1970s (Fig. 7.2). With particulate carbon increasing or staying neutral and 

particulate nutrient concentrations decreasing at the same stations, this points towards a 

general increase in C:P and C:N ratios in the Wadden Sea. 



7 SYNTHESIS 

 109 

Moreover, the trend towards small cell sizes within and across species in the Wadden Sea 

(Hillebrand et al. 2022) is in line with the increases in small flagellates such as Micromonas 

pusilla at the expense of larger groups such as diatoms found in publication I. However, 

population trends of diatoms show mixed directions across the Wadden Sea and higher 

variability between years (Beukema and Cadee 1991). Despite increasing trends of diatoms in 

the Dutch Wadden Sea (Alvarez-Fernandez and Riegman 2014, Rönn et al. 2023), decreasing 

trends in line with our findings were also observed in the Central North Sea (Edwards et al. 

2006) and in the German Bight (Radach et al. 1990). In response to nutrient shifts, diatoms 

were also observed to show contrasting patterns with certain species increasing and decreasing 

in response to increasing N:P ratios (Rönn et al. 2023). Additionally, the temperature response 

of diatoms in publication II indicated diatom-dominated communities at 6 and 18 °C and thus, 

a high thermal niche diversity or wider thermal breadth (Chen 2015, Anderson et al. 2021) 

compared to haptophytes dominating the community at intermediate temperatures (12 °C).  

To extend this to a functional perspective on the effects of global change on aquatic ecosystems, 

phytoplankton responses beyond changes in quantity need to be considered. Precisely, the afore 

described changes in community composition are accompanied by changes in net cellular 

stoichiometry of the phytoplankton community with important implications for food quality. 

As shown for monocultures (Tanioka and Matsumoto 2020) and confirmed for communities 

(publication III, Table 7.1), phosphorus limitation not only leads to increasing C:P ratios but 

also increases C:N ratios based on the intracellular coupling of ribosomes and protein synthesis 

(see chapter 7.2). This pattern is also reflected in increasing C:P and C:N ratios in the Wadden 

Sea (Box 1), although the decreasing nitrogen loading is likely the predominant reason for 

increasing C:N ratios. In publication II, a correlation between the dominance of Phaeocystis 

and an increase in C:P ratios was shown. Thus, a dominance shift from diatoms towards 

Phaeocystis as identified in publication I would strengthen or be accompanied by an increase 

in C:P ratios, as previously demonstrated for polar communities (Arrigo et al. 1999, Arrigo et 

al. 2002, Zhu et al. 2016). The higher Phaeocystis-specific C:P ratios are likely based on their 

carbon- and nitrogen-rich extracellular matrix (Solomon et al. 2003) or comparably low 

phosphorus demand due to lower regulatory costs (McCain et al. 2022). Furthermore, the 

increasing coastal phosphorus limitation of the Wadden Sea might also intensify the 

vulnerability of phytoplankton biomass to nutrient disturbances such as run-off events 

following extreme precipitation (publication IV). These nutrient pulse disturbances are 

especially relevant at the aquatic-terrestrial interface and thus occur in both freshwater (Roulet 

and Moore 2006) and coastal marine environments (Nunes et al. 2009, Mustaffa et al. 2020).  
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Overall, all chapters (publication I-V) have shown that changes in response to environmental 

drivers not only occur on the biomass or community composition level, but also in terms of 

community stoichiometry. Together, they set the quantity and quality of food available to 

consumers at higher trophic levels and thus, determine their performance, survival and 

reproduction.  

7.4 Implications for the food-web and ecosystem 

Scaled up, these mechanistic insights into phytoplankton responses to different facets of 

warming and macronutrient availability (publication 2-5) allow to construct general trophic 

consequences for a simplified future scenario in aquatic ecosystems. Findings generated 

throughout this thesis aid in estimating the effect of scenario-based changes in food quantity 

(biomass) and quality (stoichiometry), while knowledge from the literature complements this 

by delivering insights into how these effects transfer to higher trophic levels.  

In recent decades, warming and re-oligotrophication due to successful management strategies 

are increasingly occurring together in lake systems (Jeppesen et al. 2005, Verbeek et al. 2018). 

The same pattern is found in marine systems, for which global climate models predict an 

increase in water temperature alongside decreasing macronutrient concentrations resulting from 

increased water column stratification (Bopp et al. 2013, Boyd et al. 2015). In line with current 

environmental trajectories for the Wadden Sea (Box 1, Rönn et al. 2023), phosphorus decreases 

proportionally faster than nitrogen, also on the global scale (Tanioka and Matsumoto 2020). 

Despite different responsible mechanisms acting on unequal spatial scales, the outcome of 

increased C:nutrient and N:P ratios is consistent (Box 1, Tanioka and Matsumoto 2020) and 

points towards drastic changes in food quality for higher trophic levels. These shifts towards 

high C:nutrient ratios potentially induce nutrient limitation (i.e., quality starvation) for 

consumers as nutrients may become too dilute in their prey (Urabe and Sterner 1996, Sterner 

and Elser 2002, Hodapp et al. 2019) and thus, constrain the carbon transfer efficiency between 

phytoplankton and zooplankton (Hessen 2008). This, in turn, affects nutrient recycling as 

grazers retain the limiting resource (nitrogen or phosphorus in this case) to actively maintain 

their homeostasis (Andersen and Hessen 1991) and release excess dissolved organic carbon via 

respiration or excretion (Hessen et al. 2004) which is associated with additional metabolic costs 

for consumers reflected in suppressed growth, reproduction or survival (Boersma and Elser 

2006). Beyond deleterious effects on zooplankton growth (Boersma and Kreutzer 2002), high 

C:P ratios of algae were, for example, also shown to decrease the growth of herbivorous snails 

(Stelzer and Lamberti 2002). Despite stoichiometric imbalances often being buffered on the 
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zooplankton level (publication IV, Cottingham and Schindler 2000), it is rather the effects on 

performance and associated shifts in community composition that propagate through the food-

web. In freshwater systems, increased phytoplankton C:P ratios induce a shift from phosphorus-

rich Daphnia to low-phosphorus copepods (Laspoumaderes et al. 2013, Diehl et al. 2022), in 

support of the mechanisms identified in publication IV. This is not only based on the lower 

phosphorus demand of copepods compared to cladocerans (Andersen and Hessen 1991, Elser 

et al. 2001), but also on the advantage of copepod selective feeding which is likely energetically 

more effective during periods of low food quality than non-selective feeding by cladocerans. In 

marine systems, zooplankton communities are typically dominated by copepods which show 

impaired feeding and reproductive rates under phosphorus limitation (Saiz et al. 2023). In line, 

the increasing phosphorus limitation in marine systems is also reflected in the population 

decline of many copepod families in the Wadden Sea (publication I, Fig. S6). In turn, the 

zooplankton community composition affects the nutritional quality for fish (Heneghan et al. 

2023) and with decreasing prey quality and quantity, food webs might switch from a top-down 

controlled system, characterized by the efficient transport of energy and maintenance of 

enhanced production in higher trophic levels to a trophic decoupling with bottom-up control 

and inefficient energy transfer (Danielsdottir et al. 2007). Alternatively, decreasing prey quality 

and quantity may enhance the significance of the microbial loop, where bacteria and associated 

micrograzers (e.g., nanoflagellates and ciliates) process dissolved organic matter, potentially 

offering an alternative, but less efficient, pathway for energy to reach higher trophic levels, 

thereby altering food-web dynamics and energy transfer efficiencies (Azam et al. 1983, Jiao et 

al. 2010). 

These gradual long-term trends of warming and re-oligotrophication are increasingly disrupted 

by extreme events (IPCC 2023), such as heatwaves or heavy rainfall with associated run-off 

into lakes and coastal systems (Jeppesen et al. 2009, Donat et al. 2017). Depending on the local 

characteristics (publication V), an extreme nutrient pulse would temporally stimulate 

phytoplankton growth and enhance their food quality for consumers, but significantly less 

compared to low-intensity rainfall events with a higher frequency of occurrence 

(publication IV). However, the chronology of stressors strongly modulates the response of 

phytoplankton biomass and stoichiometry and thus, heavy rainfall with associated run-off 

before or after a heatwave leads to significantly different outcomes (publication III). Overall, 

these changes suggest that the total energy flux through the food web will be subject to higher 

degrees of fluctuation (publication II), particularly in the summer months with lower baseline 

nutrient conditions and higher temperatures (publication V). This could have consequences for 
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the life cycles of other organisms that depend on phytoplankton phenology which would be 

negatively affected by an attenuation of clear seasonal bloom patterns or the switch of energy 

fluxes to alternative but less effective trophic pathways such as the microbial loop. 

  

7.5 Future perspectives 

 
The results of this thesis improved our understanding of the effects of climate change on natural 

plankton communities by integrating observational population trends and experimental findings 

from multiple environmental settings. However, further research potential has emerged and 

general methodological constraints regarding the design of climate change experiments and on 

how phytoplankton is included in monitoring and assessment strategies were identified. This 

subchapter outlines promising avenues for future research to make the complex and multi-

dimensional nature of climate change effects on aquatic communities more tangible, to design 

ecologically relevant experiments (chapter 7.5.2) and to increase the representation of 

phytoplankton in monitoring and assessment (chapter 7.5.1). 

 

7.5.1 Policy: Missing aspects in standard monitoring and assessment 

 
Despite the multitude of political frameworks focusing on halting biodiversity loss and the 

legally binding commitment of EU countries, European marine conservation policies were 

shown to not effectively address conservation needs (Fraschetti et al. 2018, Katsanevakis et al. 

2020). The heterogeneity of implementation efforts and strategies (e.g., in monitoring 

programs, selection of protected sites) between EU countries (Fraschetti et al. 2018, Di Cavalho 

et al. 2023) and the high complexity of the policy landscape, which may fuel ambiguity over 

requirements of biodiversity assessment and monitoring (Greathead et al. 2020), dampens the 

success of biodiversity conservation in European waters. 

On the European scale, the Water Framework Directive (WFD, EU 2000) for the protection of 

groundwaters, inland, transitional, and coastal surface waters, which encompasses all systems 

discussed in this thesis, aims to reach good environmental status (GES) and regularly assess 

biological quality elements for associated water bodies. Despite including parameters like 

phytoplankton community, abundance and biomass, and frequency and intensity of blooms 

(European Union 2000, Heiskanen et al. 2016), only chlorophyll-a as a proxy for phytoplankton 

biomass is widely applied by European member states (Rönn et al. 2023). On a regional scale, 

The Trilateral Wadden Sea Cooperation (TWSC) is in practice lacking indicators for assessing 



7 SYNTHESIS 

 113 

diversity in pelagic habitats beyond phytoplankton chlorophyll-a as an indicator of 

eutrophication (Kloepper et al. 2017, Kloepper et al. 2022) and the extent of Phaeocystis 

blooms (Baretta-Bekker and Prins 2013), even though the handbook for the Wadden Sea 

assessment strategy (CWSS 2008) mentions the assessment of temporal trends, species richness 

and dominance structure of phytoplankton. Even if the proposed diversity metrics were 

implemented in the assessment strategy, important aspects that determine the functioning of the 

food-web, with phytoplankton at the base of it, were still neglected and overlooked. Thus, the 

question remains on what we are missing by lacking information on functional and 

compositional changes of phytoplankton in a system of interest. 
 

This thesis has highlighted the complex effects that compositional shifts and cellular changes 

in the macronutrient elemental composition of phytoplankton under climate change have on the 

food quality for grazers and thus, higher trophic levels. As a less charismatic group that is 

mostly invisible to the bare human eye, the base of the food-web is underrepresented and 

undervalued in quality status reports despite its crucial functions. Only considering 

phytoplankton as an indicator for eutrophication provides a too simplistic view of its role in the 

ecosystem. Rönn et al. (2023) even raised the question of the usefulness of selected species 

(specifically Phaeocystis globosa and Pseudo-nitzschia complex in the Wadden Sea) as 

indicators for eutrophication as the response of phytoplankton to nutrient changes is rarely so 

consistent that they reliably qualify as indicator species.  
 

Therefore, I propose to assess phytoplankton community stoichiometry – as simplistically but 

easily calculated from already monitored parameters (Box 1) – and regularly identify winners 

and losers across the phytoplankton classes to obtain a generalized overview of how the 

phytoplankton community is restructuring (publication I). Ideally, the assessment of 

phytoplankton community composition would be complemented by a multi-metric approach to 

calculate diversity, going beyond population trends and including Hill-number based alpha-

diversity metrics and temporal dissimilarity of communities, thus capturing indicators on each 

dimension in which human impacts alter biodiversity (Hillebrand et al. in prep).   

 
7.5.2 Experimental gaps and biases 

 
This thesis highlighted the importance of designing ecologically relevant experiments to 

transfer laboratory findings to natural ecosystems. As such, the studies included in this thesis 

are rooted in the increasing pressure on aquatic ecosystems from multiple facets of human-
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induced environmental change (IPBES 2019, IPCC 2023) that do not act in isolation in nature, 

but rather occur simultaneously. Due to the complex interactions between pressures that shape 

the response of phytoplankton to environmental change (Fig. 7.3), predicting and estimating 

the consequences for aquatic ecosystems remains a pressing topic. 

By now, multiple stressor research receives the attention it deserves (Jackson et al. 2016, 

Jackson et al. 2021, Kremer et al. 2024, Orr et al. 2024) and has been established as a major 

future direction in aquatic ecology. This thesis has contributed to this emergent field by studying 

the effects of multiple environmental drivers, e.g., temperature and nutrients (publication III, 

Thomas et al. 2017, Thrane et al. 2017, Verbeek et al. 2018), and nutrients and light (publication 

IV-V, Dickman et al. 2006, Dickman et al. 2008) on phytoplankton performance. Despite 

answering open research questions and closing gaps in this thesis, new potentials for further 

research emerge. For example, building on the idea of sequentially versus simultaneously 

applied stressors (publication III), only a handful of studies experimentally tested realistic 

temporal patterns of stressors (Gunderson et al. 2016). Such underrepresented but naturally 

occurring patterns include studies in which the second stressor directly follows the first stressor, 

the stressors have a short or long time lag (Gunderson et al. 2016) or testing different orders of 

stressors (publication III). Thus, to attenuate climate change effects on phytoplankton (and 

cascading effects up the food web), it is crucial to understand the interactions among drivers 

and based on this, create scenarios that more accurately represent the natural aquatic ecosystems 

and the multi-faceted changes they experience.  

 

 
Fig. 7.3: (a) Interactive effect of nutrients and temperature on the growth rate following Thomas et al. (2017), 
Bestion et al. (2018). The temperature optimum Topt is highlighted by an orange dashed line. (b) Interactive effect 
of light and temperature on the growth rate following Dauta et al. (1990). (c) Expected interactive effect of light 
and nutrients on the growth rate based on data of Heinrichs et al. (2025) for Coelastrum sp. in a monoculture). 
 
Based on the findings from my thesis, I am advocating for (1) testing established understanding 

of single and multi-drivers on natural communities to expand the knowledge gained from 
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population studies to a more transferable system which includes biotic interactions, and (2) 

experimental designs that are strongly based on current and future abiotic conditions and do not 

represent natural conditions and processes too simplistically. This means to mimic the natural 

world more closely in terms of ecological systems and pressures, for example, by including 

multiple drivers (publication III-V), testing different temporal patterns of stressors (publication 

III-V) applying ecologically relevant rates of temperature (publication III) or nutrient conditions 

(publication III). By this, we increase the biotic and abiotic relevance of our research and 

ultimately, tackle climate change more effectively by providing more accurate 

recommendations.  

 
7.5.3 Concluding remarks 

 
In the context of accelerating climate change and increasing overuse of aquatic systems, 

research on how phytoplankton and their important functions are affected by these stressors is 

one of the most pressing topics in the present and future. Both by experimentally mimicking 

future scenarios and thus, estimating effects of climate change in the coming years and decades, 

as well as monitoring how phytoplankton is changing in the natural system, provide crucial 

tools to mitigate ecosystem-scale effects.  

In this thesis, I demonstrated that phytoplankton communities are strongly restructuring. 

Despite not showing a unified response direction for all phytoplankton species populations (i.e., 

balancing positive and negative trends), phytoplankton highly dominate the classes with 

negative trends in a whole-ecosystem perspective. This is most strongly modulated by changing 

temperature and nutrient conditions and is accompanied by a decrease in food quality for their 

consumers. To mechanistically understand the effects of various facets of temperature and 

nutrient change in aquatic systems, a range of laboratory and mesocosm experiments was 

conducted. In summary, the experiments showed that phytoplankton stoichiometry is most 

strongly influenced by nutrient dynamics. However, this response goes beyond prevailing 

nutrient conditions and associated limitation patterns, but also includes the temporal pattern of 

nutrient input, the nutrient supply ratio as well as its relative timing and interaction with other 

stressors, as exemplified with temperature. In turn, long-term climate change-driven alterations 

of phytoplankton food quantity and quality, as well as disruptions by extreme events impact 

higher trophic levels, for example, by inducing quality starvation, constraining the energy 

transfer efficiency and promoting shifts in grazer community composition which eventually 

impact fish and bird populations and communities. 
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Ultimately, I advocate for including phytoplankton stoichiometry (as a community response to 

nutrient conditions and an indicator for food quality) in environmental assessments to record 

changes at the base of the food-web and be aware of potential critical thresholds that induce 

food quality limitation for higher trophic levels. Additionally, I propose unifying and 

synthesizing multiple stressor responses of experiments to generalize overarching 

phytoplankton response patterns. Further, conducting ecologically relevant, informative and 

transferable experiments using a multi-driver and scenario-based approach with natural 

communities helps to increase our understanding of the fate of aquatic systems and the 

ecosystem services they provide.
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Figure S1: A) Schematic workflow for the vote count of the trends. B) Schematic workflow for the chosen error 
distribution for the models used in the vote count. 
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Figure S2: Schematic overview of the temporal trends classification. The probability of positive or negative 
trends is always considered against the probability of the trend being neutral. In case the probability of both a 
negative and positive trend is below 0.5, the overall trend is neutral. In case the probabilities are higher than 0.5, 
the overall trend is that with the highest probability. In case both trend probabilities overlap, there is an equal 
probability of positive and negative trends which cancel each other out. 
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Figure S3: A) Probability of detecting a trend with increasing monitoring time; B) Probability of a model 
meeting assumptions of a Gaussian, Poisson or negative binomial error distribution using linear or polynomial 
regression with increasing monitoring time. 
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Figure S4: Dendrogram of the meta-analysis results (coloured branches). The colour indicates an overall 
significantly positive trend (green), negative trend (orange) or a non-significant overall trend (blue). The labels 
refer to the genus of the branch. The estimates and 95% confidence intervals for each taxonomic level are 
presented in Table S4-8. 
 



APPENDIX PUBLICATION I 

 132 

 
 
Figure S5: Winners and losers in the class of Aves (birds). Estimates and 95 % confidence intervals (CI) were 
derived from the meta-analysis to identify winners (green) and losers (orange) on the phylogenetic level of 
family. Significance (p < 0.05) is indicated by CI not crossing the dashed line at 0. 
 
 
 

 
 
Figure S6: Winners and losers in the ecosystem component of zooplankton. Estimates and 95 % confidence 
intervals (CI) were derived from the meta-analysis to identify winners (green) and losers (orange) on the 
phylogenetic level of family. Significance (p < 0.05) is indicated by CI not crossing the dashed line at 0. 
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Figure S7: Winners and losers in the ecosystem component of macrozoobenthos. Estimates and 95 % confidence 
intervals (CI) were derived from the meta-analysis to identify winners (green) and losers (orange) on the 
phylogenetic level of family. Significance (p < 0.05) is indicated by CI not crossing the dashed line at 0. 
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Figure S8: Winners and losers in the ecosystem component of fish. Estimates and 95 % confidence intervals (CI) 
were derived from the meta-analysis to identify winners (green) and losers (orange) on the phylogenetic level of 
family. Significance (p < 0.05) is indicated by CI not crossing the dashed line at 0. 
 
 
Table S2: Number of entries for each ecosystem component and phylogenetic level. Entries identified only to 
genus level were included as “Genera sp.” at species level. The ecosystem component of “Plants” includes both 
salt marsh plants and seagrasses. Macroinvertebrates show a lower number of genera than families as three 
genera could not be assigned. Abbreviations are as follows: Phytoplankton (Phytopl.), macrozoobenthos (MZB), 
zooplankton (Zoopl.). 
 
 Phytopl. MZB Birds Fish Plants Zoopl. 

Phyla 10 7 1 1 1 4 

Classes 19 11 1 1 3 5 

Orders 48 27 6 12 9 8 

Families 69 51 10 25 15 14 

Genera 97 72 34 33 28 14 

Species 161 96 57 40 33 14 
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Table S4: Meta-analysis results used to assign the winner and loser status on class level. The meta-analysis was 
run on the full dataset. 
 
 

Class Estimate Std. Error z-value CI (lower) CI (upper) p-value 

Appendicularia -0.050 0.054 -0.913 -0.156 0.057 0.361 

Asteroidea -0.074 0.078 -0.953 -0.226 0.078 0.341 

Aves 0.027 0.006 4.322 0.015 0.039 <0.001 

Bacillariophyceae -0.049 0.014 -3.599 -0.076 -0.022 <0.001 

Bivalvia -0.010 0.005 -1.931 -0.020 <0.001 0.054 

Chlorodendrophyceae -0.541 0.127 -4.255 -0.790 -0.292 <0.001 

Chlorophyceae -0.032 0.024 -1.337 -0.080 0.015 0.181 

Chrysophyceae -0.363 0.120 -3.035 -0.598 -0.129 0.002 

Clitellata 0.040 0.007 6.045 0.027 0.053 <0.001 

Coccolithophyceae 0.118 0.051 2.319 0.018 0.217 0.020 

Copepoda -0.058 0.030 -1.965 -0.117 <0.001 0.049 

Coscinodiscophyceae -0.035 0.013 -2.715 -0.061 -0.010 0.007 

Cryptophyceae -0.002 0.014 -0.144 -0.030 0.026 0.886 

Cyanophyceae -0.786 0.170 -4.613 -1.120 -0.452 <0.001 

Dictyochophyceae -0.075 0.058 -1.299 -0.189 0.038 0.194 

Dinophyceae -0.023 0.013 -1.818 -0.048 0.002 0.069 

Echinoidea -0.152 0.097 -1.570 -0.341 0.038 0.117 

Equisetopsida -0.159 0.011 -14.803 -0.180 -0.138 <0.001 

Euglenophyceae -0.014 0.017 -0.858 -0.047 0.019 0.391 

Gastropoda -0.010 0.009 -1.039 -0.028 0.009 0.299 

Hexacorallia 0.105 0.080 1.318 -0.051 0.262 0.187 

Katablepharidophyceae -0.177 0.046 -3.828 -0.268 -0.086 <0.001 

Liliopsida -0.039 0.006 -6.529 -0.050 -0.027 <0.001 

Litostomatea -0.098 0.041 -2.376 -0.178 -0.017 0.018 

Magnoliopsida -0.053 0.006 -8.338 -0.065 -0.041 <0.001 

Malacostraca 0.008 0.005 1.653 -0.002 0.018 0.098 

Mamiellophyceae 0.270 0.087 3.100 0.099 0.441 0.002 

Mediophyceae -0.021 0.012 -1.717 -0.045 0.003 0.086 

Oligotrichea -0.026 0.025 -1.039 -0.074 0.023 0.299 

Ophiuroidae 0.058 0.014 4.102 0.030 0.085 <0.001 

Polychaeta 0.013 0.005 2.564 0.003 0.022 0.010 

Polyplacophora -0.093 0.033 -2.831 -0.157 -0.029 0.005 

Pyramimonadophyceae -0.026 0.018 -1.455 -0.061 0.009 0.146 

Raphidophyceae 0.006 0.027 0.206 -0.048 0.059 0.837 

Teleostei -0.010 0.005 -1.836 -0.020 0.001 0.066 

Telonemea -0.367 0.122 -3.002 -0.606 -0.127 0.003 

Thecofilosea 0.010 0.030 0.332 -0.049 0.069 0.740 

Thecostraca 0.020 0.022 0.898 -0.023 0.062 0.369 
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Figure S1: Thermal performance curve of the starting community with the growth rate (µ) across experimental 
temperatures. The line represents the fit by Thomas et al. (2017) and the grey shaded areas the 95% confidence 
interval predicted through bootstrapping. 
 
 

 
 
Figure S2: Daily measured temperature over time. Dots represent the arithmetic mean of the temperatures (6 °C: 
blue, 12 °C: yellow, 18 °C: red) and error bars the standard deviation. 
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Figure S3: Photosynthetic active radiation (PAR) at 10 cm below the surface over time. Dots represent the 
arithmetic mean of the temperatures (6 °C: blue, 12 °C: yellow, 18 °C: red) and error bars the standard deviation. 
 
 

 
 
Figure S4: Daily measured salinity over time. Dots represent the arithmetic mean of the temperatures (6 °C: blue, 
12 °C: yellow, 18 °C: red) and error bars the standard deviation. 
 
 

 
Figure S5: Rarefaction curves of the raw read counts for all samples. 
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Figure S6: Development of each replicate mesocosm (A-D) over time for (a) nitrate + nitrite, (b) phosphate, (c) 
silicate. Colours denote the temperature treatments (6 °C: blue, 12 °C: yellow, 18 °C: red). 
 
 

 
 
Figure S7: Development of each replicate mesocosm (A-D) over time for (a) the pH and (b) dissolved inorganic 
carbon (DIC). Colours denote the temperature treatments (6 °C: blue, 12 °C: yellow, 18 °C: red, t0: grey). 
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Figure S8: Microscopy-based mesozooplankton community composition and total mesozooplankton abundance 
L-1 (numbers on bar graphs) on species level at day 27 for all replicate mesocosms (A-D) of the temperature 
treatments (6, 12 and 18 °C). 
 

 
 
Figure S9: Pooled micro-grazing rates (m) per day at the start (incubation day 15) and the end (incubation day 27) 
of the experiment for the three treatment temperatures (blue = 6 °C, yellow = 12 °C, red = 18 °C). Dots represent 
the mean and error bars the standard deviation of the replicates. 
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Figure S10: Metabarcoding-based heterotrophic protist community composition on phylum level over time for all 
replicates (horizontal alignment) and temperatures (vertical alignment). ASVs which could not be annotated were 
categorized as “other”. 
 
 

 
 
Figure S11: Metabarcoding-based phytoplankton community composition on phylum level over time for all 
replicates (horizontal alignment) and temperatures (vertical alignment). ASVs which could not be annotated were 
categorized as “other”. 
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Figure S12: Metabarcoding-based phytoplankton community composition on species level over time for all 
replicates (horizontal alignment) and temperatures (vertical alignment). ASVs with an abundance of fewer than 
200 reads among temperatures were categorized as “other”. 
 

 
 
Figure S13: Principal component analysis (PCoA) using euclidean distances of the CLR-transformed ASV-based 
species composition at the different temperatures (blue = 6 °C; yellow = 12 °C; red = 18 °C) on all sampling days 
(circle = day 15; triangle = day 18; square = day 21; cross = day 24; cross in square = day 27) of the experiment, 
including 55 samples and 379 taxa. Ellipsoids are grouped per temperature and day. 
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Figure S14: POC (a), nitrate (b), the C:P ratio (c) and pH (d) per normalised read abundance of Phaeocystis 
globosa of the different temperatures (blue = 6 °C; yellow = 12 °C; red = 18 °C) on all sampling days (circle = day 
15; triangle = day 18; square = day 21; cross = day 24; cross in square = day 27) of the experiment. Fitted linear 
regressions with approximate 95% point-wise confidence intervals (grey-shaded areas). 

 

Table S1: Sequencing statistics from the DADA2 pipeline for all samples after each filtering step and the ratio of 
final reads to raw reads. 

Sample Raw Primer/Quality-filtered Denoised Merged Chimera-filtered 
6°C C Day 0 425746 265061 264737 262032 259640 

18°C A Day 3 405838 247022 246447 243937 239755 

18°C A Day 6 160562 95963 95600 93431 90872 

18°C A Day 9 102683 61644 61380 59906 58866 

18°C A Day 12 142835 88403 87965 86194 84454 

18°C A Day 15 134250 80175 79835 77258 75657 

18°C A Day 18 86662 52945 52687 50639 49745 

18°C A Day 21 93995 57148 56883 54475 54031 

18°C A Day 24 139649 77712 77384 73608 72909 

18°C A Day 27 115802 67453 67170 65011 64191 

6°C D Day 6 101620 60386 60120 59052 57085 

6°C D Day 9 131791 76415 76166 74695 72979 

6°C D Day 12 99537 58427 58246 57235 56491 

6°C D Day 15 169255 86546 86244 84321 82773 

6°C D Day 18 117443 69041 68767 67349 66007 

6°C D Day 21 155635 88882 88597 86654 84566 

6°C D Day 24 147561 89048 88665 86671 84107 
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6°C D Day 27 145536 83179 82951 81274 78878 

12°C D Day 6 138838 86583 86261 84553 82168 

12°C D Day 9 122961 75312 74992 73469 71506 

12°C D Day 12 133665 78459 78153 76698 75177 

12°C D Day 15 118082 69209 68992 67710 66242 

12°C D Day 18 116100 68284 68096 66863 64969 

12°C D Day 21 102708 59095 58966 58024 57635 

12°C D Day 24 120073 70615 70520 70004 68694 

12°C D Day 27 111097 63771 63557 62116 60521 

18°C D Day 6 135631 82357 82013 80353 78369 

18°C D Day 9 135503 81081 80822 79305 77787 

18°C D Day 12 157516 98183 97866 96133 93736 

18°C D Day 15 125748 75330 75072 73541 71081 

18°C D Day 18 106690 64888 64757 63904 62449 

18°C D Day 24 115471 66265 65982 63528 62098 

18°C D Day 27 148832 85134 84803 75721 73806 

6°C A Day 3 307239 187409 187098 185232 183159 

6°C A Day 6 119999 69097 68830 67706 66348 

6°C A Day 9 141878 80111 79864 78415 76727 

6°C A Day 12 106713 63144 62784 61476 60243 

6°C A Day 15 186801 107411 106967 104628 100223 

6°C A Day 18 111252 65288 65054 63802 62354 

6°C A Day 21 98008 54593 54445 53537 52516 

6°C A Day 24 152000 81374 81188 79932 77887 

6°C A Day 27 116779 66817 66579 65365 63090 

12°C A Day 3 456422 259825 259475 257458 253694 

12°C A Day 6 100454 62083 61836 60783 59778 

12°C A Day 9 110346 64363 64158 63359 62536 

12°C A Day 15 126387 70925 70710 69692 67818 

12°C A Day 18 115119 69438 69174 67733 65884 

12°C A Day 21 103373 60236 60090 59018 57568 

12°C A Day 24 156179 92955 92613 90401 88178 

12°C A Day 27 104101 59451 59320 58509 57845 

18°C B Day 3 376605 225059 224694 222779 219061 

18°C B Day 6 122624 71025 70789 69781 68614 

18°C B Day 9 159773 94340 93957 91774 89681 

18°C B Day 12 110663 66770 66562 65450 64396 

18°C B Day 15 127156 69998 69789 67099 65132 

18°C B Day 18 121547 69327 69106 67571 65841 

18°C B Day 21 175716 100953 100453 97120 91833 

18°C B Day 24 135735 75061 74814 70642 69142 

18°C B Day 27 125271 70848 70573 62528 60871 

6°C B Day 3 414007 247889 247522 245381 242480 

6°C B Day 6 114226 63945 63703 62569 61082 

6°C B Day 9 96637 59888 59766 59115 58696 

6°C B Day 15 136918 82285 82071 80276 78129 

6°C B Day 18 105543 61796 61611 60337 59372 

6°C B Day 21 125533 71498 71173 69487 67191 
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6°C B Day 27 142827 88894 88515 86203 82380 

6°C C Day 3 317774 188965 188607 186618 182933 

6°C C Day 6 108781 52841 52655 51625 50526 

6°C C Day 9 90464 55488 55272 54388 53490 

6°C C Day 12 99031 55578 55403 54537 53826 

6°C C Day 15 62634 35897 35751 35010 34240 

6°C C Day 18 133589 72373 72089 70545 68635 

6°C C Day 21 149600 87522 87202 85243 82898 

6°C C Day 27 146385 89992 89741 87675 84056 

18°C C Day 3 368426 207634 207140 204327 201073 

18°C C Day 6 180547 106326 105862 103219 98931 

18°C C Day 9 103966 64664 64453 63314 62486 

18°C C Day 12 95492 56775 56560 55639 54900 

18°C C Day 15 115196 69015 68777 65616 64504 

18°C C Day 18 150658 87754 87431 84225 82856 

18°C C Day 21 133553 81400 81119 79673 78389 

18°C C Day 27 110909 67327 67175 66370 65749 

12°C B Day 3 366019 217754 217210 214702 209318 

12°C B Day 6 129842 77721 77469 76263 74475 

12°C B Day 9 129893 79099 78821 77230 75547 

12°C B Day 12 194761 113334 112911 110306 106205 

12°C B Day 15 126304 74598 74408 73478 71909 

12°C B Day 18 99809 56551 56407 55862 55280 

12°C B Day 21 394299 225346 224989 222553 218581 

12°C B Day 27 141807 82718 82459 80410 78029 

12°C C Day 3 434730 257556 257130 244469 236088 

12°C C Day 6 144605 88861 88487 86557 84177 

12°C C Day 9 108637 66463 66159 64564 63030 

12°C C Day 12 126494 78525 78203 76641 74575 

12°C C Day 15 100736 59221 59027 58098 56771 

12°C C Day 18 115039 66469 66276 64998 63174 

12°C C Day 21 79631 45682 45605 43922 43655 

12°C C Day 24 93860 52975 52868 48776 48304 

12°C C Day 27 86529 47376 47280 38509 38064 

 
Table S2: Results of the two-way rmANOVA regarding the effect of temperature, time, and their interactive effects 
on the mean beta-dispersions of the Aitchinson distances during the experiment phase. Dfn is the degree of freedom 
for the numerator of the F ratio, and DFd is for the denominator. Significant effects are highlighted in bold. 

Parameter Effect DFn DFd F p 
      

 Temperature 1 6 3.466 .112 

6 °C – 12 °C Time 3 18 1.752 .192 

 Temperature:Time 3 18 0.432 .733 
      

 Temperature 1 5 12.241 0.017 
6 °C – 18 °C Time 1.21 6.04 0.004 0.969 

 Temperature:Time 1.21 6.04 0.150 0.754 
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Figure S2.1: Overview of the systematic literature map. The left side shows the type of temperature change 
(abrupt, gradual, mix) that experimental studies applied. The right side indicates the type of nutrient conditions 
that were applied. More details about the criteria for the categories can be found in Supplement 1. The colors 
indicate whether the respective conditions were clearly reported (dark grey) or only to be assumed from the 
experimental design (light grey). 
 

 
 
Figure S2.2: Types of temperature increase in experimental studies separated into abrupt (left side) and gradual 
temperature increases (right side). The temperature increase in the left figure and Δ Temperature in the right figure 
refer to the highest applied increase (compared to ambient conditions) of the respective study. For gradual 
temperature increase, the bold values indicate the number of studies that applied the respective gradual increase. 
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Figure S2.3: Community composition of the start community of both microcosm experiments based on DNA data 
(18S rRNA sequencing). Experiment 2 is separated into three different temperature treatments: ambient 6 °C, an 
increase by 1 °C day-1 to 12 °C and 18 °C. For readability, ASVs with an abundance of fewer than 100 reads among 
replicates were categorized as “other”. The data are based on ASV reads counts and therefore do not represent 
biomass contributions. For detailed figures on species level and more information about changes in community 
composition in the accompanying mesocosm experiment see Ahme et al. (2024). The sample water was filtered 
onto 0.8 µm polycarbonate filters (Nucleopore, Whatman, Maidstone, UK) and DNA was extracted using the 
NucleoSpin Soil extraction Kit (Macherey-Nagel GmbH, Düren, Germany). Using primers targeting the variable 
region 4 of the 18S rRNA gene (Bradley et al. 2016), amplicons were generated and sequenced on a MiSeq 
sequencer following the standard protocol for library preparation and sequencing (Illumina, San Diego, CA, USA). 
After primer removal, quality-trimming, denoising, and chimera removal, amplicon sequence variants (ASVs) 
were taxonomically annotated using the protist reference database v4.12.0 PR2 (Guillou et al. 2013). The validity 
of the 18S rRNA metabarcoding was qualitatively post-evaluated via light microscopy screening using the method 
by Utermöhl (1958). 
 

 
 
Figure S2.4: Thermal performance curve (TPC) of the phytoplankton community directly after sampling it from 
the North Sea. The nutrient conditions were kept at ambient. The temperature exposure was done abruptly to 
temperatures between 3 and 30 °C in steps of 3 °C. The methods for the TPC are described in detail in Ahme et al. 
(2024). 
 

Start Exp. 1 Start Exp. 2
6°C 12°C 18°C

Start Exp. 2 Start Exp. 2
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Figure S2.5: Time series of phytoplankton growth as autofluorescence at 395/680nm Ex./Em. in the ambient 
temperature treatment (6°C, blue) and the abruptly exposed temperature treatments (12 °C in orange and 18 °C in 
red) over a nitrogen (18.07-70.77 µmol L-1) and phosphorus (0.31-3.64 µmol L-1) gradient in the first run of the 
experiment. The stated values on the facet axes correspond to the final concentrations including background 
concentration. 
 

 
 

Figure S2.6: Time series of phytoplankton growth as autofluorescence at 395/680nm Ex./Em. in the gradually 
increased temperature treatments of 12 °C (orange) and 18 °C (red) over a nitrogen (18.07-70.77 µmol L-1) and 
phosphorus (0.31-3.64 µmol L-1) gradient in the first microcosm experiment. The vertical lines indicate the time 
point at which the respective final experimental has been reached. The stated values on the facet axes correspond 
to the final concentrations including background concentration. 
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Figure S2.7: Time series of phytoplankton growth at the three temperatures 6 °C (blue), 12 °C (orange) and 18 °C 
(red) in the second experiment over a nitrogen (µmol L-1) and phosphorus (µmol L-1) gradient. This run received 
the addition of nutrients after thermal acclimation. The stated values on the facet axes correspond to the final 
concentrations including background concentration for 6 °C (for 12 °C add -5.3 µmol L-1 N and 0.0075 µmol L-1 
P to the shown values, and for 18 °C add 1.80 µmol L-1 N and - 0.01 µmol L-1 P to the values). 
 
 

 
Figure S2.8: Time series of phytoplankton growth as the logarithm of autofluorescence at 395/680nm Ex./Em. in 
the ambient temperature treatment (6°C, blue) and the abruptly exposed temperature treatments (12 °C in orange 
and 18 °C in red) over a nitrogen (18.07-70.77 µmol L-1) and phosphorus (0.31-3.64 µmol L-1) gradient in the first 
run of the experiment. The stated values on the facet axes correspond to the final concentrations including 
background concentration. 
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Figure S2.9: Time series of phytoplankton growth as the logarithm of autofluorescence at 395/680nm Ex./Em. in 
the gradually increased temperature treatments of 12 °C (orange) and 18 °C (red) over a nitrogen (18.07-70.77 
µmol L-1) and phosphorus (0.31-3.64 µmol L-1) gradient in the first microcosm experiment. The vertical lines 
indicate the time point at which the respective final experimental temperature has been reached. The stated values 
on the facet axes correspond to the final concentrations including background concentration. 
 

 
 

Figure S2.10: Time series of phytoplankton growth as the logarithm of autofluorescence at 395/680nm Ex./Em. 
At the three temperatures 6 °C (blue), 12 °C (orange) and 18 °C (red) in the second experiment over a nitrogen 
(µmol L-1) and phosphorus (µmol L-1) gradient. This run received the addition of nutrients after thermal 
acclimation. The stated values on the facet axes correspond to the final concentrations including background 
concentration for 6 °C (for 12 °C add -5.3 µmol L-1 N and 0.0075 µmol L-1 P to the shown values, and for 18 °C 
add 1.80 µmol L-1 N and - 0.01 µmol L-1 P to the values). 
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Figure S2.11: Interpolated response surfaces of the LRR for nutrient addition (LRRn: community µ for nutrients 
added before temperature change divided by community µ for nutrients added after the temperature change) and 
rate of temperature change (LRRt: community µ for abrupt temperature increase divided by community µ in a 
gradual temperature change) across nitrogen and phosphorus supply (in µmol L-1). Positive values in the left panels 
indicate that nutrient availability during temperature change led to higher growth rates. Positive values in the right 
panels mean that an abrupt temperature exposure led to higher growth rates compared to a gradual temperature 
increase. 
 
 

 
 
 
Figure S2.12: The effect of nitrogen:phosphorus (N:P) supply conditions (balanced, nitrogen-limited, phosphorus-
limited) on particulate N:P ratios for all abrupt and gradual temperature increase treatments together (since no 
effect of the rate of temperature increase on particulate N:P ratios has been found). See statistical results in Table 
S2.2. 
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Table S2.1: Post-hoc test for Generalized Linear Model (µ ~ temperature level * final N:P supply ratio * rate of 
temperature change). Asterisks indicate significance (p > 0.05). 
 

 
 
Table S2.2: Post-hoc test for Generalized Linear Model (particulate N:P ratio ~ temperature level * final N:P 
supply ratio * rate of temperature change). Asterisks indicate significance (p > 0.05). 
 

 
 
Table S2.3: Post-hoc test for Generalized Linear Model (µ ~ temperature level * final N:P supply ratio * nutrient 
availability during temperature change). Asterisks indicate significance (p > 0.05). 
 

 
 
Table S2.4: Post-hoc test for Generalized Linear Model (LRRn ~ final N:P supply ratio * nutrient availability 
during temperature change). Asterisks indicate significance (p > 0.05). 
 

 
 
Table S2.5: Post-hoc test for Generalized Linear Model (particulate N:P ratio ~ temperature level * final N:P 
supply ratio * nutrient availability during temperature change). Asterisks indicate significance (p > 0.05). 
 

Term Group 1 Group 2 Estimate Conf. Low Conf. High P (adjusted) Significance
Temp 12 18 3.08e-3 -0.00981 0.0160 6.38e-1
Ratio Balanced N-Limited -2.60e-2 -0.0476 -0.00431 1.41e-2 *
Ratio Balanced P-Limited -7.99e-2 -0.0986 -0.0612 0 ****
Ratio N-Limited P-Limited -5.39e-2 -0.0789 -0.0290 2.40e-6 ****

Temp. Rate Abrupt Gradual -3.49e-2 -0.0478 -0.0220 2.71e-7 ****

Term Group 1 Group 2 Estimate Conf. Low Conf. High P (adjusted) Significance
Temp 12 18 -0.938 -2.34 0.459 1.86e-1
Ratio Balanced N-Limited -4.55 -6.90 -2.20 3.88e-5 ****
Ratio Balanced P-Limited 8.41 6.36 10.5 3.09e-10 ****
Ratio N-Limited P-Limited 13.0 10.2 15.7 3.09e-10 ****

Temp. Rate Abrupt Gradual 1.12 -0.279 2.52 1.15e-1

Term Group 1 Group 2 Estimate Conf. Low Conf. High P (adjusted) Significance
Temp 6 12 -0.450 -0.575 -0.325 4.50e-13 ****
Temp 6 18 -0.264 -0.389 -0.139 3.22e-6 ****
Temp 12 18 0.186 0.0620 0.310 1.39e-3 **
Ratio Balanced N-Limited -0.0686 -0.212 0.0749 4.99e-1
Ratio Balanced P-Limited -0.592 -0.715 -0.469 4.25e-13 ****
Ratio N-Limited P-Limited -0.523 -0.688 -0.359 3.09e-12 ****

Nut. Av. Before After -0.417 -0.502 -0.332 4.35e-13 ****

Term Group 1 Group 2 Estimate Conf. Low Conf. High P (adjusted) Significance
Temp 6 12 0.0890 0.0709 0.107 1.89e-11 ****
Temp 6 18 0.0664 0.0481 0.0847 2.55e-11 ****
Temp 12 18 -0.0226 -0.0403 -0.00488 8.94e-3 **
Ratio Balanced N-Limited 0.00106 -0.0215 0.0236 9.93e-1
Ratio Balanced P-Limited 0.0404 0.0224 0.0583 3.37e-6 ****
Ratio N-Limited P-Limited 0.0393 0.0135 0.0651 1.5e-3 **

Term Group 1 Group 2 Estimate Conf. Low Conf. High P (adjusted) Significance
Temp 6 12 0.0747 -0.0207 0.170 1.56e-1
Temp 6 18 0.0764 -0.0190 0.172 1.43e-1
Temp 12 18 0.00172 -0.0927 0.0961 9.99e-1
Ratio Balanced N-Limited -0.188 -0.296 -0.0790 2.15e-4 ***
Ratio Balanced P-Limited 0.578 0.484 0.672 3.55e-15 ****
Ratio N-Limited P-Limited 0.766 0.641 0.891 3.55e-15 ****

Nut. Av. Before After -0.202 -0.267 -0.138 7.47e-9 ****
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Figure S1: Timeseries of dissolved organic carbon (DOC), nitrogen, phosphorus and silicate as well as temperature 
for the control (C), the daily pulses (D), intermittent pulses (I) and the extreme pulse (E). The grey area represents 
the recovery period. 
 
 

 
 
Figure S2: Nutrient limitation bioassay. Chlorophyll-a at the endpoint is presented for the different nutrient 
additions: control with no additions (C), nitrogen addition (N), phosphorus addition (P), or an addition of both 
nitrogen and phosphorus together (NP). The left panel shows the response of the plankton community taken from 
a pooled sample of the daily mesocosms and the right side represents a community originating from the lake. 
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Figure S3: Time series of particulate molar ratios of Si:P and Si:N. The grey background represents the recovery 
period. Time series are given for the control (C), the daily pulses (D), intermittent pulses (I) and the extreme pulse 
(E). 
 

 
 
Figure S4: Log-response ratios over time for the cellular C:P, N:P, C:N, Si:P, Si:N and Si:C ratio of phytoplankton. 
The grey area represents the recovery period.  Time series are given for the daily pulses (green), intermittent pulses 
(blue) and the extreme pulse (orange). 
 
 

 
 
Figure S5.5: Photograph of a CN filter under the binocular during sampling 5 in mesocosm #9 (extreme). 
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Figure S6: Photograph of a CN filter for mesocosm #2 (daily), and mesocosm #8 (daily) during sampling #3. 
 
 

 
 
Figure S7: Time series of the estimated relative copepod nauplii contribution to the total particulate organic carbon 
of the small size class (< 105 µm) (not that the y-axis only ranges from 0 to 1 %), as well as copepod nauplii and 
small rotifer abundances. Carbon-based biomass contribution of the copepod nauplii to the total particulate carbon 
in this size class was calculated based on a regression between body length and carbon weight for Acartia steuerii 
nauplii (Natori and Toda 2018). For this calculation, a body length of 105 µm has been assumed (which represents 
the upper limit of the size class). Due to the assumption of maximum size in this size class and that all copepod 
nauplii were present in the small size class, the calculated carbon-based biomass contribution is likely over-
estimated and thus, even more supports that copepod nauplii only had a minor influence on the results of this size 
class. Time series are given for the control (grey), the daily pulses (green), intermittent pulses (blue) and the 
extreme pulse (orange). 
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Figure S8: Abundance of Cladocera and Copepoda at the start and end of the experiment. The color in the left 
and middle box represents the applied treatments, whereas the shades in the right box show the major zooplankton 
group. The right box shows mean abundances across all treatments. Error bars represent standard deviations. 
 
 
Table S1: Results of the Kruskal-Wallis and Conover’s multiple comparisons test for the nutrient limitation 
bioassay after the simulated rainfall period with lake water (Lake) and water from the daily-pulsed mesocosms 
(Daily). Abbreviations for the nutrient treatments are control (C), nitrogen addition (N), phosphorus addition (P), 
nitrogen and phosphorus addition (NP). Significant p-values are indicated by an asterisk (*) for p < 0.05. Mean 
rank differences (MRD) are reported. 
 
 
  Lake     Daily   

  MRD p-value   MRD   p-value   

N-C -1.000 0.511  5.333   0.011 * 
NP-C  4.333 0.053    9.000 <0.005 * 
P-C 6.667 0.009 * 3.667   0.047 * 
NP-N  5.333 0.025 * 3.667   0.047 * 
P-N 7.667 0.005 * -1.667   0.203  
P-NP 2.333 0.294  -5.333   0.011 * 
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Fig. S1: Experimental nutrient and cDOM additions and timeline of the mesocosm experiment. The total additions 
(100 %) refer to 2 mg L-1 colored dissolved organic matter (cDOM), 50 µg L-1 phosphorus primarily added as 
KH2PO4 and 500 µg L-1 primarily added as nitrogen NaNO3. The experiment ended after 37 days. The grey shaded 
area represents the recovery period. This figure is taken from Happe et al. (2024). 
 

 
 

Fig. S2: Temporal development of temperature over the duration of the experiments at Lake Erken and Lake 
Bolmen in Sweden. The summer experiments lasted from 7th of July until 11th of August 2022. The spring 
experiment at Lake Erken from 2nd of May to 8th of June 2023. The lines for the different treatments are very 
similar and thus, overlay each other. 
 

 
 

Fig. S3: Temporal development of dissolved nitrogen over the duration of the mesocosm experiments at Lake 
Erken and Lake Bolmen in Sweden. The error bars represent the standard deviation. The dark grey background 
represents the recovery period. 



APPENDIX PUBLICATION V 

 163 

 
 

Fig. S4: Temporal development of dissolved phosphorus over the duration of the experiments at Lake Erken and 
Lake Bolmen in Sweden. The error bars represent the standard deviation. The dark grey background represents the 
recovery period. 
  

 
 

Fig. S5: Temporal development of dissolved organic carbon over the duration of the experiments at Lake Erken 
and Lake Bolmen in Sweden. The error bars represent the standard deviation. The dark grey background represents 
the recovery period. 
 

   
 

Fig. S6: Temporal development of photosynthetic photon flux density (PPFD) of the water surface (-5 cm) 
throughout the duration of the experiments at Lake Erken and Lake Bolmen in Sweden. The error bars represent 
the standard deviation. The dark grey background represents the recovery period. 
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Fig. S7: Temporal development of pH over the duration of the experiments at Lake Erken and Lake Bolmen in 
Sweden. The error bars represent the standard deviation. The dark grey background represents the recovery period. 
 
 

 
 

 
Fig. S8: Temporal development of turbidity (in NTU as Nephelometric Turbidity Unit) over the duration of the 
experiments at Lake Erken and Lake Bolmen in Sweden. The error bars represent the standard deviation. The dark 
grey background represents the recovery period. 
 

 

 
 

Fig. S9: Temporal development of dissolved silicate over the duration of the experiments at Lake Erken and Lake 
Bolmen in Sweden. The error bars represent the standard deviation. The dark grey background represents the 
recovery period. 
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Fig. S10: Environmental principal component analysis (PCA) of the abiotic conditions during the experiments at 
Lake Erken and Bolmen in summer and Lake Erken in spring. The summer experiments at Lake Bolmen and Erken 
lasted from 7th of July to 11th of August 2022, followed by the spring experiment at Lake Erken from 2nd of May 
to 8th of June 2023. The symbols indicate the different treatments i.e., control (C), daily pulses (D), intermittent 
pulses (I), and the extreme pulse (E). 
 
 

 
 
Fig. S11: Response ratios (RR) calculated as the ratio between the treatments and the control based on 
particulate organic carbon as a proxy for biomass at the end (day 4) of the nutrient limitation bioassays. The 
colors refer to the nutrient addition treatment with either the addition of nitrogen only (+N), the addition of 
phosphorus only (+P) or the addition of both nitrogen and phosphorus (+NP). The upper row represents 
communities originating from the daily-pulsed mesocosms after the simulated rainfall period, while the lower 
row refers to the community originating from the lake. The error bars display standard deviations. Note: Due to 
the opening of the lid, two bottles (one replicate of the daily mesocosm water as a control and one replicate of 
the lake water with the phosphorus addition) were lost during the spring experiment at Lake Erken and thus, 
excluded from the analysis. 
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Figure S12: Temporal development of particulate organic carbon (POC, as a proxy for plankton biomass) of the 
small size fraction (< 105 µm) during mesocosm experiments at the SITES facilities separated by site (Erken vs. 
Bolmen) and season (spring vs. summer). Error bars represent standard deviations. The grey background represents 
the recovery period. 
 

 
 

Figure S13: Temporal development of particulate organic carbon (POC, as a proxy for plankton biomass) of the 
large size fraction (< 105 µm) during mesocosm experiments at the SITES facilities separated by site (Erken vs. 
Bolmen) and season (spring vs. summer). Error bars represent standard deviations. The grey background represents 
the recovery period. 
 

 
 

Figure S14: Temporal development of the particulate organic carbon to nitrogen molar ratio (C:N ratio) in the 
small size fraction separated by site (Erken vs. Bolmen) and season (spring vs. summer). The grey background 
represents the recovery period. 
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Figure S15: Temporal development of the particulate organic carbon to phosphorus molar ratio (C:P ratio) in the 
small size fraction separated by site (Erken vs. Bolmen) and season (spring vs. summer). The grey background 
represents the recovery period. 
 
 

 
 

Figure S16: Time series of the particulate organic carbon to silicate molar ratio (C:Si ratio) in the small size 
fraction separated by site (Erken vs. Bolmen) and season (spring vs. summer). The grey background represents the 
recovery period. 
 
 

 

Figure S17: Time series of the particulate organic carbon to nitrogen molar ratio (C:N ratio) in the large size 
fraction separated by site (Erken vs. Bolmen) and season (spring vs. summer). The grey background represents the 
recovery period. 
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Figure S18: Time series of the particulate organic carbon to phosphorus molar ratio (C:P ratio) in the large size 
fraction separated by site (Erken vs. Bolmen) and season (spring vs. summer). The grey background represents the 
recovery period. 
 
Table S1: Statistical results of the nutrient limitation bioassays obtained from the Kruskal-Wallis tests with the 
number of observations (n), the degree of difference between the groups (statistic), the degrees of freedom (df) 
and the p-value with a significance level of 0.05. 
 

Site Season Origin Response n Statistic df p-value  
Erken Summer Lake RR 9 3.47 2 0.177   
Erken Summer Mesocosm RR 9 7.20 2 0.027 * 
Erken Spring Lake RR 8 5.14 2 0.077  
Erken Spring Mesocosm RR 9 2.49 2 0.288  
Bolmen Summer Lake RR 9 5.96 2 0.051  
Bolmen Summer Mesocosm RR 9 5.96 2 0.051   

 
 
Table S2: Results of the Tukey’s HSD post-hoc test for the overall ecological vulnerability (OEV) of carbon 
concentration (C) of the small size fraction. Contrasts are presented between seasons for the same treatment and 
between treatments of the same season. Abbreviations for the nutrient scenarios are daily pulses (D), intermittent 
pulses (I), and one extreme pulse (E). Standard errors (SD) and degrees of freedom (df) are reported. Contrasts 
between the seasons of the same treatment are highlighted in bold. 
 

OEV: C for Season 

Contrast Estimate SE df t-ratio p-value 
D Spring - E Spring -0.002 0.361 17 -0.006 1.000 

D Spring - I Spring 0.147 0.361 17 0.407 1.000 

D Spring - D Summer -3.158 0.389 17 -8.109 <0.001 
E Spring - I Spring 0.149 0.361 17 0.412 1.000 

E Spring - E Summer -0.255 0.361 17 -0.707 1.000 
I Spring - I Summer -3.000 0.361 17 -8.318 <0.001 
D Summer - E Summer 2.902 0.389 17 7.450 <0.001 

D Summer - I Summer 0.305 0.389 17 0.784 1.000 

E Summer - I Summer -2.596 0.361 17 -7.199 <0.001 
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Table S3: Results of the Tukey’s HSD post-hoc test for the overall ecological vulnerability (OEV) of carbon 
concentration (C) of the small size fraction. Contrasts are presented between sites for the same treatment and 
between treatments of the same site.  Abbreviations for the nutrient scenarios are daily pulses (D), intermittent 
pulses (I), and one extreme pulse (E). Standard errors (SD) and degrees of freedom (df) are reported. Contrasts 
between the sites of the same treatment are highlighted in bold. 
 

OEV: log(C) for Site 

Contrast Estimate SE df t.ratio p-value 
D Bolmen - E Bolmen 1.379 0.583 19 2.364 0.433 

D Bolmen - I Bolmen -0.243 0.583 19 -0.417 1.000 

D Bolmen - D Erken -2.036 0.471 19 -4.325 0.005 
E Bolmen - I Bolmen -1.622 0.563 19 -2.883 0.143 

E Bolmen - E Erken -2.036 0.471 19 -4.325 0.005 
I Bolmen - I Erken -2.036 0.471 19 -4.325 0.005 
D Erken - E Erken 1.379 0.583 19 2.364 0.433 

D Erken - I Erken -0.243 0.583 19 -0.417 1.000 

E Erken - I Erken -1.622 0.563 19 -2.883 0.143 

 
Table S4: Results of the Tukey’s HSD post-hoc test for the overall ecological vulnerability (OEV) of the particulate 
carbon:nitrogen ratios (C:N) of the small size fraction. Contrasts are presented between seasons for the same 
treatment and between treatments of the same season. Abbreviations for the nutrient scenarios are daily pulses (D), 
intermittent pulses (I), and one extreme pulse (E). Standard errors (SD) and degrees of freedom (df) are reported. 
Contrasts between the seasons of the same treatment are highlighted in bold. 
 

OEV: C:N for Season 

Contrast Estimate SE df t-ratio p-value 
D Spring - E Spring 0.538 0.153 17 3.507 0.041 

D Spring - I Spring 0.154 0.153 17 1.003 1.000 

D Spring - D Summer 0.148 0.166 17 0.892 1.000 
E Spring - I Spring -0.384 0.153 17 -2.504 0.342 

E Spring - E Summer 1.121 0.153 17 7.306 <0.001 
I Spring - I Summer 0.733 0.153 17 4.774 0.003 
D Summer - E Summer 1.512 0.166 17 9.119 <0.001 

D Summer - I Summer 0.739 0.166 17 4.456 0.005 

E Summer - I Summer -0.773 0.153 17 -5.036 0.002 
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Table S5: Results of the Tukey’s HSD post-hoc test for the overall ecological vulnerability (OEV) of the particulate 
carbon:nitrogen ratios (C:N) of the small size fraction. Contrasts are presented between sites for the same treatment 
and between treatments of the same site.  Abbreviations for the nutrient scenarios are daily pulses (D), intermittent 
pulses (I), and one extreme pulse (E). Standard errors (SD) and degrees of freedom (df) are reported. Contrasts 
between the sites of the same treatment are highlighted in bold. 
 

OEV: C:N for Site 

Contrast Estimate SE df t-ratio p-value 
D Bolmen - E Bolmen 0.258 0.180 17 1.430 1.000 

D Bolmen - I Bolmen 0.169 0.180 17 0.936 1.000 

D Bolmen - D Erken -0.905 0.195 17 -4.648 0.003 
E Bolmen - I Bolmen -0.089 0.180 17 -0.494 1.000 

E Bolmen - E Erken 0.348 0.180 17 1.932 1.000 
I Bolmen - I Erken -0.335 0.180 17 -1.860 1.000 
D Erken - E Erken 1.512 0.195 17 7.761 <0.001 

D Erken - I Erken 0.739 0.195 17 3.793 0.022 

E Erken - I Erken -0.773 0.180 17 -4.286 0.007 

 
Table S6: Results of the Tukey’s HSD post-hoc test for the recovery of the particulate carbon:phosphorus ratios 
(C:P) of the small size fraction. Contrasts are presented between seasons for the same treatment and between 
treatments of the same season. Abbreviations for the nutrient scenarios are daily pulses (D), intermittent pulses (I), 
and one extreme pulse (E). Standard errors (SD) and degrees of freedom (df) are reported. Contrasts between the 
seasons of the same treatment are highlighted in bold.  
 

OEV: C:P for Season 

Contrast Estimate SE df t-ratio p-value 
D Spring - E Spring -0.224 0.268 17 -0.835 1.000 

D Spring - I Spring -0.535 0.268 17 -1.994 0.936 

D Spring - D Summer -0.491 0.290 17 -1.694 1.000 
E Spring - I Spring -0.311 0.268 17 -1.159 1.000 

E Spring - E Summer -0.780 0.268 17 -2.904 0.148 
I Spring - I Summer -0.401 0.268 17 -1.493 1.000 
D Summer - E Summer -0.513 0.290 17 -1.768 1.000 

D Summer - I Summer -0.445 0.290 17 -1.534 1.000 

E Summer - I Summer 0.068 0.268 17 0.253 1.000 
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Table S7: Results of the Tukey’s HSD post-hoc test for the recovery of the particulate carbon:phosphorus ratios 
(C:P) of the small size fraction. Contrasts are presented between sites for the same treatment and between 
treatments of the same site. Abbreviations for the nutrient scenarios are daily pulses (D), intermittent pulses (I), 
and one extreme pulse (E). Standard errors (SD) and degrees of freedom (df) are reported. Contrasts between the 
sites of the same treatment are highlighted in bold. 
 

OEV: log(C:P) for Site 

Contrast Estimate SE df t-ratio p-value 
D Bolmen - E Bolmen -0.201 0.113 17 -1.768 1.000 

D Bolmen - I Bolmen -0.127 0.113 17 -1.116 1.000 

D Bolmen - D Erken 0.392 0.123 17 3.202 0.078 
E Bolmen - I Bolmen 0.074 0.113 17 0.652 1.000 

E Bolmen - E Erken 0.432 0.113 17 3.804 0.021 
I Bolmen - I Erken 0.374 0.113 17 3.300 0.063 
D Erken - E Erken -0.161 0.123 17 -1.316 1.000 

D Erken - I Erken -0.145 0.123 17 -1.179 1.000 

E Erken - I Erken 0.017 0.113 17 0.148 1.000 

 
Table S8: Results of the Tukey’s HSD post-hoc test for the recovery of the particulate carbon:silicate ratios (C:Si) 
of the small size fraction. Contrasts are presented between seasons for the same treatment and between treatments 
of the same season. Abbreviations for the nutrient scenarios are daily pulses (D), intermittent pulses (I), and one 
extreme pulse (E). Standard errors (SD) and degrees of freedom (df) are reported. Contrasts between the seasons 
of the same treatment are highlighted in bold.  
 

OEV: C:Si for Season 

Contrast Estimate SE df t-ratio p-value 
D Spring - E Spring -0.121 0.347 17 -0.350 1.000 

D Spring - I Spring -0.092 0.347 17 -0.265 1.000 

D Spring - D Summer -3.243 0.375 17 -8.655 <0.001 
E Spring - I Spring 0.029 0.347 17 0.084 1.000 

E Spring - E Summer -1.544 0.347 17 -4.450 0.005 
I Spring - I Summer -2.681 0.347 17 -7.727 <0.001 
D Summer - E Summer 1.578 0.375 17 4.212 0.009 

D Summer - I Summer 0.470 0.375 17 1.255 1.000 

E Summer - I Summer -1.108 0.347 17 -3.193 0.080 
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Table S9: Results of the Tukey’s HSD post-hoc test for the recovery of the particulate carbon:silicate ratios (C:Si) 
of the small size fraction. Contrasts are presented between sites for the same treatment and between treatments of 
the same site. Abbreviations for the nutrient scenarios are daily pulses (D), intermittent pulses (I), and one extreme 
pulse (E). Standard errors (SD) and degrees of freedom (df) are reported. Contrasts between the sites of the same 
treatment are highlighted in bold. 
 

OEV: C:Si for Site 

Contrast Estimate SE df t-ratio p-value 
D Bolmen - E Bolmen -0.090 0.560 17 -0.161 1.000 

D Bolmen - I Bolmen -0.311 0.560 17 -0.556 1.000 

D Bolmen - D Erken -3.359 0.605 17 -5.551 0.001 
E Bolmen - I Bolmen -0.221 0.560 17 -0.394 1.000 

E Bolmen - E Erken -1.691 0.560 17 -3.018 0.116 
I Bolmen - I Erken -2.577 0.560 17 -4.601 0.004 
D Erken - E Erken 1.578 0.605 17 2.608 0.276 

D Erken - I Erken 0.470 0.605 17 0.777 1.000 

E Erken - I Erken -1.108 0.560 17 -1.977 0.967 

 
Table S10: Results of the Tukey’s HSD post-hoc test for the recovery of the carbon concentration (C) of the small 
size fraction. Contrasts are presented between seasons for the same treatment and between treatments of the same 
season. Abbreviations for the nutrient scenarios are daily pulses (D), intermittent pulses (I), and one extreme pulse 
(E). Standard errors (SD) and degrees of freedom (df) are reported. Contrasts between the seasons of the same 
treatment are highlighted in bold. 
 

Recovery: log(C) for Season 

Contrast Estimate SE df t-ratio p-value 
D Spring - E Spring 2.362 0.601 13 3.933 0.026 

D Spring - I Spring 0.214 0.490 13 0.436 1.000 

D Spring - D Summer -0.501 0.530 13 -0.946 1.000 
E Spring - I Spring -2.149 0.601 13 -3.578 0.051 

E Spring - E Summer -1.638 0.693 13 -2.361 0.517 
I Spring - I Summer -0.759 0.490 13 -1.547 1.000 
D Summer - E Summer 1.226 0.633 13 1.936 1.000 

D Summer - I Summer -0.044 0.530 13 -0.082 1.000 

E Summer - I Summer -1.270 0.601 13 -2.114 0.816 
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Table S11: Results of the Tukey’s HSD post-hoc test for the recovery of the carbon:nitrogen ratio (C:N) of the 
small size fraction. Contrasts are presented between seasons for the same treatment and between treatments of the 
same season. Abbreviations for the nutrient scenarios are daily pulses (D), intermittent pulses (I), and one extreme 
pulse (E). Standard errors (SD) and degrees of freedom (df) are reported. Contrasts between the seasons of the 
same treatment are highlighted in bold. 
 

Recovery: C:N for Season 

Contrast Estimate SE df t-ratio p-value 

D Spring - E Spring -0.310 0.092 17 -3.365 0.055 

D Spring - I Spring -0.052 0.092 17 -0.568 1.000 

D Spring - D Summer -0.298 0.099 17 -2.994 0.122 

E Spring - I Spring 0.257 0.092 17 2.797 0.186 

E Spring - E Summer -0.130 0.092 17 -1.412 1.000 

I Spring - I Summer -0.274 0.092 17 -2.980 0.126 

D Summer - E Summer -0.142 0.099 17 -1.429 1.000 

D Summer - I Summer -0.029 0.099 17 -0.291 1.000 

E Summer - I Summer 0.113 0.092 17 1.229 1.000 

      

Table S12: Results of the Tukey’s HSD post-hoc test for the recovery of the carbon:phosphorus ratio (C:P) of the 
small size fraction. Contrasts are presented between seasons for the same treatment and between treatments of the 
same season. Abbreviations for the nutrient scenarios are daily pulses (D), intermittent pulses (I), and one extreme 
pulse (E). Standard errors (SD) and degrees of freedom (df) are reported. Contrasts between the seasons of the 
same treatment are highlighted in bold. 
 

Recovery: C:P for Season 

Contrast Estimate SE df t-ratio p-value 

D Spring - E Spring -0.403 0.099 17 -4.075 0.012 

D Spring - I Spring -0.120 0.099 17 -1.215 1.000 

D Spring - D Summer -0.345 0.107 17 -3.232 0.073 

E Spring - I Spring 0.283 0.099 17 2.861 0.162 

E Spring - E Summer 0.381 0.099 17 3.862 0.019 

I Spring - I Summer -0.127 0.099 17 -1.287 1.000 

D Summer - E Summer 0.324 0.107 17 3.034 0.112 

D Summer - I Summer 0.098 0.107 17 0.916 1.000 

E Summer - I Summer -0.226 0.099 17 -2.288 0.528 
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Table S13: Results of the Tukey’s HSD post-hoc test for the recovery of the carbon:phosphorus ratio (C:P) of the 
small size fraction. Contrasts are presented between sites for the same treatment and between treatments of the 
same site. Abbreviations for the nutrient scenarios are daily pulses (D), intermittent pulses (I), and one extreme 
pulse (E). Standard errors (SD) and degrees of freedom (df) are reported. Contrasts between the sites of the same 
treatment are highlighted in bold. 
 

Recovery: C:P for Site 

Contrast Estimate SE df t-ratio p-value 
D Bolmen - E Bolmen 0.078 0.104 17 0.751 1.000 

D Bolmen - I Bolmen 0.057 0.104 17 0.544 1.000 

D Bolmen - D Erken -0.335 0.113 17 -2.968 0.129 
E Bolmen - I Bolmen -0.022 0.104 17 -0.207 1.000 

E Bolmen - E Erken -0.089 0.104 17 -0.856 1.000 
I Bolmen - I Erken -0.294 0.104 17 -2.814 0.179 
D Erken - E Erken 0.324 0.113 17 2.871 0.159 

D Erken - I Erken 0.098 0.113 17 0.867 1.000 

E Erken - I Erken -0.226 0.104 17 -2.165 0.674 

 
 
Table S14: Results of the Tukey’s HSD post-hoc test for the recovery of the carbon:silicate ratio (C:Si) of the 
small size fraction. Contrasts are presented between seasons for the same treatment and between treatments of the 
same season. Abbreviations for the nutrient scenarios are daily pulses (D), intermittent pulses (I), and one extreme 
pulse (E). Standard errors (SD) and degrees of freedom (df) are reported. Contrasts between the seasons of the 
same treatment are highlighted in bold. 
 

Recovery: C:Si for Seasons 

Contrast Estimate SE df t-ratio p-value 
D Spring - E Spring 0.294 0.158 17 1.859 1.000 

D Spring - I Spring -0.025 0.158 17 -0.160 1.000 

D Spring - D Summer -1.135 0.171 17 -6.643 <0.001 
E Spring - I Spring -0.319 0.158 17 -2.019 0.894 

E Spring - E Summer -1.058 0.158 17 -6.687 <0.001 
I Spring - I Summer -1.012 0.158 17 -6.397 <0.001 
D Summer - E Summer 0.371 0.171 17 2.173 0.663 

D Summer - I Summer 0.098 0.171 17 0.572 1.000 

E Summer - I Summer -0.274 0.158 17 -1.729 1.000 
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Table S15: Results of the Tukey’s HSD post-hoc test for the recovery of the carbon:silicate ratio (C:Si) of the 
small size fraction. Contrasts are presented between sites for the same treatment and between treatments of the 
same site. Abbreviations for the nutrient scenarios are daily pulses (D), intermittent pulses (I), and one extreme 
pulse (E). Standard errors (SD) and degrees of freedom (df) are reported. Contrasts between the sites of the same 
treatment are highlighted in bold. 
 

Recovery: C:Si for Site 

Contrast Estimate SE df t-ratio p-value 
D Bolmen - E Bolmen 0.233 0.252 17 0.927 1.000 

D Bolmen - I Bolmen -0.087 0.252 17 -0.344 1.000 

D Bolmen - D Erken -1.330 0.272 17 -4.895 0.002 
E Bolmen - I Bolmen -0.320 0.252 17 -1.271 1.000 

E Bolmen - E Erken -1.191 0.252 17 -4.737 0.003 
I Bolmen - I Erken -1.145 0.252 17 -4.554 0.004 
D Erken - E Erken 0.371 0.272 17 1.367 1.000 

D Erken - I Erken 0.098 0.272 17 0.360 1.000 

E Erken - I Erken -0.274 0.252 17 -1.088 1.000 

 
 

Table S16: Results of the Tukey’s HSD post-hoc test for the OEV of the particulate organic carbon (POC) of the 
large size fraction. Contrasts are presented between seasons for the same treatment and between treatments of the 
same season. Abbreviations for the nutrient scenarios are daily pulses (D), intermittent pulses (I), and one extreme 
pulse (E). Standard errors (SD) and degrees of freedom (df) are reported. Contrasts between the sites of the same 
treatment are highlighted in bold. 
 

OEV: C^2 for Season 

Contrast Estimate SE df t-ratio p-value 
D Spring - E Spring -3.595 5.118 17 -0.702 1.000 

D Spring - I Spring -3.194 5.118 17 -0.624 1.000 

D Spring - D Summer -28.593 5.528 17 -5.172 0.001 
E Spring - I Spring 0.402 5.118 17 0.078 1.000 

E Spring - E Summer 10.467 5.118 17 2.045 0.850 
I Spring - I Summer -23.220 5.118 17 -4.536 0.004 
D Summer - E Summer 35.465 5.528 17 6.415 <0.001 

D Summer - I Summer 2.180 5.528 17 0.394 1.000 

E Summer - I Summer -33.285 5.118 17 -6.503 <0.001 

 

  



APPENDIX PUBLICATION V 

 176 

Table S17: Results of the Tukey’s HSD post-hoc test for the OEV of the particulate organic carbon (POC) of the 
large size fraction. Contrasts are presented between sites for the same treatment and between treatments of the 
same site. Abbreviations for the nutrient scenarios are daily pulses (D), intermittent pulses (I), and one extreme 
pulse (E). Standard errors (SD) and degrees of freedom (df) are reported. Contrasts between the sites of the same 
treatment are highlighted in bold. 
 

OEV: log(C) for Site 

Contrast Estimate SE df t-ratio p-value 
D Bolmen - E Bolmen 0.422 0.186 17 2.274 0.543 

D Bolmen - I Bolmen 0.033 0.186 17 0.179 1.000 

D Bolmen - D Erken -0.778 0.201 17 -3.880 0.018 
E Bolmen - I Bolmen -0.389 0.186 17 -2.095 0.772 

E Bolmen - E Erken 0.284 0.186 17 1.528 1.000 
I Bolmen - I Erken -0.814 0.186 17 -4.381 0.006 
D Erken - E Erken 1.485 0.201 17 7.400 <0.001 

D Erken - I Erken -0.002 0.201 17 -0.010 1.000 

E Erken - I Erken -1.487 0.186 17 -8.004 <0.001 

 
Table S18: Results of the Tukey’s HSD post-hoc test for the recovery of the particulate organic carbon (POC) of 
the large size fraction. Contrasts are presented between seasons for the same treatment and between treatments of 
the same seasons. Abbreviations for the nutrient scenarios are daily pulses (D), intermittent pulses (I), and one 
extreme pulse (E). Standard errors (SD) and degrees of freedom (df) are reported. Contrasts between the sites of 
the same treatment are highlighted in bold. 
 

Recovery: C^2 for Season 

Contrast Estimate SE df t-ratio p-value 
D Spring - E Spring -0.098 0.126 17 -0.778 1.000 

D Spring - I Spring 0.014 0.126 17 0.111 1.000 

D Spring - D Summer -0.470 0.136 17 -3.459 0.045 
E Spring - I Spring 0.112 0.126 17 0.888 1.000 

E Spring - E Summer 0.050 0.126 17 0.398 1.000 
I Spring - I Summer -0.917 0.126 17 -7.297 <0.001 
D Summer - E Summer 0.422 0.136 17 3.108 0.096 

D Summer - I Summer -0.434 0.136 17 -3.194 0.080 

E Summer - I Summer -0.856 0.126 17 -6.806 <0.001 
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Table S19: Results of the Tukey’s HSD post-hoc test for the recovery of the particulate organic carbon (POC) of 
the large size fraction. Contrasts are presented between seasons for the same treatment and between treatments of 
the same seasons. Abbreviations for the nutrient scenarios are daily pulses (D), intermittent pulses (I), and one 
extreme pulse (E). Standard errors (SD) and degrees of freedom (df) are reported. Contrasts between the sites of 
the same treatment are highlighted in bold. 
 

Recovery: C for Site 

Contrast Estimate SE df t-ratio p-value 
D Bolmen - E Bolmen 0.536 0.221 15 2.427 0.424 

D Bolmen - I Bolmen 0.030 0.221 15 0.136 1.000 

D Bolmen - D Erken -0.216 0.221 15 -0.979 1.000 
E Bolmen - I Bolmen -0.506 0.236 15 -2.143 0.733 

E Bolmen - E Erken -0.154 0.221 15 -0.699 1.000 
I Bolmen - I Erken -0.514 0.221 15 -2.331 0.512 
D Erken - E Erken 0.597 0.221 15 2.707 0.243 

D Erken - I Erken -0.268 0.221 15 -1.216 1.000 

E Erken - I Erken -0.866 0.204 15 -4.238 0.011 

 
Table S20: Results of the Tukey’s HSD post-hoc test for the OEV of the particulate C:N ratio of the large size 
fraction. Contrasts are presented between seasons for the same treatment and between treatments of the same 
seasons. Abbreviations for the nutrient scenarios are daily pulses (D), intermittent pulses (I), and one extreme pulse 
(E). Standard errors (SD) and degrees of freedom (df) are reported. Contrasts between the sites of the same 
treatment are highlighted in bold. 
 

OEV: log(CN) for Season 

Contrast Estimate SE df t-ratio p-value 
D Spring - E Spring -0.598 0.225 17 -2.660 0.248 

D Spring - I Spring -0.530 0.225 17 -2.357 0.460 

D Spring - D Summer 1.495 0.243 17 6.157 <0.001 
E Spring - I Spring 0.068 0.225 17 0.303 1.000 

E Spring - E Summer 2.507 0.225 17 11.149 <0.001 
I Spring - I Summer 1.887 0.225 17 8.390 <0.001 
D Summer - E Summer 0.414 0.243 17 1.703 1.000 

D Summer - I Summer -0.139 0.243 17 -0.572 1.000 

E Summer - I Summer -0.552 0.225 17 -2.456 0.376 
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Table S21: Results of the Tukey’s HSD post-hoc test for the OEV of the particulate C:N ratio of the large size 
fraction. Contrasts are presented between sites for the same treatment and between treatments of the same site. 
Abbreviations for the nutrient scenarios are daily pulses (D), intermittent pulses (I), and one extreme pulse (E). 
Standard errors (SD) and degrees of freedom (df) are reported. Contrasts between the sites of the same treatment 
are highlighted in bold. 
 

OEV: log(CN) for Site 

Contrast Estimate SE df t-ratio p-value 
D Bolmen - E Bolmen 0.347 0.279 17 1.243 1.000 

D Bolmen - I Bolmen 0.392 0.279 17 1.403 1.000 

D Bolmen - D Erken 1.074 0.301 17 3.564 0.036 
E Bolmen - I Bolmen 0.045 0.279 17 0.160 1.000 

E Bolmen - E Erken 1.141 0.279 17 4.089 0.011 
I Bolmen - I Erken 0.544 0.279 17 1.949 1.000 
D Erken - E Erken 0.414 0.301 17 1.372 1.000 

D Erken - I Erken -0.139 0.301 17 -0.461 1.000 

E Erken - I Erken -0.552 0.279 17 -1.980 0.962 

 
Table S22: Results of the Tukey’s HSD post-hoc test for the recovery of the particulate C:N ratio of the large size 
fraction. Contrasts are presented between seasons for the same treatment and between treatments of the same 
season. Abbreviations for the nutrient scenarios are daily pulses (D), intermittent pulses (I), and one extreme pulse 
(E). Standard errors (SD) and degrees of freedom (df) are reported. Contrasts between the sites of the same 
treatment are highlighted in bold. 
 

Recovery: CN for Season 

Contrast Estimate SE df t-ratio p-value 
D Spring - E Spring 0.069 0.075 17 0.925 1.000 

D Spring - I Spring -0.015 0.075 17 -0.194 1.000 

D Spring - D Summer 0.310 0.081 17 3.822 0.020 
E Spring - I Spring -0.084 0.075 17 -1.118 1.000 

E Spring - E Summer -0.223 0.075 17 -2.969 0.129 
I Spring - I Summer 0.389 0.075 17 5.179 0.001 
D Summer - E Summer -0.463 0.081 17 -5.715 <0.001 

D Summer - I Summer 0.064 0.081 17 0.794 1.000 

E Summer - I Summer 0.528 0.075 17 7.030 <0.001 
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Table S23: Results of the Tukey’s HSD post-hoc test for the recovery of the particulate C:N ratio of the large size 
fraction. Contrasts are presented between sites for the same treatment and between treatments of the same site. 
Abbreviations for the nutrient scenarios are daily pulses (D), intermittent pulses (I), and one extreme pulse (E). 
Standard errors (SD) and degrees of freedom (df) are reported. Contrasts between the sites of the same treatment 
are highlighted in bold. 
 

Recovery: CN for Site 

Contrast Estimate SE df t-ratio p-value 
D Bolmen - E Bolmen 0.026 0.078 15 0.328 1.000 

D Bolmen - I Bolmen -0.034 0.078 15 -0.435 1.000 

D Bolmen - D Erken 0.432 0.078 15 5.543 0.001 
E Bolmen - I Bolmen -0.060 0.083 15 -0.714 1.000 

E Bolmen - E Erken -0.057 0.078 15 -0.726 1.000 
I Bolmen - I Erken 0.530 0.078 15 6.803 <0.001 
D Erken - E Erken -0.463 0.078 15 -5.941 <0.001 

D Erken - I Erken 0.064 0.078 15 0.825 1.000 

E Erken - I Erken 0.528 0.072 15 7.308 <0.001 

 
Table S24: Results of the Tukey’s HSD post-hoc test for the OEV of the particulate C:P ratio of the large size 
fraction. Contrasts are presented between seasons for the same treatment and between treatments of the same 
season. Abbreviations for the nutrient scenarios are daily pulses (D), intermittent pulses (I), and one extreme pulse 
(E). Standard errors (SD) and degrees of freedom (df) are reported. Contrasts between the sites of the same 
treatment are highlighted in bold. 
 

OEV: C:P for Season 

Contrast Estimate SE df t-ratio p-value 
D Spring - E Spring 3.053 0.514 17 5.942 <0.001 

D Spring - I Spring 2.199 0.514 17 4.281 0.008 

D Spring - D Summer 4.482 0.555 17 8.078 <0.001 
E Spring - I Spring -0.853 0.514 17 -1.661 1.000 

E Spring - E Summer -2.992 0.514 17 -5.825 <0.001 
I Spring - I Summer 1.561 0.514 17 3.039 0.111 
D Summer - E Summer -4.422 0.555 17 -7.970 <0.001 

D Summer - I Summer -0.722 0.555 17 -1.301 1.000 

E Summer - I Summer 3.700 0.514 17 7.203 <0.001 
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Table S25: Results of the Tukey’s HSD post-hoc test for the OEV of the particulate C:P ratio of the large size 
fraction. Contrasts are presented between sites for the same treatment and between treatments of the same site. 
Abbreviations for the nutrient scenarios are daily pulses (D), intermittent pulses (I), and one extreme pulse (E). 
Standard errors (SD) and degrees of freedom (df) are reported. Contrasts between the sites of the same treatment 
are highlighted in bold. 
 

OEV: C:P for Site 

Contrast Estimate SE df t-ratio p-value 
D Bolmen - E Bolmen -0.605 0.579 17 -1.044 1.000 

D Bolmen - I Bolmen 0.107 0.579 17 0.184 1.000 

D Bolmen - D Erken 1.443 0.626 17 2.307 0.509 
E Bolmen - I Bolmen 0.711 0.579 17 1.228 1.000 

E Bolmen - E Erken -2.375 0.579 17 -4.100 0.011 
I Bolmen - I Erken 0.614 0.579 17 1.061 1.000 
D Erken - E Erken -4.422 0.626 17 -7.069 <0.001 

D Erken - I Erken -0.722 0.626 17 -1.154 1.000 

E Erken - I Erken 3.700 0.579 17 6.389 <0.001 
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