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Preface 

 

This dissertation is submitted as a MONOGRAPH pursuant to §8 Abs. 2 lit. a of the 

promotionsordnung MIN-Fakultät 2018 – a single coherent scientific narrative. 

 

Chapters 2.1 – 2.3 represent sequential, interdependent research phases forming one unified 

evolutionary story of Baltic Sea Nodularia spumigena: 

 

• Chapter 2.1: Hot is the new cool: historical Baltic Sea cyanobacteria show trade-offs in thermal 

performance, carbon metabolism, and biotic interactions  

• Chapter 2.2: Divergent evolutionary trajectories under experimental warming in pre-industrial 

and contemporary Baltic Sea Nodularia spumigena   

• Chapter 2.3: Global DNA methylation correlates with thermal selection in Baltic Sea Nodularia 

spumigena 

 

These chapters are NOT independent publications but integrated components building toward the 

synthesis in Chapter 3. All chapters are intended for submission to peer review, but none are currently in 

review. 

 

All conception, experimental work, data analysis, visualization, and writing represent my independent 

contributions under supervision of Prof. C.-Elisa Schaum. 

 

Michael Oseremen Edetanlen 

Hamburg, 20 March 2026  
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Main Abstract 

What makes cyanobacteria such formidable winners of climate change? In many aquatic systems, 

cyanobacteria often outperform their eukaryotic counterparts because they tolerate environmental 

conditions that constrain growth in other phytoplankton groups. Owing at least in part to their important 

roles in the nitrogen and carbon cycle, cyanobacteria and their physiological responses to environmental 

drivers are fairly well studied. However, short-term responses cannot always directly predict long-term 

responses, but we need to know the latter in order to say with more certainty whether and why 

cyanobacteria are indeed going to be the winners of a warming planet.  

This dissertation investigates the eco-evolutionary responses of re-germinated bloom-forming 

cyanobacteria from different sediment layers (each layer representing different times, from pre-industrial 

times to the late 1990s) in response to increasing temperature using molecular (whole genome sequencing, 

methylation assays) and trait-based approaches (thermal performance curves, carbon use efficiency, 

organic carbon utilisation, biotic interaction assays). The comparative whole genome analysis of historic 

and recent lineages of Nodularia spumigena tests to what extent cyanobacteria have already evolved in an 

environment that has seen, among other changes, 2°C of warming over the past 170 years. We find that 

past evolution in Nodularia spumigena does not follow the "hotter is broader and better" prediction: pre-

industrial (1824) lineages had the highest thermal optima but the lowest growth rates at prevailing summer 

temperatures, while contemporary (1996) lineages had lower thermal optima but higher growth rates at 

prevailing Baltic Sea summer temperatures, reduced allelopathic capacity, and broader organic carbon 

substrate use. These patterns are consistent with adaptation to increased thermal variability rather than 

directional warming alone. Carbon use efficiency was broadly conserved across sediment ages and 

temperatures, though the contemporary lineage showed the greatest capacity for CUE improvement under 

experimental warming. Experimental evolution over ~100 generations revealed that all cohorts can reach 

a similar post-selection Topt, though the magnitude of shift required differs substantially across sediment 

ages, while the capacity for metabolic efficiency evolution is historically contingent and restricted to 

lineages with more recent evolutionary histories. Global DNA methylation is historically structured and 

co-varies with evolutionary shifts in thermal performance, establishing epigenetic state as a dynamically 

regulated molecular layer accompanying thermal adaptation. Together, these results indicate that N. 

spumigena has undergone substantial multi-trait evolutionary reorganisation over the past two centuries, 

and retains rapid adaptive potential under continued warming, but that the specific traits through which 

evolution is expressed depend on prior evolutionary history. 
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Zusammenfassung 

Was macht Cyanobakterien zu so erfolgreichen Gewinnern des Klimawandels? In vielen aquatischen 

Systemen übertreffen Cyanobakterien häufig ihre eukaryotischen Gegenstücke, da sie 

Umweltbedingungen tolerieren, die das Wachstum anderer Phytoplanktongruppen einschränken. 

Aufgrund ihrer wichtigen Rolle im Stickstoff- und Kohlenstoffkreislauf sind Cyanobakterien und ihre 

physiologischen Reaktionen auf Umweltfaktoren vergleichsweise gut untersucht. Kurzfristige Reaktionen 

lassen jedoch nicht immer direkte Rückschlüsse auf langfristige Entwicklungen zu. Gerade Letztere sind 

jedoch entscheidend, um mit größerer Sicherheit beurteilen zu können, ob und warum Cyanobakterien 

tatsächlich zu den Gewinnern einer sich erwärmenden Welt zählen werden. 

Diese Dissertation untersucht die öko-evolutionären Reaktionen von reaktivierten, blütenbildenden 

Cyanobakterien aus verschiedenen Sedimentschichten (wobei jede Schicht unterschiedliche Zeiträume 

repräsentiert, von vorindustriellen Zeiten bis in die späten 1990er Jahre) auf steigende Temperaturen. 

Hierfür werden sowohl molekulare Ansätze (Gesamtgenomsequenzierung, Methylierungsanalysen) als 

auch merkmalsbasierte Ansätze (thermische Leistungskurven, Kohlenstoffnutzungseffizienz, Nutzung 

organischer Kohlenstoffquellen, Tests biotischer Interaktionen) kombiniert. Die vergleichende Analyse 

ganzer Genome historischer und rezenter Linien von Nodularia spumigena untersucht, in welchem Ausmaß 

sich Cyanobakterien bereits an eine Umwelt angepasst haben, die unter anderem in den letzten 170 Jahren 

eine Erwärmung von etwa 2 °C erfahren hat. 

Unsere Ergebnisse zeigen, dass die vergangene Evolution von Nodularia spumigena nicht der Vorhersage 

„hotter is broader and better“ folgt: Vorindustrielle (1824) Linien weisen die höchsten thermischen 

Optima auf, jedoch die niedrigsten Wachstumsraten bei vorherrschenden Sommertemperaturen, während 

rezente (1996) Linien niedrigere thermische Optima, aber höhere Wachstumsraten bei den gegenwärtigen 

Sommertemperaturen der Ostsee, eine reduzierte allelopathische Kapazität sowie eine breitere Nutzung 

organischer Kohlenstoffsubstrate aufweisen. Diese Muster sprechen eher für eine Anpassung an 

zunehmende thermische Variabilität als an eine rein gerichtete Erwärmung. 

Die Kohlenstoffnutzungseffizienz war über Sedimentalter und Temperaturen hinweg weitgehend 

konserviert, wobei die rezente Linie die größte Fähigkeit zur Verbesserung der CUE unter experimenteller 

Erwärmung zeigte. Experimentelle Evolution über etwa 100 Generationen zeigte, dass alle Kohorten ein 

ähnliches thermisches Optimum nach Selektion erreichen können, wobei das Ausmaß der erforderlichen 

Verschiebung je nach Sedimentalter deutlich variiert. Die Fähigkeit zur Evolution metabolischer Effizienz 

ist hingegen historisch kontingent und auf Linien mit jüngerer Evolutionsgeschichte beschränkt. Die 

globale DNA-Methylierung ist historisch strukturiert und kovariiert mit evolutionären Veränderungen in 



 
17 

 

der thermischen Leistungsfähigkeit, was darauf hindeutet, dass epigenetische Zustände eine dynamisch 

regulierte molekulare Ebene darstellen, die thermische Anpassung begleitet. 

Zusammenfassend zeigen diese Ergebnisse, dass N. spumigena in den letzten zwei Jahrhunderten eine 

umfassende evolutionäre Reorganisation über mehrere Merkmale hinweg durchlaufen hat und weiterhin 

ein hohes Anpassungspotenzial unter fortschreitender Erwärmung besitzt. Gleichzeitig hängt jedoch die 

spezifische Ausprägung evolutionärer Veränderungen von der jeweiligen evolutionären Vorgeschichte ab.  
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Glossary 

Adaptation and Evolution: Evolution refers to a process by which organisms adjust and become better 

suited to their environment through mechanisms such as mutation, selection, genetic drift, and gene flow. 

When evolutionary change leads to increased fitness of an organism or population, it is referred to as 

adaptation.  

Ancestor: Selected lineages used as the starting population at the commencement of evolution experiment 

regardless of age or origin. 

De-novo mutation: A non-inherited spontaneous change in the DNA genetic sequence, observed for the 

first time. 

Evolutionary potential: The capacity of an organism or population to evolve and/or adapt to changing 

environmental conditions, determined by factors such as standing genetic variation, mutation rates, 

selection pressure, and population sizes. 

Fitness landscape: Represents a conceptual relationship between phenotypic or genotypic variation and 

fitness, where trait combinations correspond to diverse fitness values. Across environments, this can 

change in time space, influencing the rate, direction, and predictability of evolutionary responses. 

Functional group: This refers to a set of organisms with similar ecological roles or functional traits, 

respond comparatively to environmental drivers, and contribute in the same way to the ecosystem 

irrespectively of taxonomic relatedness.  

Natural selection: The process by which better-suited alleles or genes become more prevalent in a 

population.  

Phenotypic plasticity: Refers to the capacity of a genotype to produce different phenotypes in response 

to environmental changes without any heritable genetic change. It can lead to increased or reduced fitness 

of an organism and can occur within one generation or across generations. 

Phytoplankton thermal tolerance: The measured response of one or more fitness traits to temperature 

typically represented as a unimodal curve. 

Reaction norm: The expected range of phenotypes expressed by a genotype as a function of the 

environmental drivers e.g. temperature. This can be linear or non-linear for the same trait, depending on 

the range of environments chosen. 
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Single nucleotide polymorphism (SNPs) or single nucleotide variant (SNV): A variation at a single 

nucleotide location in the DNA sequence, among individuals of a population often occurring at a 

frequency greater than one percent. 

Standing genetic variation: The allelic variation at one or more loci within a population at a given time.  

Trait: A characteristic feature or attribute of an organism. This could be morphological, physiological, a 

life-history or behavioural attribute.  



 
22 

 

Chapter One: Main introduction 

Mighty microbes in a warming world: concepts, mechanisms, and challenges 

Earth’s temperature is rising at an unprecedented rate, and organisms across ecosystems respond to 

environmental changes through a combination of phenotypic plasticity and evolutionary adaptation, range 

shifts, or extinction (Gienapp et al., 2008), complicating predictions of biological thermal responses. While 

plastic responses reflect rapid physiological adjustments within a few generations, evolutionary responses 

arise from genetic changes across several generations that determine long-term persistence. Marine 

organisms are no exception. As with all ectotherms, temperature modulates physiological responses. 

However, due to their short generation times, many microorganisms experience rapid climate change as a 

gradual shift across generations, facilitating the unfolding of genetic responses on ecologically relevant 

timescales (Barton et al., 2020; Padfield et al., 2016; Schaum, Buckling, et al., 2018). Understanding these 

responses is not only vital for modelling species distribution and ecosystem function, but also for 

predicting the degree to which biota have the potential to influence biogeochemical cycles as oceans warm. 

Nearly every aspect of an organism’s performance is influenced by temperature because biochemical 

reactions noticeably accelerate with warming up to an upper limit imposed by enzyme stability and cellular 

homeostasis. The Metabolic Theory of Ecology (MTE) underscores this by linking temperature to 

metabolic rates, resource allocation, and growth through activation energy kinetics (Brown et al., 2004). 

Even though MTE provides such elegant framework, recent empirical studies have shown that living-

organisms often deviate from predictions because they possess mechanisms that modulate metabolic 

constraints. In phytoplankton, rapid evolution and regulatory changes in metabolic traits can drive thermal 

adaptation (Padfield et al., 2016), and environmental fluctuations can accelerate molecular evolution of 

thermal tolerance (Schaum, Buckling, et al., 2018). Particularly for phytoplankton, these deviations 

frequently arise because organisms adjust intracellular resource use, membrane composition, or protein 

turnover as temperature fluctuate – reactions that boost performance in the short term, but can mask 

underlying evolutionary limits (Padfield et al., 2016; Schaum, Buckling, et al., 2018; Schaum et al., 2022). 

Researchers often turn to thermal performance curves (TPCs) and thermal reaction norms (TRNs), in 

order to understand how organisms, respond to warming. TPCs describe how fitness or fitness proxies 

such as growth rate change as a function of temperature, while TRN is often used to describe the way in 

which traits other than growth change across temperatures. Together, these frameworks capture key traits 

such as growth rate, photosynthetic capacity, respiration, cell size, or nitrogen fixation as they change 

across temperature gradients. Although TPCs/TRNs are valuable tools, they have fundamental limitations 

especially when used to infer long-term responses because if used at a single point in time, they primarily 
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elucidate plasticity and not adaptive evolutionary potential. Therefore, predicting long-term persistence or 

adaptation from short-term assays alone may be misleading, as fluctuating-environment selection 

experiments in marine diatoms demonstrate strong lineage- and context-dependence (Schaum, Buckling, 

et al., 2018), and theoretical work suggests that plastic responses are not always reliable predictors of 

evolutionary change (Draghi & Whitlock, 2012; Ghalambor et al., 2007). In addition, natural systems 

impose thermal fluctuations and unpredictable heat events, adding a layer of complexity as organisms 

evolve plasticity and generalist strategies that trade-off thermal breadth against performance optimum 

(Padfield et al., 2016; Schaum, Buckling, et al., 2018; Schaum et al., 2022). 

Predictions are further complicated by genetic and lineage-level variability (Burga & Lehner, 2012; Mäkelä 

et al., 2017). Cyanobacteria such as Nodularia spumigena harbour genetically diverse lineages displaying 

variable thermal responses (Medwed et al., 2024). It is important to integrate multiple methodologies in 

order to capture both plastic and evolutionary responses because extrapolating information from single-

lineage data alone exposes the inherent risk of distorting species-wide adaptive capacities.  

This dissertation, through a multi-pronged approach combines resurrection ecology – reviving historical 

Nodularia spumigena lineages from dated Baltic Sea sediments, with experimental evolution under sustained 

warming, and genome-wide molecular analysis including DNA methylation profiling. Resurrection ecology 

uniquely captures direct temporal thermal-trait comparisons elucidating evolutionary shifts across decades; 

experimental evolution directly reveals rates and constraints of adaptation as it occurs; molecular data 

annotates the genetic and epigenetic mechanisms underlying these phenotypic variations.  

The theoretical, ecological, and methodological foundations for this approach are highlighted in the 

sections below: 

1.1 Organisms in a warming world: ecological and theoretical foundations 

Temperature drives organismal biological performance because it affects all enzymatic reactions. Reaction 

rates accelerate as temperature rises, until biochemical limits are reached (Hobbs et al., 2013). At extremely 

high temperatures, enzyme denaturation and membrane integrity loss sets in, together with constraints 

imposed by imbalances between photosynthesis and respiration (Raven & Geider, 1988). These 

fundamental biochemical sensitivities generate predictable thermal dependences across taxa and 

underscore the MTE framework (Brown et al., 2004).  

For aquatic microorganisms, thermal response is particularly pronounced. Their metabolic networks – 

photosynthesis, respiration, nitrogen fixation, and carbon-concentrating mechanisms are all strongly 

temperature-dependent. Because these networks are tightly connected, warming can shift the balance 

between energy costs and gains. For example, respiration often increases more steeply with temperature 
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than photosynthesis, leading to lower carbon use efficiency (CUE, the amount of carbon potentially 

available for growth, structural, and other processes after respiration has been accounted for) at higher 

temperatures (Barton et al., 2020; Hobbs et al., 2013). These metabolic imbalances can cascade into altered 

nutrient cycling, shifts in community composition, and changes in bloom dynamics (Listmann et al., 2021).  

Organisms exhibit physiological plasticity in response to temperature fluctuations, or gradual changes in 

temperature. In diverse thermal conditions, phytoplankton can quickly adjust cellular resource distribution, 

enzyme expression, membrane fluidity, and pigment concentration, facilitating short-time persistence 

(Padfield et al., 2016). However, while plasticity can often predict short-term fitness outcomes, under 

certain conditions it can also be a good predictor for evolution (Botero et al., 2015; Schaum & Collins, 

2014). Plasticity may temporarily enhance performance and at the same time mask underlying evolutionary 

constraints, trade-offs, or limits to long-term adaptive response that only emerge over generations 

(Schaum, Buckling, et al., 2018). Relying on plastic responses can consequentially obscure how phenotypes 

evolve, and which specific traits contribute to long-term ecological and evolutionary outcomes. 

As environments warm, they often also become more thermally variable, exposing organisms to more 

fluctuations around mean conditions. This variability can modulate how organisms respond to 

temperature change and how fast evolutionary adaptation occurs. Selection often favours narrow thermal 

niches and characterised by high performance near a thermal optimum in a relatively stable temperature 

condition (Angilletta, 2009; R. B. Huey & Kingsolver, 1989). On the other hand, high thermal variability 

tend to select for generalist strategies that broaden thermal tolerance to the detriment of optimal 

performance (Padfield et al., 2016; Schaum et al., 2022). These eco-evolutionary interactions imply that 

understanding thermal responses requires attention to the shape of TPCs/TRNs and the timescales over 

which they are measured. 

1.2 Limits of thermal performance curves (TPCs) and thermal reaction norms (TRNs) 

TPCs demonstrate how a performance-related trait, commonly growth rate, responds to temperature. 

They are generally unimodal if measured across a sufficiently broad range of temperatures: performance 

increasing with warming until an optimum (Topt) is reached, beyond which it declines sharply due to 

accumulated damage and stress at high temperatures (Angilletta, 2009; Baker et al., 2016; R. B. Huey & 

Kingsolver, 1989; Kingsolver, 2009).  
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Fig. 1. Anatomy of a thermal performance curve (TPC) and comparison of predicted versus observed thermal evolution in 
Nodularia spumigena. (A) Key parameters of the Sharpe-Schoolfield model used throughout this dissertation: the thermal 
optimum (Topt), maximum growth rate (µmax), activation energy (Ea) representing thermal sensitivity below the optimum, high-
temperature deactivation energy (Eh), and thermal breadth (CTmin–CTmax). (B) The classical "hotter is better and broader" 
prediction, under which adaptation to warming should yield higher Topt, elevated µmax, and expanded thermal breadth in 
contemporary relative to pre-industrial lineages. Schematic prepared by the author. 

TPCs are a specific form of thermal reaction norms (TRNs), which capture the temperature response of 

any trait. For example, TRNs can describe the variation in cell size, toxin production, photo-physiological 

traits, respiration rates, nitrogen fixation, or even nutrient uptake. These non-fitness traits often have 

different thermal sensitivities than growth. While photosynthesis may plateau or decline earlier, respiration 

tend to increase steeply with warming such that their combined response can result in mismatches in 

carbon balance on physiological timescales (Bernhardt et al., 2018). 

Despite their widespread application, TPCs and TRNs have notable limitations. First, TPCs/TRNs 

typically capture phenotypic plasticity, not evolutionary adaptation if measured at a single point in time or 

space (Angilletta Jr., 2009; R. B. Huey & Kingsolver, 1989; Kingsolver, 2009). Second, they tend to ignore 

environmental variability associated with natural systems – thermal fluxes, heatwaves, and diurnal patterns, 

as most assays are conducted under constant temperatures (Baker et al., 2016; Striebel et al., 2016). Because 

thermal performance assumes nonlinearity, mean performance under fluctuating temperatures differs 

from that under constant temperatures (Bernhardt et al., 2018). Third, phytoplankton species, including 

cyanobacteria harbour genetically diverse lineages with distinct thermal traits so that extrapolating purely 

from single-lineage data alone risks the misrepresentation of the species’ true thermal niche underscoring 

the substantial lineage-level variation (Bernhardt et al., 2018; Striebel et al., 2016). Finally, TPCs/TRNs 
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omit sub-lethal processes such as oxidative stress, protein chaperone use, membrane damage, or 

cumulative metabolic costs which are not often visible in short-term assays but tend to determine long-

term viability. These limitations motivate the integration of long-term approaches – resurrection ecology 

and experimental evolution, to investigate the evolutionary potential of thermal traits. The anatomy of a 

TPC and the departure of our findings from classical predictions are illustrated in Fig. 1.  

1.3 When short-term responses fail to predict long-term outcomes 

In some cases, short-term physiological or fitness responses can provide valuable insights into long-term 

outcomes, particularly under stable or single, well-defined environmental drivers. However, under broad-

acting environmental drivers such as temperature, which simultaneously affects enzyme kinetics, 

membrane integrity, metabolic rates, and growth, their predictive power often breaks down. Knowledge 

on phytoplankton thermal responses remains dominated by short-term experiments that track 

performance over hours to days. Although these assays are high throughput and repeatable, their reliance 

on immediate responses imply they primarily reflect plasticity, which can predict evolution for drivers of 

less broad effect than temperature (Ghalambor et al., 2007), but can also either mask or exaggerate 

temperature-dependent fitness constraints over longer timescales (Collins et al., 2014; Padfield et al., 2016; 

Schaum, Buckling, et al., 2018). 

Studies comparing short-term responses and long-term adaptation under warming often reveal marked 

discrepancies (Barton et al., 2020; Schaum et al., 2017). For example, populations may in the short-term 

exhibit strong thermal tolerance owing to rapid physiological acclimation, yet this short term performance 

does not necessarily reflect long-term evolutionary outcomes as warming persists across several 

generations (Padfield et al., 2016). Populations often initially exhibit reduced performance under warming 

but can subsequently adapt, in some cases rapidly. Although the strength of evolutionary responses can 

often be predicted, the direction of trait change as well as the specific traits under selection are considerable 

less so (Collins & Schaum, 2021; Hinners et al., 2017; Padfield et al., 2016; Schaum, Buckling, et al., 2018). 

Given natural systems rarely experience constant temperatures, with heatwaves, rapid fluctuations, and 

shifts in temperature regimes possibly producing negative outcomes that can be masked in constant-

condition assays, predictions based solely on short-term TPCs risk missing actual population trajectories 

(Baker et al., 2016; Gill et al., 2022). These complex dynamics simply imply that while short-term responses 

only provide snapshots of organismal performance, long-term ecological success depends on their capacity 

to evolve amid persistent warming, hence the need for approaches integrating plasticity and evolution.  

1.4 Evolutionary potential under warming: timescales, mechanisms, and constraints 
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Due to the short generation times associated with microorganisms, they have the potential to evolve in 

step with environmental changes. In principle, evolutionary adaptation could buffer or mitigate the 

negative effects of warming. The central question therefore is not whether evolution occurs, but how fast 

evolutionary processes proceed, in which direction traits shift together with the predictability of these 

responses. Outcomes depend on a number of factors such as: standing genetic variation, mutation rates, 

effective population sizes, and the shape of the fitness landscape itself (Collins et al., 2014; Padfield et al., 

2016; Schaum, Buckling, et al., 2018).  

Because organismal traits typically evolve at different rates, traits underlain by many genes with small 

effects (polygenic traits) tend to shift gradually under selection, whereas traits governed by a few key loci 

may exhibit rapid evolution if beneficial mutations prevail (Collins & Schaum, 2021). Phytoplankton 

studies have shown that evolution can affect growth rates, thermal optima, cell sizes, and metabolic rates 

across as few as dozens or as many as hundreds of generations (Barton et al., 2020; Padfield et al., 2016; 

Schlüter et al., 2016). These timescales are within the limits of seasonal or annual climate fluxes, an 

indication that evolution is essential for microbial responses to warming (Hinners et al., 2017; Padfield et 

al., 2016; Schaum, Buckling, et al., 2018).  

The speed and direction of evolutionary responses remain difficult to predict despite evolution being 

synonymous with persistence and reproduction. In certain scenarios, constraints such as trade-offs 

between growth and stress tolerance may limit thermal adaptation (Buckley & Kingsolver, 2021; Raymond 

B. Huey & Kingsolver, 1993; Pörtner et al., 2006). For example, populations with high thermal adaptation 

may suffer reduced performance at lower temperatures, thereby narrowing their thermal breadths. In other 

studies, physiological limits such as enzyme stability or resource allocation trade-offs have limited upward 

shifts in Topt notwithstanding strong selection for warmer conditions (Collins et al., 2014; Hinners et al., 

2017; Schaum, Buckling, et al., 2018; Schaum & Collins, 2014). 

Adaptational – evolutionary change leading to higher fitness, also depends on an environment’s 

predictability (Rescan et al., 2022; Schaum et al., 2016). In systems with strong environmental abiotic 

fluctuations, populations may evolve generalist strategies that reduce performance trade-offs across 

temperatures but also limit specialization at the warmest extremes. Albeit remaining vulnerable to extreme 

heat events, such generalists may persist across a wide range of temperatures (Baker et al., 2016; Gill et al., 

2022). 

Importantly, evolutionary responses interact with ecological dynamics. As populations evolve and, 

perchance, adapt, they may alter nutrient uptake rates, competitive interactions, or even trophic dynamics. 

These eco-evolutionary feedbacks complicate predictions and underscore the necessity for approaches 
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that integrate both ecological and evolutionary processes when investigating organismal response to 

warming (Bernhardt et al., 2018; Padfield et al., 2016; Schaum, Buckling, et al., 2018). 

1.5 Long-term responses: approaches and insights 

Understanding long-term evolutionary responses to changes in the environment remains a central 

challenge in ecology and evolutionary biology. Although short-term experiments provide valuable insights 

on physiological limits and plastic responses, several complementary strategies to short-term assay 

including space-for-time, resurrection ecology, and experimental evolution, have been developed to help 

address the challenge of investigating responses over ecological and evolutionary timescales. 

Space-for-time substitution is a common method used to compare populations across geographic-

temperate-gradients, assuming that spatial variation can serve as a proxy for temporal change. Under this 

framework, thermal adaptation can be deduced from scenarios where warm-region populations 

outperform cooler-region populations at high temperatures. Although useful, interpretations can be 

confounded by spatial differences in salinity, nutrients, grazing pressure, and light regimes (Angilletta, 

2009; Baker et al., 2016). This makes attributing causality to warming alone difficult because many 

environmental factors co-vary with temperature across space, apart from rare studies leveraging strong 

environmental gradients across short distances (Schaum, Ffrench-Constant, et al., 2018). Within a single 

population, space-for-time comparisons also do not capture historical changes, making it very difficult to 

disentangle local adaptation from colonization by warm-adapted lineages. 

Resurrection ecology offers a backward-in-time approach as a powerful alternative to study organisms as 

they existed decades to centuries ago. Because many phytoplankton functional groups e.g. cyanobacteria, 

diatoms, dinoflagellates, and chlorophytes form resting stages that sink into sediments (Ellegaard & 

Ribeiro, 2018; Hallegraeff & Bolch, 1992; McQUOID et al., 2002), remaining viable for long periods, it 

becomes possible to revive these historical lineages from dated sediment archives, and comparing same 

directly with contemporary ones under controlled conditions. This approach has been applied with success 

to dinoflagellates and other protists from the Baltic Sea, revealing historical shifts in life-cycle traits, growth 

rates, and thermal responses. Findings from these studies demonstrate that evolution and demographic 

changes that affect bloom phenology and population resilience have occurred over the last century 

(Hinners et al., 2017). Importantly, resurrection studies provide access to both trait-based and genomic 

information from historical populations, enabling the study of evolutionary mechanisms across time. 

These three complementary methodological frameworks are compared schematically in Fig. 2. 

For cyanobacteria however, resurrection ecology is comparatively unexplored. Despite cyanobacteria 

producing resting stages such as akinetes, their long-term viability in sediments, frequency of deposition, 
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and their response to long-term burial remain less well understood than in dinoflagellates. This makes 

cyanobacteria a good candidate for testing the generality of resurrection-based evolutionary inferences. 

 

Fig. 2. Three complementary methodological approaches that can be used to decouple phenotypic plasticity from evolutionary 

adaptation in cyanobacteria under warming. All panels show specific growth rates (d⁻¹) as a function of temperature (°C), with 
unimodal curves fitted using the Sharpe-Schoolfield model. (A) Space-for-time substitution uses populations from cooler and 
warmer regions (pale blue and pale red, respectively) to infer local adaptation from spatial thermal gradients, though 
interpretations are susceptible to confounding by co-varying environmental factors. (B) Resurrection ecology provides a direct 
temporal comparison of lineages resurrected from Sea sediment archives e.g. spanning nearly two centuries (1824–1996; dark 
purple, and golden yellow respectively), enabling evolutionary inference under common-garden conditions. Contemporary 
lineages (1996) show higher Topt and higher growth rates at prevailing summer temperatures than pre-industrial lineages (1824). 
(C) Experimental evolution tracks real-time adaptation over above 100 generations of sustained thermal selection, comparing 
ancestral (light blue) and evolved (dark red) populations. Schematic prepared by the author. 

Experimental evolution offers a forward-in-time approach, which complements the backward-in-time 

approach (resurrection ecology) by observing adaptation in real time. In such studies, microbial 

populations are exposed to novel or altered environmental pressures, and trait or genomic variability are 

measured over hundreds and possibly thousands of generations. When applied to warming, experimental 

evolution can reveal how quickly thermal traits evolve, whether adaptation is constrained, which life-

history traits or metabolic pathways are most affected, and how different genetic backgrounds respond to 

identical selection pressures (Gill et al., 2022; Padfield et al., 2016; Schaum, Buckling, et al., 2018).  

Experimental evolution is particularly powerful because it elucidates causality and can in combination with 

molecular studies and trait monitoring, track evolutionary responses in real time. Additionally, if 

populations evolve higher thermal tolerance under warming, confounding factors can be excluded, 

attributing this directly to temperature. This approach also allows for high replication, a key advantage 

over historical comparisons. 
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Trait data and molecular data comparison, provide insight into organismal performance and ecological 

function by measuring trait-based parameters e.g. growth, photosynthesis, respiration, and nitrogen 

fixation, while also revealing mechanisms – sequence variation across historical and modern lineages, 

structural variants, potential regulatory loci, and DNA methylation patterns that may affect epigenetic 

responses.  

Even without a genome-wide association study on the population level, whole-genome comparisons can 

detect selection signatures, divergence among lineages, or changes in gene content that accompany 

phenotypic shifts. A combination of trait and molecular data provides a complete picture of evolutionary 

change – traits revealing what has changed while molecular information provides clues as to why and how. 

1.6 Unravelling evolutionary secrets in a natural laboratory – the Baltic Sea 

 

Fig. 3. Map of the Baltic Sea showing the two sediment core sampling sites used in this dissertation. Nodularia spumigena resting 
stages (akinetes) were re-germinated from dated sediment layers originating from the Eastern Gotland Basin the Gulf of 
Finland, representing two environmentally distinct sub-basins with different warming histories and sedimentation conditions. 
Map prepared by the author. 

The Baltic Sea is an important brackish water reservoir harbouring diverse and sometimes endemic life 

forms. Its vast expanse of briny water, second in size only to the Black Sea is characterised by pronounced 

environmental gradients, limited water exchange, and strong sensitivity to climatic variation. Over the past 

century, the Baltic Sea has experienced substantial warming, especially during summer months where 

surface temperatures in some basins regularly exceed 20°C (Kniebusch et al., 2019; Meier et al., 2022). 

These warming trends coincide with changes in salinity, stratification, nutrient inputs, and plankton 
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community structure, making the Baltic Sea an ideal natural laboratory for investigating ecological and 

evolutionary responses to long-term ecosystem modification. The two sediment core sites used in this 

study are shown in Fig. 3. 

1.6.1 Environmental history and warming trends  

Palaeoecological reconstructions and long-term monitoring suggest that the Baltic Sea has warmed 

significantly since the beginning of the 20th century, particularly with accelerated warming since the 1980s 

(Lehmann et al., 2011; MacKenzie & Schiedek, 2007). These changes have altered circulation patterns, 

strengthened stratification, and prolonged periods of calm, stable surface water conditions favourable for 

cyanobacteria growth (Elken et al., 2015; Hense et al., 2013; Neumann et al., 2012). Concurrently, 

eutrophication from agricultural runoff and altered nutrient ratios have boosted the persistence of summer 

blooms. (Savage et al., 2010; Stigebrandt & Andersson, 2020; Vahtera et al., 2007).  

Field-based approaches to decouple these trends and patterns have been particularly challenging because 

warming trends have unfolded alongside shifting nutrient dynamics, making it difficult to distinguish 

physiological and evolutionary responses to warming from those driven by eutrophication. This challenge 

therefore highlights the need for laboratory-based approaches such as resurrection ecology and 

experimental evolution to underpin temperature effects in controlled conditions (Hinners et al., 2017). 

1.6.2 The unique value of sediment archives 

The relatively slow sedimentation facilitated by the semi-enclosed nature of the Baltic Sea produces well-

preserved stratified sediment layers. The sediments harbour resting stages of numerous phytoplankton 

groups including dinoflagellate cysts and cyanobacteria akinetes, providing a chronological record of past 

communities. (Hinners et al. (2017) studied dinoflagellates revived from approximately 100-year-old Baltic 

Sea sediments, and revealed historical changes in thermal tolerance and life-history, demonstrating the 

validity of resurrection ecology as backward-in-time approach for linking past environmental conditions 

to biological responses. 

Cyanobacteria however remain underrepresented in resurrection-based studies. Nodularia spumigena, a key 

Baltic Sea bloom-forming species, form akinetes that settle into sediments particularly at the end of the 

bloom season. The viability, abundance, spatial distribution, and long-term integrity of these akinetes vary 

across basins and are influenced by local conditions such as oxygen availability close to the sediment-water 

surface. Nevertheless, akinetes have been successfully revived from layers several decades old, an 

indication that Baltic Sea sediments can preserve cyanobacterial akinetes sufficiently long enough for 

evolutionary comparisons across time. 
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1.6.3 The relevance of Nodularia spumigena 

Nodularia spumigena, a filamentous diazotroph – nitrogen-fixing cyanobacterium, plays a central role in 

Baltic Sea biogeochemistry. By fixing atmospheric nitrogen during summer blooms, it contributes 

substantially to the internal nutrient loading of the system, sustaining productivity even when external 

nitrogen inputs are limited. Nodularia spumigena bloom events can extend over large areas with pronounced 

ecological impacts including surface-water shading, reduced oxygen concentrations at depth, and toxin 

(hepatotoxin nodularin) production, which poses risks to wildlife and human health. 

                         

Fig. 4. Light microscope image of the filamentous diazotrophic cyanobacterium Nodularia spumigena. The left image shows a 
filament (trichome) consisting of a chain of vegetative cells interspersed with specialised nitrogen-fixing heterocysts, visible as 
larger thick-walled cells occurring at regular intervals along the trichome. The right image shows a magnified section highlighting 
the heterocyst morphology. Heterocysts provide a micro-oxic environment required for nitrogen fixation, enabling growth in 
nitrogen-limited conditions. Scale bar: 20 µm. 

Nodularia spumigena serves as an ideal candidate for investigating thermal adaptation through time due to 

its summer surface-water dominance, strong temperature dependence, and capacity to form long-lived 

akinetes. Understanding its physiological and evolutionary responses to warming is both relevant to bloom 

ecology and for predicting how biogeochemical cycling in the Baltic Sea will shift under ongoing climate 

change. 

1.7 Cyanobacteria and resurrection ecology: opportunities and challenges 

Our knowledge of temporal ecological and evolutionary processes have been revolutionised by 

resurrection ecology providing the framework allowing for direct comparisons of pre-industrial and 

contemporary populations (Kerfoot & Weider, 2004; Medwed et al., 2024). While this approach has been 

applied to other phytoplankton taxa and even freshwater zooplankton, its application to cyanobacteria 

remains limited. Notwithstanding, cyanobacteria remains a promising candidate for resurrection studies. 
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1.7.1 Cyanobacteria resting stages 

Many bloom-forming cyanobacteria – including Nodularia spp., Aphanizomenon spp., and Dolichospermum spp., 

produce akinetes with thick cell wall, reduced metabolic activity, and high resistance to environmental 

stress. These resting stages facilitate overwintering and dispersal across basins. In the Baltic Sea, akinetes 

can accumulate in sediments, potentially preserving genetic material, and phenotypic information from 

pre-industrial populations (Medwed et al., 2024; Śliwińska-Wilczewska et al., 2019). 

The longevity of cyanobacterial akinetes is less well investigated compared to that of dinoflagellate cysts. 

However, viable akinetes have been isolated from decades-old sediments, demonstrating that resurrection 

is possible (Medwed et al., 2024). Despite multi-decadal archives providing valuable temporal windows for 

investigating evolutionary responses, it remains to be seen whether akinetes can remain viable for 

centuries. 

1.7.2 Potential and limitations 

Unlike dinoflagellates with fundamental cyst morphologies facilitating species identification in sediments, 

cyanobacteria lack these complexes, making quantification of historical population complicated leaving 

molecular confirmation of revived lineages as the only alternative (Kremp et al., 2018; Monchamp et al., 

2016). Additionally, akinete abundance is dependent on, and varies with bloom intensity, sedimentation 

rates, and bioturbation, potentially limiting spatial and temporal coverage.  

In spite of these challenges, resurrection ecology provides valuable insights into cyanobacterial evolution. 

It enables the comparison of thermal performance between historical and contemporary lineages without 

confounding environmental variability. Resurrection ecology when combined with molecular analysis can 

elucidate changes in the genomic content, selection signatures, and shifts in regulatory processes such as 

DNA methylation. 

1.7.3 Integrating resurrection ecology with experimental evolution 

The combination of resurrection ecology and experimental evolution represent a powerful methodological 

approach for evolution studies. While resurrection provides snapshots of past evolutionary states, 

experimental evolution reveals the dynamics of ongoing adaptation (Gill et al., 2022; Padfield et al., 2016; 

Schaum, Buckling, et al., 2018). By comparing the adaptive thermal response of historical and modern 

lineages, researchers can determine if: 
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• historical or recent lineages have greater potential shifting in Topt, to higher temperatures or 

otherwise modulating their thermal performance as the environment warms, 

• contemporary lineages have already evolved thermal tolerance due to recent warming, or 

• evolutionary constraints limit thermal adaptation regardless of historical baseline. 

This integrated approach is central to this dissertation and forms the empirical foundation for investigating 

both short-term physiological plasticity and long-term evolutionary shifts in Baltic Sea Nodularia spumigena. 

1.8 Knowledge gaps in Nodularia spumigena long-term thermal response 

As with other phytoplankton groups, extensive research using cyanobacteria have been conducted but 

major uncertainties persist on how cyanobacteria respond to long-term warming physiologically and in 

evolutionary terms. Several key knowledge gaps limiting predictions of future bloom dynamics remain 

because there are only a handful of studies examining multi-decadal or evolutionary processes, with 

majority of studies focusing on short-term thermal responses.  

1.8.1 Absence of historical baselines for cyanobacterial thermal adaptation 

It is difficult to determine if current thermal performance reflects recent adaptation derived from inherent 

species-dependent traits since most available data on Nodularia spumigena are from modern isolates. Without 

historical baselines, interpreting contemporary thermal reaction norms will be speculative. Resurrection 

ecology has provided these baselines for Baltic Sea dinoflagellates, revealing shifts in growth, life-cycle 

traits, and thermal responses over the last century (Hinners et al., 2017). However, similar studies using 

cyanobacteria remain unavailable. Therefore, determining if Nodularia spumigena have evolved comparable 

traits in response to temperature remains a central question to answer. 

1.8.2 Insufficient quantification of lineage-level thermal variation 

Within a single cyanobacteria bloom alone, Nodularia spumigena habour genetically unique lineages that may 

vary in growth rates, nitrogen fixation, toxin production, and thermal tolerance (Cegłowska et al., 2018; 

Mazur-Marzec et al., 2016; Voss et al., 2013). However, the extent of intraspecific variability in thermal 

traits, and how this variation has changed over time remain to be explored. Therefore, examining 

historical-modern differences is essential because thermal reaction norms explains persistence under 

warming. This knowledge gap is addressed in Chapter 2.1., where thermal performance curves of 

ancestor and descendant lineages are compared.  
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1.8.3 Unknown evolutionary potential under sustained warming  

Empirical data for evolutionary responses of cyanobacteria to warming are rare although such studies on 

other phytoplankton taxa reveal evolved higher thermal optima or reorganised metabolic pathways under 

warming (Barton et al., 2023; Medwed et al., 2024; Padfield et al., 2016). It becomes essential to investigate 

if Nodularia spumigena can do the same. Cyanobacteria incur high energy demands associated with nitrogen 

fixation, photosynthesis, and stress protection, potentially constraining upward shifts in Topt. It remains 

unclear if historical and modern lineages differ in evolutionary potential, or whether trajectories show 

constraints or trade-offs. Chapter 2.2 investigates this by exposing historical and modern lineages 

to sustained warming over hundred generations. 

1.8.4 Limited mechanistic understanding: links between traits and molecular understanding  

The underlying mechanisms driving detectable physiological changes remain unclear. Cyanobacteria may 

demonstrate stable regulatory changes through DNA methylation even though they can plastically 

modulate gene expression. Although methylation-based regulation plays a role in cell cycle control, stress 

response, and metabolic allocation in bacteria, its role in thermal adaptation remains less well characterized. 

Chapter 2.3 aims to elucidate whether warming drives consistent methylation changes across 

historical and modern lineages, and if these correlate with trait shifts, helping to identify whether 

mechanistic pathways are involved in thermal responses.  

1.8.5 Missing integration of ecological and evolutionary processes 

There is a strong correlation between warm summers and cyanobacterial bloom intensity (M. Kahru et al., 

1994). However, long-term monitoring observations alone cannot determine whether such bloom 

intensity is an indication of physiological plasticity, demographic shifts, or true evolutionary adaptation. 

Integrating a multi-faceted approach – resurrection ecology, experimental evolution, trait-based 

measurements, and molecular analysis provides a framework for decoupling these processes and 

improving predictions of bloom behaviour under projected climate change scenarios. 

These gaps motivate this dissertation’s comprehensive, multi-timescale investigation of Nodularia spumigena 

temperature-dependent response. 

1.9 Aims, objectives, and hypotheses of this dissertation 

The overarching aim of this dissertation is to investigate how, and how fast Baltic Sea cyanobacteria – 

Nodularia spumigena in particular evolve in response to warming, and to disentangle past, present, and 
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laboratory induced evolutionary changes across physiological, genomic, and epigenomic levels. This is 

achieved through an integrated three-part framework: 

Objective one: Past evolution 

Chapter 2.1 

The main objective of Chapter 2.1 is to test whether Nodularia spumigena has undergone evolutionary 

change over the past two centuries by comparing resurrected historical and contemporary lineages from 

Baltic Sea sediments across thermal performance, carbon metabolism, ecological interactions, and 

genome-wide sequence variation. 

Hypotheses: 

1. Following the "hotter is broader and better" prediction (Knies et al., 2009), we predicted that 

contemporary lineages would exhibit higher thermal optima (Topt) and higher peak growth rates 

than pre-industrial lineages, reflecting two centuries of warming in the Baltic Sea 

2. Following the same framework, we predicted that contemporary lineages would exhibit broader 

thermal breadth, and faster growth at Topt than pre-industrial lineages, as adaptation to a warmer 

and more variable environment is expected to widen the range of temperatures over which growth 

is sustained. 

3. Genomic divergence appeared smaller than phenotypic divergence, suggesting that relatively few 

genetic changes may underpin substantial shifts in thermal performance. 

Objective two: Experimental evolution under warming 

Chapter 2.2 

The main objective of Chapter 2.2 is to quantify the evolutionary potential of historical and contemporary 

Nodularia spumigena lineages under controlled warming by conducting a long-term experimental evolution 

study at 22°C, 26°C, and 30°C, and comparing physiological and genomic changes between ancestral (Tstart) 

and evolved (Tend) populations. 

Hypotheses 

1. Both historical and modern lineages can evolve higher fitness (approximated as growth rate) than 

the ancestor at elevated temperature. 
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2. Among historical and modern lineages, adaptive responses to temperature selection differ and this 

depends on the degree of mismatch between ancestral thermal optima and ancestral thermal 

performance strategies and the selection temperature, so that lineages experiencing greater thermal 

displacement exhibit stronger evolutionary responses. 

3. Thermal adaptation is associated with evolutionary trade-offs, such as reduced performance at 

non-selected temperatures, consistent with specialist-generalist dynamics. 

Objective three: Molecular basis for adaptation – The role of global methylation patterns as one aspect of 

epigenetic change 

Chapter 2.3 

The main objective of Chapter 2.3 is to examine the genetic and epigenetic correlates associated with 

thermal selection by analysing global DNA methylation patterns and genome-wide variation between 

ancestral (Tstart) and evolved (Tend) populations under warming conditions. 

Hypotheses 

1. Sustained warming is associated with changes in global DNA methylation levels across lineages. 

2. Global DNA methylation levels vary among historical and contemporary lineages and across 

thermal selection scenarios. 

3. Variation in global DNA methylation levels co-varies with differences in thermal performance, 

linking molecular and phenotypic responses without implying causality. 

This dissertation leverages the complementary strengths of resurrection ecology, experimental evolution, 

trait-based physiology, and molecular analysis to investigate how Nodularia spumigena responds to warming 

across ecological and evolutionary timescales. By integrating historical baselines, contemporary variation, 

real-time adaptation, and mechanistic regulation, this work provides one of the most comprehensive 

assessment to date of long-term thermal responses in a bloom-forming cyanobacterium.  

The results presented in this dissertation have implications for understanding the future of harmful 

cyanobacterial blooms in the Baltic Sea, predicting shifts in nitrogen cycling under climate warming, and 

improving theoretical models that link plasticity, evolution, and ecology in microbial systems. Ultimately, 

this dissertation demonstrates that past, present, and future populations of Nodularia spumigena form a 

continuum of biological responses shaped by environmental change, and that studying these responses 

across time is essential for anticipating the ecological futures of warming marine ecosystems. 
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Chapter Two: Studies of this thesis  
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Abstract 

Understanding how cyanobacteria populations have survived past environmental shifts may help predict 

future ecosystem trajectories under accelerating climate change. We used resurrection ecology to 

characterise five Nodularia spumigena lineages re-germinated from dated Baltic Sea sediment archives 

spanning pre-industrial (ca. 1824) to contemporary (ca. 1996) layers. We measured thermal performance 

curves (TPCs; growth rates across 15-38°C), carbon use efficiency (CUE) at three temperatures, organic 

carbon uptake, biotic effects on co-occurring Ostreococcus tauri, and whole-genome SNP divergence across 

sediment ages. Pre-industrial (1824) lineages had higher thermal optima and shallower performance curves; 

contemporary (1996) lineages had lower thermal optima, steeper sub-optimal curves, and higher growth 

rates at prevailing summer temperatures. This pattern deviates from the “hotter is broader and better” 

prediction and is instead consistent with adaptation to increased thermal variability in the modern Baltic 

Sea. CUE remained broadly conserved across temperatures, with a marginal age effect driven by lower 

baseline CUE in the contemporary 1996 lineage, contemporary lineages often showed less negative 

responses to organic substrates at elevated temperatures, and pre-industrial lineages showed stronger 

inhibition of O. tauri. Genomic divergence tracked sediment age, with contemporary lineages enriched for 

stress-response and energy-metabolism genes. Together these results indicate that N. spumigena has 

undergone multi-trait evolutionary reorganisation over two centuries, with the direction of change 

reflecting adaptation to a more variable, rather than simply warmer environment. 

Keywords: resurrection ecology; thermal performance curves; evolutionary ecology; Baltic Sea, Nodularia 

spumigena; carbon use efficiency; allelopathy 
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Introduction – Chapter 2.1 

Many cyanobacteria, including Nodularia spumigena, form toxic blooms that are predicted to increase in 

severity in a warming world with dire consequences for water quality and ecosystem dynamics (Lehtimaki 

et al., 1997; McGregor et al., 2012; Sivonen et al., 1989). Through carbon dioxide and nitrogen fixation, 

these cyanobacteria play essential roles in Baltic Sea biogeochemical cycles (Bullerjahn & Post, 2014; 

Carpenter & Romans, 1991). Due to their relatively high thermal tolerance, cyanobacteria are often 

described as “winners” of climate change (Teikari, 2018).  

Phytoplankton responses to temperature typically follow a unimodal, left skewed thermal performance 

curve (TPC), and cyanobacteria are no exception, although their TPCs are generally broad, spanning 

relatively wide temperature ranges and often maintaining measurable growth across both moderate and 

elevated temperatures (Kontopoulos et al., 2020; Nalley et al., 2018). TPCs allow us to estimate under 

which temperatures a species can survive (breadth of the curve), where growth rates or similar fitness 

proxies are highest (Topt), and the ranges of temperature where growth rate increases quickly up to the 

optimum (e.g. activation energy Ea in the Sharpe-Schoolfield model) (Angilletta, 2006; Schoolfield et al., 

1981; Sharpe & DeMichele, 1977). The shapes of these curves are not fixed, but they are malleable on 

different time-scales, through different processes, from plasticity to swift evolutionary responses (Padfield 

et al., 2016; Schaum, Buckling, et al., 2018; Schaum & Collins, 2014). In 100 generations or less the shape 

and elevation of TPCs can change in the laboratory (Barton et al., 2023; Padfield et al., 2016; Schaum, 

Buckling, et al., 2018) and mesocosms (Schaum et al., 2017) but not always (Michaletz & Garen, 2024). 

A prominent framework for predicting evolutionary TPC shifts is the “hotter is broader and better” 

hypothesis (Knies et al., 2009), although alternative outcomes are also possible in which TPCs broaden 

without increases in maximum performance (“hotter is broader” without “better”). This hypothesis 

predicts that populations evolving under elevated temperatures should, over time, develop TPCs with 

higher thermal optima, higher peak growth rates, and broader thermal breadths, a combination arising 

because warming selects simultaneously for higher performance and expanded tolerance, and because 

enzyme stability trade-offs constraining performance at high temperatures are relaxed as populations 

adapt. In the Baltic Sea, specifically, sea surface temperatures have increased by approximately 0.5-1.5°C 

since pre-industrial times depending on sub-basin, with warming concentrated in summer months and 

accelerating since the 1980s (Kniebusch et al., 2019; Lehmann et al., 2011; Meier et al., 2022). Whether N. 

spumigena populations have responded to this warming by following a “hotter is broader and better” 

trajectory, or by some other evolutionary strategy, is an open question. 

Resurrection ecology – the germination of viable organisms from dated sediment archives, provides an 

opportunity to directly compare pre-industrial and contemporary populations under common garden 
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conditions (Kerfoot & Weider, 2004; Medwed et al., 2024; Sanyal et al., 2022). For dinoflagellates revived 

from Baltic Sea sediments, this approach revealed historical shifts in thermal tolerance spanning 

approximately a century (Hinners et al., 2017). For N. spumigena specifically, (Medwed et al., 2024) found 

an increase in photosynthetic Topt from 15.3 to 21.1°C between lineages dated to 1987 and 2020, consistent 

with rapid adaptation to rising sea-surface temperatures. Our study extends this temporal window back to 

ca. 1824, providing a pre-industrial baseline against which contemporary trait divergence can be measured.  

Comparing TPCs within and across species from different sediment depths can then give us an idea of 

the evolutionary potential of an organism – the more temperatures it can tolerate (and the faster it grows 

relative to other lineages), and the more it can maximise fitness across temperatures, the more likely it is 

that evolutionary potential is high. 

Beyond growth rate, we examined two further dimensions of ecological function: cellular carbon balance 

and acquisition, and species interactions. Carbon use efficiency (CUE), the fraction of photosynthetically 

fixed carbon retained for growth rather than lost through respiration, is central to phytoplankton 

productivity and ecosystem energy flow (Barton et al., 2020; Collins et al., 2014). Organic carbon uptake 

may supplement inorganic carbon acquisition under thermal stress (Martens et al., 2024). Allelopathic 

interactions, in which cyanobacteria release compounds inhibiting neighbouring phytoplankton, reshape 

community composition during bloom events (Śliwińska-Wilczewska et al., 2019; Suikkanen et al., 2005), 

yet whether these capacities have changed over the past two centuries is unknown.  

Here, we use five N. spumigena lineages from sediment cores dated 1824 to 1996 to test for evolutionary 

shifts in thermal performance, carbon metabolism, biotic interactions, and genomic architecture. We 

hypothesise that, following a “hotter is broader” evolutionary scenario (Knies et al., 2009), contemporary 

lineages should display broader TPCs with higher thermal optima compared to pre-industrial lineages, and 

that genomic divergence should be detectable between lineages from the 1970s and 1996 relative to pre-

industrial lineages. 
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Materials and Methods – Chapter 2.1 

Lineage origin and culture conditions 

Out of 27 cyanobacterial lineages resurrected from Baltic Sea sediment cores and maintained by Cynthia 

Medwed at the Leibniz Institute for Baltic Sea Research Warnemünde (IOW), five N. spumigena lineages 

were selected based on their ability to grow reliably under laboratory conditions. Lineages originated from 

two Baltic Sea locations (Eastern Gotland Basin and Gulf of Finland) and from distinct sediment-core 

strata representing pre-industrial, mid-twentieth century, and contemporary periods (Table 1). One lineage 

dated to ca. 1824, three to 1970s, and one to ca. 1996. Sediment ages were determined using the published 

age model for sediment core EMB262/6-28 established using ²¹⁰Pb and ¹³⁷Cs radionuclide dating (Schmidt 

et al., 2024). Pilot studies showed that date, not location drove differences between lineages. Throughout, 

genetic barcoding and whole-genome sequencing confirmed our lineages as N. spumigena, even though 

their filament morphology continued to closely resemble Dolichospermum spp. 

Cultures were maintained in nutrient-replete BG-11 medium in 40mL culture flasks (Thermo Scientific) 

under controlled laboratory conditions at the Institute of Marine Ecosystem and Fisheries Science 

(Hamburg) beginning in 2022. Flasks were incubated in shaker incubators (INFORS HT Multitron Pro, 

Switzerland) at 22°C under a 12:12 h light:dark cycle. Light intensity during the light phase was 

approximately 150 µmol photons m-2 s-1, and cultures were continuously shaking at 60 rpm to maintain 

homogeneity. 
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Tab. 1. Summary of N. spumigena lineages and numbers of replicates used in this study. n values indicate independent biological 
replicates per lineage per assay (TPC = thermal performance curves; CUE = carbon use efficiency; BI = biotic interaction assay 
with O. tauri; OC = organic carbon uptake; Gen = whole-genome sequencing where sequencing depth is more informative 
than replication from the same sample). 

Lineage ID 
Date 

(approx.) 

Basin 

(location) 

Depth 

(cm) 

n 

TPC 

n 

CUE 

n 

BI 

n 

OC 

n 

Gen 
Age Group 

6-MUC-46-2.1 1824 EGB 46 3 6 4 6 1 Pre-industrial 

6-MUC-17-2 1970 EGB 17 3 6 4 6 1 
Historical 

(1970s) 

12-MUC-10-6 1970 GOF 10 3 6 4 6 1 
Historical 

(1970s) 

12-MUC-10-5 1970 GOF 10 3 6 4 6 1 
Historical 

(1970s) 

12-MUC-5-30 1996 GOF 5 3 6 4 6 1 Contemporary 

 

Spectrophotometric analysis 

Growth was tracked via chlorophyll a fluorescence (excitation 432nm, emission 676nm) and phycocyanin 

fluorescence (632nm, emission 686nm) measured in 200 μL aliquots in 96-well plates using a SpectraMax 

iD3 microplate reader (Molecular Devices, USA) as proxies for growth. Fluorescence was calibrated 

against cell counts obtained by FlowCam imaging, and confirmed by microscopy prior to the start of 

experiments; details are provided in Table S1. 

Thermal performance curves 

TPCs were characterised across 12 assay temperatures from 15 to 38°C. Cultures were pre-acclimated for 

eight days (≥3 generations) at each assay temperature before measurement. Growth rates were estimated 

from daily time-series chlorophyll a fluorescence using the growthrates package (Petzoldt, 2016) in R (R 

Core Team, 2025). Each lineage was grown in three independent biological replicates at every assay 

temperature, yielding n = 3, 9, and 3 replicates for the 1824, 1970s, and 1996 age groups, respectively 

(Table S2).  

The Sharpe-Schoolfield equation was fitted to replicate-level growth rates using the rTPC and nls.multstart 

packages (Padfield et al., 2021): 
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𝑟(𝑇) = 𝑟𝑟𝑒𝑓𝑒𝑥𝑝 [𝐸𝑎 (
1

𝑘𝑇𝑟𝑒𝑓
−

1

𝑘𝑇
)] / (1 + 𝑒𝑥𝑝 (

𝐸ℎ

𝑘
(

1

𝑇ℎ
−

1

𝑇
))) 

where r(T) is the growth rate at temperature T, rref is the rate at a reference temperature Tref, Ea and Eh are 

activation and deactivation energies, Th is the high-temperature inactivation point, and k is the Boltzmann 

constant (8.62 * 10⁻⁵ eV K⁻¹). Temperatures were converted to Kelvin prior to model fitting, and rates 

were normalised to a reference temperature (Tref) of 22°C, which corresponds to the reference temperature 

parameter (Tc) in the Sharpe-Schoolfield formulation. In this model implementation, the parameter 

estimated is ln(rref) representing the natural logarithm of the growth rate at the reference temperature (Tref 

= 22°C). 

Model selection among TPC formulations used the Akaike Information Criterion corrected for small 

sample size (AICc); the Sharpe-Schoolfield model provided the best fit in all cases and was used 

throughout. TPC parameters were compared among age groups using linear mixed-effects models with 

sediment age as a fixed factor and replicate nested within lineage as a random intercept. Model selection 

details and AICc are provided in Table S3. 

Carbon use efficiency (CUE) 

Carbon use efficiency (CUE) was quantified at 22, 26, and 30°C by measuring net photosynthesis and dark 

respiration in 2 mL culture aliquots using a PreSens optical dissolved-oxygen sensor. Rates were 

normalised to chlorophyll a fluorescence and CUE calculated as: 

𝐶UE = 1 −  
R

P
 

where P (gross photosynthesis) and R (respiration), accounts for the fraction of fixed carbon allocated to 

biomass production rather than lost through respiration. A CUE value of 0.5 indicates that half of the 

fixed carbon is retained for growth while the remainder is respired. Data were analysed with a linear mixed-

effects model (sediment age, temperature, and their interaction as fixed factors; replicate nested within 

lineage as a random intercept). Each lineage was measured in six independent biological replicates per 

temperature. 

Biotic interaction assays with Ostreococcus tauri 

Effects of N. spumigena on a co-occurring picophytoplankton were assessed using a Baltic Sea Ostreococcus 

tauri isolate (Bornholm Basin; salinity ~2.5 PSU) in two complementary formats at 22, 26, and 30 °C: (i) 

indirect co-culture in 6-well ThinCert plates (0.4 μm mesh) and (ii) cell-free supernatant spikes filtered 

through 0.4 μm syringe filters. O. tauri was inoculated at 3000 cells mL−1 and monitored by flow cytometry 
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(BD Accuri). Growth rate expressed as fold-change relative to monoculture controls (fold-change = 1: no 

effect; <1: inhibition) was the response variable. Assays were conducted with n = 4 independent replicates 

per N. spumigena lineage per treatment per temperature. Data were analysed with a linear mixed-effects 

model (sediment age, assay temperature, treatment type, and their interactions as fixed effects; replicate as 

a random intercept). Full model comparison details are provided in Table S4. 

Organic carbon uptake 

Organic carbon uptake was assessed using Biolog EcoPlates (28 substrate groups; D-Xylose, Tween 40, 

and Tween 80 excluded due to spectral interference). Cultures were inoculated at ≈1000 cells mL−1 

(confirmed by microscopy), incubated at 22, 26, or 30°C for 24 h, then re-measured. Growth was 

normalised to paired water-control wells: 

𝑟𝑎𝑡𝑖𝑜 = (
𝐺𝑟𝑜𝑤𝑡ℎ𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡

𝐶𝑜𝑛𝑡𝑟𝑜𝑙𝑚𝑒𝑎𝑛
) −  1 

Data were analysed by linear mixed-effects models with sediment age, temperature, compound class, and 

their interactions as fixed effects and replicate as a random intercept (lmerTest; estimated marginal means 

via emmeans with Tukey correction).  

DNA extraction, whole genome sequencing, and bioinformatics 

DNA was extracted from harvested pellets using a modified CTAB protocol (Doyle & Doyle, 1987; Singh 

et al., 2011), with minor modifications – prior freezing at -80°C, and heating of cell matter at 75°C and 

vortex to break rigid cell walls. Concentration and purity were confirmed with a Qubit 4 Fluorometer 

(dsDNA HS Assay, Invitrogen, Thermo Fisher Scientific). Illumina paired-end sequencing (≥30× 

coverage), adapter trimming (Trimmomatic v0.39), alignment (BWA-MEM v0.7.17), duplicate marking 

(Picard MarkDuplicates), and SNP calling relative to a reference N. spumigena genome (Snippy v4.6) were 

performed by StarSEQ GmbH (Mainz, Germany). SNPs were classified as synonymous, missense, or 

other. Genomic differentiation was visualised by PCoA on Bray-Curtis dissimilarities and tested with 

PERMANOVA (999 permutations) using the vegan package (Oksanen et al., 2001). Sparse partial least-

squares discriminant analysis (sPLS-DA) identified gene products contributing to age-associated 

divergence using mixOmics (Rohart et al., 2017). Figures were prepared in ggplot2 (Wickham, 2016). 
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Results – Chapter 2.1 

Thermal performance curves 

Lineages performed differently across temperatures depending on their sediment age. Pre-industrial (1824) 

lineages had the highest thermal optima, the shallowest sub-optimal performance curves, and the lowest 

peak growth rates; contemporary (1996) lineages had the lowest thermal optima, the steepest sub-optimal 

curves, and the highest peak growth rates (Fig. 1; Table 2). Thermal optimum (Topt) declined across 

sediment ages (likelihood ratio test: likelihood ratio test: χ² = 5.42, df = 2, p = 0.066), from 30.1 ± 1.8°C 

in 1824 lineages to 26.8 ± 1.1°C in the 1970s and 24.2 ± 1.8°C in 1996 lineages (Tukey-adjusted pairwise 

comparison 1824 vs. 1996: Δ Topt = 5.8 °C, p = 0.046). 

 

Fig. 1. Thermal performance curves (TPCs) describing temperature-dependent growth rates (µ) for Nodularia spumigena lineages 
resurrected from sediment resting stages dated to 1824, 1970, and 1996. Solid points represent means ± SEM across 
independent replicates (n = 3, 9, and 3 for 1824, 1970s, and 1996, respectively), with faded points indicate the individual data 
points. Solid lines denote fitted Sharpe-Schoolfield curves, and colours indicate sediment age (dark purple: 1824, teal: 1970s, 
yellow: 1996) of the lineages. 

 

Activation energy Ea, describing the steepness of the TPC below Topt, was significantly higher in 

contemporary than in pre-industrial lineages (χ² = 7.14, df = 2, p = 0.028): 1824 lineages had the 

shallowest curves (Ea = 0.25 ± 0.10 eV), followed by the 1970s (0.31 ± 0.06 eV), and 1996 lineages were 
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steepest (0.66 ± 0.10 eV; 1996 vs. 1824: p = 0.034; 1996 vs. 1970s: p = 0.045). Ea between 1824 and 1970 

lineages was not significantly different (p = 0.88). 

In contrast, there was no significant difference across sediment ages in the high-temperature deactivation 

energy (Eh) (χ² = 2.58, df = 2, p = 0.275), despite a tendency for lower mean Eh values in more recent 

lineages (Table 2). The natural-log intercept ln(c), representing the natural logarithm of the growth rate at 

the reference temperature (Tref = 22 °C), increased progressively from pre-industrial to contemporary 

lineages (Table 2). When incorporated into the fitted Sharpe–Schoolfield model, this resulted in higher 

predicted maximum growth rates (µTopt) for more recent lineages (1824: 1.61 ± 0.01 d⁻¹; 1996: 2.99 ± 0.17 

d⁻¹). These values represent model-derived estimates from the fitted thermal performance curves rather 

than raw observed growth rates. The crossover occurs near 30°C: below that threshold, contemporary 

lineages grow faster; above it, pre-industrial lineages, with their higher Topt, outperform contemporary 

ones, which decline steeply beyond their lower optimum. 

Tab. 2. Thermal performance parameters for Nodularia spumigena lineages resurrected from dated sediments (1824, 1970s, 1996). 
Values represent means ± SE derived from Sharpe–Schoolfield model fits describing temperature-dependent growth rates. Topt 

= optimum growth temperature (°C); µTopt = predicted maximum growth rate at Topt (d⁻¹); Ea = activation energy below Topt 
(eV); Eh = high-temperature deactivation energy (eV); ln(c) = natural logarithm of the growth rate at the reference temperature 
(Tref = 22 °C). 

Sediment age Topt (°C) µTopt (d⁻ ¹) Ea (eV) Eh (eV) ln(c) (mean ± SE) 

1824 30.1 ± 1.8 1.61 ± 0.01 0.25 ± 0.10 5.64 ± 2.25 0.47 ± 0.01 

1970 26.8 ± 1.1 2.35 ± 0.32 0.31 ± 0.06 3.98 ± 0.89 0.79 ± 0.12 

1996 24.2 ± 1.8 2.99 ± 0.17 0.66 ± 0.10 1.87 ± 0.08 1.09 ± 0.06 

 

Carbon Use Efficiency 

CUE exceeded 0.5 across all lineages and assay temperatures (22, 26, 30°C; Fig. 2), indicating relatively 

high carbon-use efficiency compared to typical phytoplankton values reported in the literature (Del 

Giorgio & Cole, 1998; Manzoni et al., 2018; Worden et al., 2015). Mean CUE ranged from 0.70 ± 0.09 at 

22°C to 0.73 ± 0.10 at 26°C and 0.69 ± 0.12 at 30°C, with no significant effect of temperature (mixed 

model F-test: F₂,₅₄ = 0.13, p = 0.883), and post hoc comparisons confirmed the absence of pairwise 

differences among temperatures (Tukey HSD: all p > 0.87). Linear modelling confirmed no directional 

temperature trend (β26 = +0.030 ± 0.026, p = 0.254; β30 = −0.010 ± 0.026, p = 0.707). 
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Variation in CUE among sediment ages was detected. The 1970s lineages exhibited the highest mean CUE 

(0.72 ± 0.11), followed by the 1824 lineages (0.71 ± 0.11), with the 1996 lineage showing the lowest mean 

CUE (0.64 ± 0.06). Sediment age had a significant effect on CUE (F₂,₂₇ = 3.62, p = 0.041), driven primarily 

by a significant difference between the 1970s and 1996 lineages (Tukey HSD: p = 0.032); pairwise 

comparisons involving the 1824 lineage did not reach significance (1824 vs. 1970: p = 0.849; 1824 vs. 

1996: p = 0.206). A significant temperature * age interaction was also detected (F₄,₅₄ = 3.14, p = 0.021), 

reflecting particularly low CUE in the 1996 lineage at 26°C relative to other age groups and temperatures. 

Despite this interaction, all lineages maintained CUE consistently above 0.5 across all assay temperatures, 

indicating that carbon allocation efficiency remained broadly functional across the full thermal range 

tested. 

 

Fig. 2. Carbon use efficiency (CUE) across assay temperatures (22, 26, and 30°C) for Nodularia spumigena lineages resurrected 
from Baltic Sea sediments dated to 1824, 1970s, and 1996. Boxplots summarise CUE values across independent replicates, with 
individual data points overlaid. Points represent individual biological replicates, coloured by sediment age (dark purple: 1824, 
teal: 1970s, yellow: 1996). Independent sample sizes were n = 6, 18, and 6 replicates for 1824, 1970s, and 1996, respectively. A 

significant temperature * sediment age interaction was detected (mixed model: F₄,₅₄ = 3.14, p = 0.021), with the 1996 lineage 
showing notably lower CUE at 26°C relative to other groups. All lineages maintained CUE above 0.5 across all temperatures. 
The dashed red horizontal line denotes a CUE of 0.5, representing the point at which half of assimilated carbon is retained for 
biomass production and half is lost through respiration. 
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Effect of Nodularia spumigena growth on Ostreococcus tauri 

Growth rates of Ostreococcus tauri, expressed as fold change relative to monoculture controls, were 

significantly reduced by exposure to pre-industrial (1824) N. spumigena lineages, particularly at 30°C (Fig. 

3). Sediment age (F₂,₅₉ = 13.83, p < 0.0001), assay temperature ((F₂,₅₉ = 15.94, p < 0.0001), and their 

interaction (F₄,₅₉ = 11.11, p < 0.0001) were all significant; treatment type (spike vs. ThinCert co-culture) 

was not (treatment: F₁,₅₉ = 1.14, p = 0.29). 

 

Fig. 3. Fold change in growth rates of Ostreococcus tauri relative to monoculture controls following exposure to supernatant spikes 
of Nodularia spumigena (“Spike”) or indirect co-culture with the respective N. spumigena lineage maintained at carrying capacity 
(“ThinCert”). Assays were conducted at 22, 26, and 30 °C using N. spumigena lineages resurrected from Baltic Sea sediments 
dated to 1824, the 1970s, and 1996. Boxplots summarise growth responses across independent biological replicates. The dashed 
horizontal line denotes a fold change of 1, indicating no effect relative to monoculture controls. Colours indicate sediment age 
(dark purple: 1824; teal: 1970s; yellow: 1996). Sample size was n = 4 biological replicates per treatment * temperature * sediment 
age combination. 

Across assay temperatures, fold changes in O. tauri growth rate generally clustered around unity, indicating 

limited overall effects of exposure to N. spumigena relative to control conditions (Fig. 3). However, growth 

responses differed among sediment ages in a temperature-dependent manner, with larger deviations from 

control growth observed at elevated temperatures. In particular, reductions in O. tauri growth were more 

pronounced at 30 °C for some lineage-temperature combinations, whereas responses at 22 °C were weak 

and more variable. 

Organic carbon uptake 

Organic carbon uptake differed significantly among compound classes (Type III ANOVA: F₅,₇₀₀ = 38.59, 

p < 2.2 * 10⁻¹⁶), temperature (F₂,₇₀₀ = 17.80, p = 2.9 * 10⁻⁸), and sediment ages (F₂,₇₀₀ = 3.97, p = 0.019), 
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with significant age * temperature (F₄,₇₀₀ = 7.44, p = 7.2 * 10⁻⁶) and temperature * compound (F₁₀,₇₀₀ = 

2.04, p = 0.028) interactions. Amines supported growth above control at 22 and 26°C; amino acids 

suppressed growth, particularly at elevated temperatures. At 30°C, contemporary (1996) lineages showed 

less negative responses to carbohydrates, carboxylic acids, and amino acids than pre-industrial lineages 

(Fig. 4). 

 

Fig. 4. Organic carbon uptake summarised by compound class for Nodularia spumigena lineages resurrected from Baltic Sea 
sediments dated to 1824, 1970, and 1996. Boxplots show treatment: control growth ratios for five compound classes (polymers, 
carbohydrates, carboxylic acids, amino acids, amines, others) at 22°C, 26°C, and 30°C. The points represent the individual 
compounds * replicate combinations (n = 6-24 wells per class, depending on the number compounds and three technical 
replicates each). Boxplot colours – dark purple = 1824, teal = 1970s, yellow = 1996) indicate the putative time of encystment 
for the Nodularia spumigena lineages. Dashed red line threshold indicate no effect of a compound relative to the control. 

 

Genomic variation among Nodularia spumigena lineages 

Synonymous variants predominated in all genomes; missense variants formed a smaller but consistent 

fraction (Fig. 5a). Despite limited statistical power (one genome per age group), PCoA of genome-wide 

SNP profiles revealed structured age-associated separation (PCoA1: 78.5%; PCoA2: 20.9%; Fig. 5b): the 

1996 lineage was most divergent (Bray-Curtis from 1970s: 0.865; from 1824: 0.763), while 1824 and 1970s 

lineages clustered more closely (0.348). PERMANOVA on the five genomes was not significant (F = 0.53, 

p = 0.80, R² = 0.62), consistent with insufficient power rather than absence of divergence. sPLS-DA 

identified a subset of genes with relatively high loadings on the first two discriminant axes (Fig. 5c-d). The 

first discriminant axis was primarily associated with genes involved in core metabolic and translational 

processes, including ribosomal proteins (e.g. L19 and the ribosome-silencing factor), the photosystem II 
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reaction center protein Psb28, and hydrogenase subunits (Fig. 5c). The second discriminant axis was 

characterized by genes linked to stress response, membrane transport, and energy metabolism, such as 

ATP synthase components, ABC transporters, metalloproteases, and recombinases (Fig. 5d). 

 

Fig. 5. Genomic variation and multivariate differentiation in Nodularia spumigena lineages resurrected from Baltic Sea sediments 
dated to 1824, 1970, and 1996. (a) Distribution of mutation effect types expressed as the percentage of variants relative to the 
reference genome. Variants are classified as synonymous, missense, NA (unannotated), or other low-frequency effects 
aggregated across lineages. (b) Principal coordinates analysis (PCoA) based on genome-wide SNP composition showing 
separation among lineages according to sediment date (age). The first and second PCoA (PCoA1 and PCoA2) explain 78.5% 
and 20.9% of the total variance, respectively. Symbols and colours represent sediment dates (lineage ages): dark purple = 1824, 
teal = 1970s, yellow = 1996. (c-d) Sparse partial least squares discriminant analysis (sPLS-DA) loadings for components 1 and 
2, respectively, showing gene products contributing most strongly to multivariate separation among sediment ages. Bars indicate 
the direction and relative contribution of each gene to the corresponding discriminant axis. Functional annotations reflect 
discriminant loadings rather than formal functional enrichment. Together, these analyses show structured genomic divergence 
preserved across temporal lineages in Baltic Sea sediment archives.

Discussion – Chapter 2.1 

We compared N. spumigena lineages resurrected from Baltic Sea sediments dated 1824 to 1996 

under common garden conditions, measuring thermal performance, carbon metabolism, biotic 

interactions, and genomic architecture. Our central finding is that trait divergence is substantial 

and spans multiple functional axes (e.g., thermal optima, growth rates, and carbon use efficiency), 

but does not conform to the “hotter is broader and better” prediction. Instead, the data suggest 

that two centuries of environmental change in the Baltic Sea have selected for higher performance 
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at temperatures below the estimated thermal optimum and greater metabolic flexibility, consistent 

with adaptation to increased thermal variability rather than directional warming alone. 

The “hotter is broader and better” framework predicts higher Topt, broader thermal breadth, and 

higher peak growth rates in population that have evolved under warming (Knies et al., 2009). Our 

data inverts this prediction: the pre-industrial (1824) lineage has the highest Topt (30.1°C), the 

shallowest sub-optimal curve, and the lowest peak growth rate; the contemporary (1996) lineage 

has the lowest Topt (24.2°C), the steepest sub-optimal curve, and the highest peak growth rate. 

Critically, the convergence of Topt values at the contemporary time-point is itself evidence of 

divergent evolutionary trajectories, not of evolutionary stasis. Because the 1824 lineage began with 

a Topt approximately 6°C above contemporary lineages, the 1970s and 1996 lineages must have 

undergone the largest downward shifts in Topt to arrive at their present values, while the pre-

industrial lineage has remained comparatively stable. This pattern is consistent with the 

interpretation that the pre-industrial TPC shape, a broad shallow curve that peaked at 30°C, arose 

under the more thermally stable pre-industrial Baltic Sea, and that subsequent increases in thermal 

variability have selected against this shape in contemporary lineages (Angilletta Jr., 2009; Feistel et 

al., 2008). (Medwed et al., 2024) reported an increase in photosynthetic Topt between lineages date 

to 1987 and 2020, illustrating that not all trait dimensions evolve in parallel: growthrate Topt and 

photosynthetic Topt can diverge under the same environmental pressure. 

The progressive increase in Ea from pre-industrial to contemporary lineages suggests a shift 

toward steeper thermal sensitivity, with only the more recent lineages approaching canonical 

activation energy values expected from metabolic theory. A steeper sub-optima curve is not 

“better” in an absolute sense. It means that growth falls away more sharply below Topt, but delivers 

higher growth rates across the range of temperatures that currently characterise Baltic Sea summers 

(roughly 18-26°C; (Kniebusch et al., 2019). Taken together, the shift in Ea and ln(c), elevation of 

the whole curve rather than a shift in its position may be the more ecologically meaningful signal, 

as it corresponds to consistently higher growth rates in contemporary lineages at prevailing 

temperatures, regardless of the location of Topt. Ecologically, the downward shift in Topt in 

contemporary lineages is itself significant: with Topt values now closer to current Baltic Sea summer 

temperatures, contemporary N. spumigena likely operates near its growth maximum during summer, 

potentially contributing to the observed intensification and prolongation of cyanobacterial blooms. 

Pre-industrial lineages, with Topt near 30°C, would only approach peak growth performance during 

extreme warming events. 
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Despite pronounced TPC divergence, CUE remained high (>0.5) across all lineages and assay 

temperatures, indicating that carbon allocation efficiency was broadly maintained across two 

centuries of evolutionary divergence. A marginal effect of sediment age was detected, driven by 

lower CUE in the 1996 lineage relative to the 1970s lineages, particularly at 26°C. Rather than 

undermining the conservation interpretation, this pattern is coherent with the broader findings of 

this study: the 1996 lineage, which had the steepest sub-optimal TPC and highest peak growth 

rate, may allocate proportionally more carbon to growth-associated processes at temperatures near 

its thermal optimum, producing a context-specific reduction in measured CUE. Notably, the 1996 

lineage also showed the greatest capacity for CUE evolution under warming in Chapter 2.2 (ΔCUE 

= +0.21 at 26°C), suggesting it began from a lower baseline with more room to improve. The 

conservation of CUE across all lineages at 22°C and 30°C, and the absence of any temperature 

main effect, is consistent with tight cellular regulation of the coupling between photosynthesis and 

respiration (Barton et al., 2018; García-Carreras et al., 2018), and suggests that the metabolic 

infrastructure linking carbon fixation to growth remains under stabilising selection across this 

temporal range. 

Pre-industrial lineages showed substantially stronger inhibitory effects on O. tauri growth, 

particularly at 30°C, and spike and ThinCert treatments produced nearly identical results, 

implicating soluble exudates as the primary mechanism. The reduction in allelopathic potential in 

contemporary lineages likely reflects an evolutionary trade-off between growth performance and 

secondary metabolite production, investing less in allelopathy may be advantageous if competitive 

pressure has shifted or if the metabolic cost of toxin synthesis is reallocated to growth under 

thermally variable conditions (Fistarol et al., 2005; Leão et al., 2012). A slight increase in O. tauri 

growth relative to monoculture controls was observed for the 1996 lineage at 22 °C in indirect co-

culture (Fig. 3). Although modest, this pattern may reflect the release of nitrogen-fixation by-

products under nitrogen-limited conditions, consistent with the increasing co-occurrence of N. 

spumigena with small phototrophs in modern Baltic Sea blooms (Munkes et al., 2021). 

The complementary organic carbon uptake result, with contemporary lineages showing broader 

substrate use at elevated temperatures extends this picture. Recent lineages appear to have shifted 

from competitive exclusion strategies toward greater metabolic opportunism, accessing additional 

carbon sources at high growth temperatures while reducing allelopathic investment. Whether this 

shift reflects direct selection for metabolic flexibility or relaxed selection on allelopathic capacity 

remains to be resolved.  
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Although PERMANOVA lacked power to reach formal significance with five genomes, the PCoA 

and sPLS-DA analyses reveal clear age-structured genomic separation, with the contemporary 

lineage most divergent from pre-industrial lineages. The functional signals in the discriminant 

loadings are directionally coherent, photosystem II and hydrogenase genes dominated in the pre-

industrial lineages (consistent with optimisation of photosynthetic and redox performance under 

stable conditions), while ATP synthase, recombinase, and stress-response genes dominated in 

contemporary lineages (consistent with enhanced energy metabolism and genome maintenance 

under fluctuating stressors). The magnitude of phenotypic divergence, a 5.8°C difference in Topt is 

large relative to the number of significant SNPs, consistent with polygenic thermal adaptation and 

raising the possibility that epigenetic or regulatory changes also contribute, a hypothesis explored 

in Chapter 2.3. 

Together, the results indicate that Baltic Sea N. spumigena has undergone substantial multi-trait 

evolutionary reorganisation over the past two centuries: lower Topt but elevated performance at 

prevailing summer temperatures, conserved metabolic efficiency, greater metabolic breadth, and 

reduced allelopathic capacity. This combination is consistent with increased bloom success under 

the warmer, more variable, and nutrient-enriched conditions of the modern Baltic Sea (Medwed 

et al., 2024; Vahtera et al., 2007). The most important caveat to consider in the context of our 

findings is the small number of lineages used (one pre-industrial, three from the 1970s, one 

contemporary), which limits statistical power and means that lineage-specific idiosyncrasies cannot 

be fully separated from age-cohort patterns, although their presence in the sediment core 

community alone shows that their strategy allowed them to thrive at the time of encystment. Co-

varying changes in nutrient, salinity, and light across the past environments the strains used in this 

study mean that not all trait-shifts necessarily reflect ancestral temperature-driven selection in 

isolation (Hinners et al., 2017). Future work should expand the number of resurrected lineages per 

sediment layer and include multi-stressor designs to disentangle these drivers. 
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Abstract 

Whether phytoplankton populations with distinct evolutionary histories retain equivalent capacity 

for rapid thermal adaptation is central to predicting ecosystem responses to climate change. Using 

experimental evolution, we exposed three Nodularia spumigena lineages resurrected from Baltic Sea 

sediments spanning pre-industrial (1824), historical (1970s), and contemporary (1996) periods to 

~100 generations of selection at 22, 26, and 30 °C. Thermal performance curves (TPCs), carbon 

use efficiency (CUE), and genome-wide SNP variation were quantified before and after selection. 

Thermal optima (Topt) converged across sediment-age cohorts following evolution: the pre-

industrial lineage, whose ancestral Topt was already ~30 °C, showed little further change, whereas 

the historical and contemporary lineages shifted upward by ~5–6 °C. Despite differences in 

ancestral TPC shapes, all lineages displayed comparable capacity for thermal adaptation, indicating 

that all lineages can achieve similar post-selection Topt though the magnitude of shift required 

differs across sediment ages. However, metabolic responses differed among cohorts: CUE 

increased significantly at elevated temperatures in the 1970s and 1996 lineages but not in the pre-

industrial lineage. 

Genomic analyses revealed strong divergence among sediment-age cohorts (PERMANOVA R² = 

0.263, p = 0.001) and clear evolutionary responses to thermal selection. Together, these results 

show that historically distinct N. spumigena lineages retain similar adaptive potential under warming, 

but differ in the metabolic traits and genomic pathways through which this capacity is expressed. 

Keywords: experimental evolution; thermal performance curves; cyanobacteria; evolutionary 

ecology; Nodularia spumigena; Baltic Sea; carbon use efficiency; genomics  
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Introduction – Chapter 2.2 

Owing to unprecedented accelerated climate change, surface water temperatures including those 

of semi-enclosed seas like the Baltic Sea are undergoing rapid warming, testing the resilience of 

resident phytoplankton communities that are central to aquatic food webs and biogeochemical 

cycling (Meier et al., 2022). Baltic Sea surface temperatures have increased by approximately 0.5-

1.5°C since pre-industrial times depending on sub-basin, with warming concentrated in summer 

months and accelerating since the 1980s (Kniebusch et al., 2019; Lehmann et al., 2011). Although 

short-term plastic thermal responses in phytoplankton are well characterised, these acclimatory 

changes do not necessarily predict long-term evolutionary trajectories (Padfield et al., 2016; 

Schaum, Buckling, et al., 2018). Understanding whether, and how fast, populations can evolve 

thermally under sustained warming is therefore crucial for forecasting future bloom dynamics and 

ecosystem function.  

In principle, phytoplankton are well suited for rapid evolution; they can have large population 

sizes, short generation times, and ample standing genetic variation to facilitate evolutionary 

responses over relatively short ecologically relevant timescales (Collins et al., 2014). Experimental 

evolution studies, in which phytoplankton are propagated under controlled thermal selection, have 

demonstrated that phytoplankton thermal performance curves (TPCs) can shift substantially 

within tens to hundreds of generations, altering thermal optima, activation energies, and maximum 

growth rates (Listmann et al., 2016; O'Donnell et al., 2018). However, evolutionary responses are 

not universal. Some populations exhibit constraints, trade-offs, or context-dependent adaptation, 

and the factors determining whether a lineage will respond strongly or weakly to thermal selection 

remain incompletely resolved (Schaum et al., 2022). 

One underexplored dimension of evolutionary potential is historical contingency – the idea that a 

lineage’s prior evolutionary history shapes its capacity to respond to new selection pressures. A 

lineage that has evolved for decades under warm, thermally variable conditions may have already 

exhausted some of the standing genetic variation relevant to further thermal adaptation, leaving 

reduced evolutionary headroom, though evidence for this specifically under thermally variable 

conditions remains limited. Rapid thermal adaptation can deplete genetic diversity (Cheng et al., 

2024), but thermal variability may in some cases promote rather than exhaust adaptive potential 

by selecting for enhanced plasticity and broader thermal tolerance (Schaum et al., 2022; Sjöqvist, 

2022). Alternatively, a lineage from cooler, more stable pre-industrial conditions may retain cryptic 

genetic variation at thermal loci that has not yet been exposed to directional selection, potentially 

facilitating novel responses to contemporary warming, though we acknowledge the alternative 
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possibility that historically stable conditions selected for narrower, more specialised thermal 

strategies (Angilletta, 2009; Schaum et al., 2022). These possibilities make distinct, testable 

predictions about whether pre-industrial and contemporary lineages should differ in the rate, 

direction, or magnitude of evolutionary change under identical thermal selection. 

In the companion study (Chapter 2.1), we characterised thermal performance, carbon metabolism, 

biotic interactions, and genomic divergence in Nodularia spumigena lineages resurrected from Baltic 

Sea sediments spanning ca. 1824 to 1996. Our results showed striking divergence in TPC shape: 

pre-industrial lineages had higher thermal optima (30.1°C) but lower maximum growth rates and 

shallower sub-optimal curves, whereas contemporary lineages had lower thermal optima (24°C) 

but steeper sub-optimal curves and higher peak growth rates. This pattern deviated from the 

“hotter is broader and better” prediction (Knies et al., 2009), suggesting that recent Baltic Sea 

warming has selected for performance in a variable, sub-optimal thermal environment rather than 

for directional upward shifts in Topt. These divergent ancestral strategies raise a central question 

for the present study: do lineages with such distinct thermal backgrounds differ in their capacity 

for further evolutionary change under sustained experimental warming, and could such differences 

in evolutionary potential influence future bloom dynamics, timing, or persistence as Baltic Sea 

temperatures continue to rise? 

Here, we directly test this question by exposing the same pre-industrial (1824), historical (1970s), 

and contemporary (1996) N. spumigena to ~100 generations of experimental evolution at 22, 26, 

and 30°C, and measuring evolutionary changes in TPCs, CUE, and genome-wide SNP profiles. 

Building on the ancestral characterisation in Chapter 2.1, we address two primary objectives 

specific to this experimental study. First, we quantify the magnitude and direction of evolutionary 

shifts in thermal performance and carbon use efficiency across all sediment-age cohorts, testing 

whether adaptation to warming occurs and whether it is accompanied by changes in metabolic 

efficiency (Objective 1). Second, we test whether historical origin modulates the rate or direction 

of evolutionary change, by comparing cohort-specific responses and assessing trade-offs using a 

reciprocal transplant design (Objective 2). 

We test three main hypotheses. Importantly, whereas Chapter 2.1 integrates two centuries of 

warming alongside all concurrent environmental changes in the Baltic Sea, Chapter 2.2 isolates 

temperature as a single, controlled selective pressure, allowing any evolutionary response to be 

attributed more directly to thermal selection specifically. First, populations selected at elevated 

temperatures (26 and 30°C) will evolve increased growth rates and upward shifts in Topt relative to 

their ancestral state, consistent with adaptation to warming (H1; (Barton et al., 2023; Padfield et 
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al., 2016; Schaum, Buckling, et al., 2018). Second, the magnitude and direction of evolutionary 

response will depend on the match between ancestral thermal strategy and selection temperature: 

lineages whose ancestral Topt is furthest from the selection temperature should show the strongest 

directional evolutionary response, while lineages already near their fitness peak under a given 

selection temperature should show limited further change (H2). Third, thermal adaptation will be 

accompanied by evolutionary trade-offs, expressed as reduced performance at non-selection 

temperatures in reciprocal transplant assays (H3; (Angilletta, 2009; Schaum et al., 2022).   



 
64 

 

Materials and Methods – Chapter 2.2 

Lineage origin, culture conditions, and ancestral characterisation 

All the Nodularia spumigena lineages used in this study are the same five lineages characterised in 

Chapter 2.1 (Table 1 in Chapter 2.1). These include one lineage from ca. 1824 sediment (pre-

industrial), three from the 1970s (historical), and one from ca. 1996 (contemporary), originated 

from the Eastern Gotland Basin and the Gulf of Finland (Table 1). Each lineage was propagated 

in n = 6 independent biological replicates per selection temperature throughout the experimental 

evolution. Sediment ages were determined using the published age model for sediment core 

EMB262/6-28 established using ²¹⁰Pb and ¹³⁷Cs radionuclide dating (Schmidt et al., 2024). 

Throughout, genetic barcoding and whole-genome sequencing confirmed our lineages as N. 

spumigena, even though morphologically they continued to closely resemble Dolichospermum. 

Tab. 1. Summary of N. spumigena lineages used in this study. n values indicate independent biological replicates per 
lineage per assay (TPC = thermal performance curves; CUE = carbon use efficiency; Gen = whole-genome 
sequencing). 

Lineage ID 
Date 

(approx.) 

Basin 

(location) 

Depth 

(cm) 

n 

TPC 

n 

CUE 

n 

Gen 
Age Group 

6-MUC-46-2.1 1824 EGB 46 6 6 1 Pre-industrial 

6-MUC-17-2 1970 EGB 17 6 6 1 
Historical 

(1970s) 

12-MUC-10-6 1970 GOF 10 6 6 1 
Historical 

(1970s) 

12-MUC-10-5 1970 GOF 10 6 6 1 
Historical 

(1970s) 

12-MUC-5-30 1996 GOF 5 6 6 1 Contemporary 

 

Culture conditions followed Chapter 2.1 throughout: nutrient-replete BG-11 medium, 40 mL 

sterile culture flasks (Thermo Scientific), 22°C, 12:12 h light:dark, ~150 μmol photons m−2 s−1, and 

continuous shaking at 60 rpm. Stocks were maintained in exponential growth through regular 

semi-weekly batch transfers prior to and throughout the experiment. Prior to the start of the 

experimental evolution, all lineages were acclimatised under common-garden conditions (22°C) 

for at least four weeks to minimise carry-over effects from prior culture history. Ancestral 
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phenotypic and genomic characterisation was conducted as described in Chapter 2.1; key ancestral 

TPC parameters are reproduced in Table 1 here for reference. 

Experimental evolution design 

Experimental evolution was conducted over 31 weeks (~100 generations) using a serial batch 

transfer protocol. For each of the five lineages, six biological replicate lineages were initiated per 

temperature treatment, giving 90 evolving populations in total (five lineages * three temperatures 

* six biological replicates). Each replicate was propagated in a separate 30 mL polypropylene 

culture bottle under one of three constant temperature regimes: 22°C (sub-optimal for most 

lineages based on Chapter 2.1 ancestral Topt values), 26°C (close to the mean ancestral Topt of the 

1970s lineage and near the population-wide mean), and 30°C (supra-optimal for all lineages except 

the pre-industrial 1824 lineage). All other culture conditions (light, nutrient medium, shaking) were 

identical to maintenance conditions. 

Every eight days, 2 mL of well mixed culture was transferred into 28 mL of fresh sterile BG-11 

medium (1:15 dilution), maintaining a constant dilution factor and preventing nutrient limitation. 

We chose a fixed volume over a fixed cell count approach (Gomulkiewicz & Holt, 1995; Gross et 

al., 2020; Travisano et al., 2018) to maximise the speed of adaptive responses and to also be able 

to take into account selection environments with the potential to lead to extinction — specifically, 

if a population is in decline at a given selection temperature, fixed-volume transfers progressively 

bottleneck the population across successive transfers, increasing the probability of stochastic 

extinction rather than adaptation (though this did not happen in this experiment). An eight-day 

transfer interval corresponds to approximately 3-4 generations per transfer at typical growth rates, 

yielding ~13 transfers and ~100 generations over the 31-week experiment.  

Growth trajectory monitoring 

To monitor evolutionary dynamics throughout the experiment, 200 μL aliquots were sampled 

from each replicate prior to each transfer and measured spectrophotometrically for chlorophyll a 

fluorescence (excitation 432 nm, emission 676 nm) using the SpectraMax iD3 microplate reader 

as described in Chapter 2.1. This generated a time-series dataset on relative growth across the full 

31-week experiment. Growth trajectories across all 31 weeks are provided for each selection 

temperature in Figure S1 of the supporting information. 

Specific growth rates (μ) were calculated for each replicate during an early ancestral phase (weeks 

4-6, representing near ancestral conditions before selection had time to act) and a late phase (weeks 
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28-30, after sustained selection). Evolutionary response was quantified as the log-transformed fold 

change in growth rate: 

𝑙𝑜𝑔(𝐹𝐶) = 𝑙𝑜𝑔 (
𝜇𝑒𝑣𝑜𝑙𝑣𝑒𝑑

𝜇𝑎𝑛𝑐𝑒𝑠𝑡𝑟𝑎𝑙
) 

On the log scale, values > 0 indicate evolutionary increases in growth rate, values < 0 indicate 

decreases, and 0 indicates no evolutionary change. 

Reciprocal transplant assays and thermal performance curves 

To quantify evolutionary shifts in thermal performance and test for potential trade-offs across 

temperatures, full reciprocal transplant assays were conducted at both the start (Tstart) and end (Tend) 

of experimental evolution. At Tend, lineages evolved at each of the three selection temperatures 

(22°C, 26°C, or 30°C) were assayed for growth across all three temperatures, yielding a 3 * 3 

selection-by-assay design within each sediment-age cohort, resulting in a total of 270 biological 

replicates. Prior to measurement, cultures were pre-acclimated to assay temperature for eight days 

to minimise short-term physiological carry-over effects. To estimate full thermal performance 

curves (TPCs), growth rates were also measured across the same 12-temperature gradient (15-38 

°C) used in Chapter 2.1. TPC parameters were estimated by fitting the Sharpe-Schoolfield model 

to the multi-temperature growth data as described in Chapter 2.1, extracting optimal temperature 

(Topt), peak growth rate (µmax, Topt), activation energy (Ea), high-temperature inactivation energy 

(Eh), and normalisation constant (ln(c)), representing the natural log of the growth rate at the 

reference temperature Tref = 16°C. 

Carbon use efficiency  

CUE measurements were conducted for ancestral and evolved populations using PreSens oxygen 

optical dissolved-oxygen sensor system, following the protocol described in Chapter 2.1. Assays 

were conducted at the three selected temperatures (22, 26, 30°C) for all age cohorts, in six 

biological replicates per lineage per treatment. 

Whole-genome resequencing and bioinformatics 

Whole-genome resequencing was performed on all five ancestral lineages and 38 evolved 

populations selected from the experimental evolution lines. Sequencing was originally attempted 

for 90 evolved populations, but usable genomic data were recovered for 38 due to technical failures 

during outsourced library preparation. The 1996 lineage evolved at 26°C was missing from 

genomic analyses for the same reason. Logistics and financial constraints did not allow for 
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resequencing. In total, 43 population samples (five ancestral and 38 evolved) were included in 

downstream analyses.  

DNA extraction from harvested pellets followed the CTAB protocol described in Chapter 2.1. 

DNA concentration and purity were assessed using a Qubit 4 Fluorometer (dsDNA HS Assay Kit, 

Invitrogen). Illumina paired-end whole-genome sequencing (150 bp reads, minimum 30× 

coverage) was performed by StarSEQ GmbH (Mainz, Germany).  

Raw reads were trimmed for adapters and low-quality bases using Trimmomatic (v0.39), aligned to 

the N. spumigena reference genome using BWA-MEM (v0.7.17), and duplicate reads were marked 

with Picard MarkDuplicates. SNP calling was performed with Snippy (v4.6), using per-lineage 

ancestral genomes as the reference to identify evolved-specific variants. Variant annotation was 

performed against a N. spumigena functional annotation, classifying SNPs as synonymous, missense, 

or other. For each evolved population, we quantified: (i) total novel SNP count, (ii) novel missense 

SNP count, (iii) the proportion of novel SNPs that were missense, and (iv) a proxy for dN/dS 

calculated as (missense + 0.5) / (synonymous + 0.5), following (Tai et al., 2011). 

Multivariate genomic divergence was assessed using Bray-Curtis dissimilarities on SNP presence–

absence matrices, visualised by principal coordinate analysis (PCoA) using vegan (Oksanen et al., 

2001). PERMANOVA (999 permutations, marginal tests) was used to partition variance 

attributable to sediment age and selection temperature among evolved populations. Sparse partial 

least-squares discriminant analysis (sPLS-DA) was applied using mixOmics (Rohart et al., 2017) to 

identify gene products with disproportionate discriminatory loading for selection temperature. 

Figures were prepared in ggplot2 (Wickham, 2016). 

Statistical Analyses 

All analyses were conducted in R (R Core Team 2025). Linear mixed-effects models were fitted 

using the nlme package, with maximum likelihood (ML) estimation used for model selection via 

likelihood ration tests between nested models, and restricted maximum likelihood (REML) used 

for final parameter estimation and inference. 

To quantify evolutionary growth responses, log-transformed fold change in growth rate was 

modelled with sediment age (1824, 1970, 1996), selection temperature (22, 26, 30°C), and their 

interaction as fixed effects. Replicate nested within lineage was included as a random intercept. 

Each lineage was propagated in six independent biological replicate lineages per selection 

temperature. As we had one pre-industrial lineage (1824), three historical (1970s), and one 

contemporary (1996), this yielded n = 6, n= 18, and n = 6 independent biological replicates per 
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sediment-age cohort respectively. Replicates were initiated from the same stock culture per lineage 

and are therefore not fully independent; the nested random-effects structure accounts for this non-

independence. When the age * temperature interaction was not statistically supported by likelihood 

ratio test, reduced additive models were used for inference. 

TPC parameters (Topt, µmax, Topt, Ea, Eh, ln(c)) were extracted from Sharpe-Schoolfield fits as 

described above and analysed using linear mixed-effects models with sediment age, selection 

temperature (including ancestor level for Tstart measurements), and their interaction as fixed effects. 

Unique biological lineages (Age * Replicate) were included as random intercepts to account for 

non-independence of ancestral and evolved measurements from the same replicate population. 

Ancestral Topt values reported in Table 1 are reproduced from Chapter 2.1; within Chapter 2.2. 

Ancestral lineages were included as a separate level of the selection temperature factor to enable 

mixed-model comparison with evolved populations. The two sets of ancestral estimates differ 

slightly owing to differences in grouping structure at the fitting stage, not differences in model 

formulation or parameter bounds. Model selection results for all TPC parameters are summarised 

in Table S5.  

Reciprocal transplant responses were analysed as log-transformed change in growth rate relative 

to the 22°C selection-assay control within each sediment-age cohort. Sediment age, selection 

temperature, assay temperature, and their interactions were included as fixed effects, with replicate 

lineage as a random intercept. 

CUE was analysed using mixed-effects models including sediment age, selection temperature, 

evolutionary state (ancestral vs evolved), and all interactions as fixed effects. Biological replicate 

was included as a random intercept to account for repeated measures across evolutionary states. 

Estimated marginal means were computed using the emmeans package with Tukey correction for 

multiple comparisons. 

Genomic burden metrics (novel SNP counts, novel missense counts) were log-transformed; 

missense proportions were logit-transformed; dN/dS proxies were log-transformed. Due to the 

incomplete factorial structure (missing 1996 lineage * 26°C treatment) and limited replication, 

genomic burden metrics were analysed using additive models only (no age * temperature 

interaction). Significance was assessed using Type III Satterthwaite-corrected F-tests (lmerTest). Full 

model outputs are provided in Table S6.  

Multivariate genomic divergence was assessed using Bray-Curtis dissimilarities computed on SNP 

presence-absence matrices and visualised by principal coordinate analysis (PCoA) using vegan 
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(Oksanen et al., 2001). PERMANOVA (999 permutations, marginal tests) was applied to evolved 

populations to test additive effects of sediment age and selection temperature on genomic 

composition. Sparse partial least squares discriminant analysis (sPLS-DA) was applied using 

mixOmics (Rohart et al., 2017) to identify gene products contributing disproportionately to 

temperature-associate divergence among evolved lineages.  
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Results – Chapter 2.2 

Evolutionary growth trajectory responses under thermal selection 

Evolutionary response in growth rate differed significantly among selection temperatures (F₂,₅₄ = 

8.59, p = 0.0006), whereas sediment age cohort had no significant main effect (Age: F₂,₂ = 0.10, p 

= 0.91; Fig 1). Across sediment ages, lineages evolved at 26°C exhibited reduced growth relative 

to their ancestral state (estimate ± SE = −0.889 ± 0.445, p = 0.051), whereas lineages evolved at 

30°C showed increased growth relative to their ancestors (estimate ± SE = 0.678 ± 0.445, p = 

0.13). Evolutionary responses at 22°C did not differ significantly from zero. Random-effects 

estimates indicated substantial among-lineage variation in evolutionary responses (StdDev: 

Lineages = 0.545), whereas variation among replicate populations within lineages was negligible.  

 

 

Fig. 1. Evolutionary responses of growth rate under long-term thermal selection. Log-transformed fold-change in 
growth rate (μ_evolved / μ_ancestral) for Nodularia spumigena populations evolved at 22, 26, and 30 °C across sediment age 
cohorts (1824, 1970s, 1996), measured at their respective selection temperatures. Values above zero indicate 
proportional increases in growth rate relative to ancestral populations in the selection environment, whereas values 
below zero indicate decreases. Boxplots show the distribution of biological replicate populations within each selection 
treatment. Black points denote estimated marginal means derived from linear mixed-effects models, with lineage and 
replicate nested within lineage included as random effects. The dashed horizontal line indicates no evolutionary change 
(log fold-change = 0). n = 6 replicate populations per lineage from each age at each temperature. 
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Evolutionary shifts in thermal performance curve parameters 

Testing the trajectories of lineages in their evolved environment yields valuable insights about how 

and how fast fitness or other traits have changed in the selection environment. However, it cannot 

tell us whether there might have been conditionally neutral changes that have negligible effects in 

the selection environment but can affect the shape of the thermal performance curve. Thermal 

performance curves differed among sediment age cohorts and selection regimes (Fig. 2a). 

Activation energy (Ea) varied significantly among sediment age cohorts across selection 

temperatures (Age * Selection temperature: F₆,₃₆ = 5.9, p = 0.0002; Fig. 2b). Although sediment 

age alone did not exert a significant main effect (F₂,₁₅ = 1.0, p = 0.381), selection temperature 

significantly influenced Ea (F₃,₃₆ = 6.3, p = 0.0015), with the magnitude and direction of responses 

differing among historical cohorts.  

Thermal optimum (Topt) likewise exhibited a significant Age * Selection temperature interaction 

(F₆,₃₆ = 3.0, p = 0.0098; Fig. 2c). Both sediment age (F₂,₁₅ = 5.0, p = 0.0179) and selection 

temperature (F₃,₃₆ = 3.0, p = 0.0461) contributed to variation in Topt; however, shifts in thermal 

optima were contingent on historical origin, indicating cohort-specific evolutionary trajectories. 

Specifically, the pre-industrial (1824) lineage showed minimal change in Topt across all selection 

treatments (ancestral: 30.1 ± 1.8°C; evolved range: 29.1–32.3°C), consistent with its already-

elevated ancestral optimum. In contrast, the historical (1970s) and contemporary (1996) lineages 

shifted upward substantially (1970s: from 26.8 ± 1.1°C to 29.1–30.4°C; 1996: from 24.2 ± 1.8°C 

to 30.7–31.5°C across treatments), resulting in convergence of Topt values across sediment-age 

cohorts following selection (Table 2).  

Tab. 2. Summary of mean thermal optimum (Topt,°C) for each sediment-age cohort at the ancestral state (from Chapter 
2.1) and following evolution at 22, 26, 30°C. Values represent means ± SE across biological replicate lineages within 
each cohort. Ancestral Topt values are reproduced from Chapter 2.1 (Table 1); within Chapter 2.2, ancestral lineages 
were fitted as a separate selection-temperature level within the mixed-effects model, producing slightly different 
estimates due to differences in grouping structure (see methods). † Large SE reflects high variance among biological 
replicates for this combination; interpret with caution. 

Sediment age 
Ancestral  

Topt (°C) 

Evolved 22°C  

Topt (°C) 

Evolved 26°C  

Topt (°C) 

Evolved 30°C 

 Topt (°C) 

Pre-industrial (1824) 30.1 ± 1.8 29.1 ± 1.3 29.8 ± 1.0 32.3 ± 0.3 

Historical (1970) 26.8 ± 1.1 30.4 ± 0.8 29.1 ± 0.6 30.4 ± 1.0 

Contemporary (1996) 24.2 ± 1.8 31.5 ± 0.7 35.8 ± 4.3† 30.7 ± 1.1 
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This convergence pattern means that the more recently derived lineages, which began furthest 

from the post-selection Topt values, underwent the largest upward shifts, while the pre-industrial 

lineage required little further change. 

In contrast, peak growth rate (μmax, Topt) did not show a significant interaction between Age and 

Selection temperature (ML comparison: p = 0.117). Peak performance differed significantly among 

sediment age cohorts (F₂,₁₅ = 12.0, p = 0.0008) and across selection temperatures (F₃,₄₂ = 5.0, p = 

0.0048; Fig. 2d), indicating consistent but parallel evolutionary responses across historical lineages. 

 

Fig. 2. Evolutionary responses of thermal performance parameters across sediment ages and selection temperatures. 

Top panel: Temperature-dependent growth rates (µmax, day⁻¹) across assay temperatures for Nodularia spumigena 
populations originating from sediments dated to 1824, 1970s, and 1996, following experimental evolution under 
ancestral conditions (Anc) or at 22 °C, 26 °C, and 30 °C. Points represent replicate-specific growth rate estimates, and 
solid lines denote fitted Sharpe-Schoolfield thermal performance curves for each selection treatment within a sediment 
age. Lower panels: Derived thermal performance parameters from Sharpe-Schoolfield model fits, including activation 
energy below the optimum temperature (Ea, eV), optimum temperature for growth (Topt, °C), and maximum growth 

rate at the optimum temperature (µ₍Topt₎, day⁻¹). Boxplots summarise the distribution of replicate-level parameter 
estimates within each sediment * selection temperature combination, with colours indicating selection treatment. n = 
6 replicate populations per strain at each selection temperature; n = 6, 18, and 6 total replicates for the 1824, 1970s, 
and 1996 cohorts respectively. 
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Reciprocal transplant assay 

To test for local adaptation, we carried out reciprocal transplants. There, relative growth responses 

– growth compared to a lineage grown and assayed at 22°C differed significantly among sediment 

age cohorts (F₂,₁₃₅ = 6.01, p = 0.0032), selection temperatures (F₂,₁₃₅ = 16.51, p < 0.0001), and 

assay temperatures (F₂,₁₃₅ = 4.05, p = 0.0195). The interaction between sediment age and selection 

temperature was also significant (F₄,₁₃₅ = 2.56, p = 0.041). In contrast, the interaction between 

selection and assay temperature was not significant (F₄,₁₃₅ = 0.51, p = 0.7270). Thus, although 

evolution altered overall growth performance, there was no statistical evidence for temperature-

specific local adaptation in the reciprocal transplant assay. 

 

Fig. 3. Reciprocal transplant assay of thermal performance across sediment age cohorts. Log-transformed fold change 

in growth rate relative to the 22 °C selection–assay control for replicate lineages evolved at 22, 26, or 30 °C and assayed 

across all three temperatures. Boxplots represent biological replicate lineages; points indicate individual replicates. The 

dashed horizontal line denotes no change relative to control (log fold change = 0). Evolutionary history significantly 

influenced overall growth performance, but reaction norms remained largely parallel across assay environments, 

indicating limited evidence for temperature-specific local adaptation. n = 6 replicate populations per strain per 

selection * assay temperature combination; n = 6, 18, and 6 total replicates for the 1824, 1970s, and 1996 cohorts 

respectively. 



 
74 

 

Evolutionary change in carbon use efficiency under thermal selection 

Carbon use efficiency (CUE) differed between ancestral and evolved populations (Time: F₁,₁₃₅ = 

11.94, p = 0.0007). Importantly evolutionary responses depended on both sediment age and 

selection temperature, as indicated by a significant three-way interaction (Age * Temperature * 

Time: F₄,₁₃₅ = 3.0, p = 0.014). Post hoc contrasts (Tukey-adjusted) revealed significant evolutionary 

increases in CUE at elevated temperatures in the more recent sediment cohorts. In the 1996 

cohort, CUE increased significantly following evolution at 26°C (ΔCUE = 0.210 ± 0.053 SE, p < 

0.0001) and 30°C (ΔCUE = 0.111 ± 0.053 SE, p = 0.037). Similarly, the 1970 cohort exhibited a 

significant increase at 30°C (ΔCUE = 0.107 ± 0.030 SE, p = 0.001).  

 

Fig. 4. Evolutionary shifts in carbon use efficiency (CUE) across thermal selection treatments and sediment age 
cohorts. Carbon use efficiency (CUE) of ancestral and evolved populations maintained at 22, 26, and 30 °C across 
sediment age cohorts (1824, 1970s, 1996). Boxplots represent biological replicate populations within each treatment, 
with colours denoting evolutionary state (ancestral = light blue, evolved = red). Black points denote estimated marginal 
means derived from linear mixed-effects models with replicate included as a random effect; error bars indicate 95% 
confidence intervals. Evolutionary responses differed among sediment age cohorts and temperature treatments, with 
significant increases in CUE observed at elevated temperatures in the 1970 and 1996 cohorts. n = 6 biological 
replicates per strain per treatment; n = 6, 18, and 6 total replicates for the 1824, 1970s, and 1996 cohorts respectively. 
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In contrast, no significant evolutionary changes were detected in the 1824 cohort across 

temperature treatments. Together, these findings indicate that warming-driven evolution modified 

carbon use efficiency primarily in more recently isolated lineages, whereas the oldest cohort 

exhibited limited evolutionary responsiveness in CUE. 

Multivariate genomic divergence 

Genomic composition of evolved populations differed strongly among sediment ages, with more 

modest evidence for an effect of selection temperature. Stacked mutation-category profiles showed 

consistent proportions of synonymous versus nonsynonymous SNPs within each temperature, but 

clear shifts across sediment ages (Fig. 5a). A PCoA on Bray-Curtis distances among SNP presence-

absence profiles (38 samples, 266,836 variable SNPs) further revealed clear separation among ages 

classes, whereas temperature groups overlapped more extensively in ordination space (Fig. 5b). In 

a PERMANOVA on evolved samples only, sediment age explained 26.3% of the variation in 

multivariate SNP composition (Age: R² = 0.263, F2,28 = 6.01, p = 0.001), while selection 

temperature accounted for 8.6% (Age: R² = 0.086, F2,28 = 1.97, p = 0.063).  

Complementary sPLS-DA on evolved-specific gene-product counts highlighted a restricted subset 

of loci (representing putative genomic targets associated with thermal selection, superimposed on 

a background of age-structured genomic divergence) with strong discriminatory loadings for 

selection temperature. The first two sPLS-DA components separated samples by temperature 

regime, and barplots of loading weights identified a small number of gene products associated with 

core cellular and metabolic processes, including DNA replication, translation, energy metabolism, 

and photosynthetic machinery, that contributed disproportionately to this separation (Fig. 5c,d). 
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Fig. 5. Genomic variation and multivariate differentiation among evolved Nodularia spumigena lineages under long-term thermal selection. (a) Proportion of SNP effect types 
(synonymous, missense, NA, other) across selection temperatures and sediment ages. Mutation composition remained broadly consistent across treatments, with synonymous variants 
predominating. (b) Principal coordinates analysis (PCoA) of genome-wide SNP presence–absence (Bray-Curtis dissimilarity; 43 samples: five ancestral + 38 evolved). Colours indicate 

sediment date (purple = 1824, teal = 1970s, yellow = 1996); symbols indicate selection treatment (+ Ancestor, □ 22°C, △ 26°C, ◇ 30°C); dashed ellipses show 68% confidence 
regions per treatment. Sediment age explained significantly more genomic variation than selection temperature (PERMANOVA: Age R² = 0.263, p = 0.001; Treatment R² = 0.086, 
p = 0.063). (c–d) sPLS-DA loadings for discriminant components 1 and 2 based on evolved-specific gene product mutation counts (37 samples * 1,939 gene products), with selection 
temperature as the grouping variable. Bar direction indicates the sign and relative magnitude of each gene product's contribution. Functional annotations reflect loadings, not formal 
enrichment analysis. 
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Across evolved populations, novel mutation burden varied widely, with replicates carrying between 

10 and 143,271 SNPs unique to evolved populations (absent in ancestral genomes). This 

heterogeneity is evident in the distribution of novel SNP counts across age * temperature 

combinations (Fig. 6a). Linear mixed-effects models on log-transformed counts (random intercept 

for nested biological replicate) showed that sediment age tended to influence total novel SNP 

counts, although individual age contrasts did not reach conventional significant thresholds (Fig. 

6a). For log total novel SNPs, lineages from the 1970s and 1996 sediments had higher estimated 

burdens than the 1824 reference (Age 1970s: estimate 1.96 ± 1.08 SE, p = 0.085; Age 1996: 2.90 

± 1.56 SE, p = 0.077), indicating a trend toward greater mutation accumulation in more recent 

lineages. In contrast, selection temperature did not significantly affect total novel mutation counts 

(26 °C: 1.92 ± 1.18 SE, p = 0.131; 30 °C: -0.29 ± 0.98 SE, p = 0.768), in line with the overlapping 

boxplots across temperatures within each age class (Fig. 6a). 

Patterns for novel missense mutations closely paralleled those for total novel SNPs. Missense 

counts spanned several orders of magnitude and showed similar age-structured variation in the 

boxplots (Fig. 6b). Mixed-effects models on log missense counts again suggested higher burdens 

in the 1970 and 1996 lineages than in 1824 (Age 1970: 1.88 ± 1.04 SE, p = 0.084; Age 1996: 2.60 

± 1.50 SE, p = 0.099), with non-significant temperature effects (26 °C: 1.87 ± 1.17 SE, p = 0.135; 

30 °C: -0.45 ± 0.96 SE, p = 0.652).  

Boxplots of dN/dS proxy across age * temperature combinations suggested clear differences 

among sediment ages but no systematic trend with increasing selection temperature (Fig. 6c). 

Mixed-effects models on the log-transformed dN/dS revealed a strong effect of sediment age but 

no detectable effect of selection temperature. Relative to the 1824 lineage, both the 1970s and 

1996 lineages exhibited markedly lower dN/dS proxies (Age 1970: -0.97 ± 0.21 SE, p = 0.001; 

Age 1996: -1.31 ± 0.28 SE, p = 0.001), indicating a reduced accumulation of nonsynonymous 

relative to synonymous mutations in more recent sediments. In contrast, temperature effects were 

non-significant (26 °C: 0.06 ± 0.13 SE, p = 0.663; 30 °C: -0.14 ± 0.11 SE, p = 0.229), consistent 

with the overlapping temperature groups in Figure. 6c. 

The proportion of novel SNPs that were missense variants (propmissense, logit-transformed) 

showed relative narrow variation across age * temperature combinations, with substantial overlap 

in boxplots within and among sediment ages (Fig. 6d). A mixed-effects model of logit-transformed 

missense proportion revealed no significant effects of sediment age or selection temperature (all 

fixed effects p > 0.15). Thus, while lineages differed in the total number of novel and missense 
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SNPs, the relative fraction of novel SNPs that were nonsynonymous versus synonymous remained 

broadly similar across historical backgrounds and thermal regimes (Fig. 6d).  

 

Fig. 6. Novel mutation burden and functional composition across sediment ages and selection temperatures in evolved 

Nodularia spumigena lineages. (a) Total SNPs unique to evolved populations (absent in ancestral genomes) (log₁₀ scale). 

(b) Novel missense SNP counts per replicate (log₁₀ scale). (c) Proxy dN/dS ratio (missense + 0.5) / (synonymous + 
0.5) per replicate; dashed line indicates dN/dS = 1. (d) Proportion of novel SNPs classified as missense. In all panels, 
boxplots summarise biological replicates grouped by selection temperature (22°C, light blue; 26°C, purple; 30°C, dark 
red) within each sediment age facet (1824, 1970s, 1996). n = 6 replicate populations per strain per selection 
temperature, with the exception of the 1996 * 26°C treatment which is absent from genomic analyses due to technical 
failure during library preparation (total analysed: 38 evolved populations). Brackets indicate pairwise Wilcoxon test 
results (NS = not significant); primary inference is from linear mixed-effects models (see Results). One replicate with 
zero novel mutations is excluded from panels (a) and (b).  
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Discussion – Chapter 2.2 

We exposed pre-industrial (1824), historical (1970s), and contemporary (1996) Nodularia spumigena 

lineages to ~100 generations of thermal selection at 22, 26, and 30°C. We then quantified 

evolutionary changes in thermal performance, carbon use efficiency, and genomic architecture. 

Three findings stand out and together define the central contribution of this study. First, all cohorts 

converged on similar post-selection thermal optima despite markedly different ancestral starting 

points, with the magnitude of shift differing substantially, with the 1970s and 1996 lineages shifting 

5–6°C compared to negligible change in the pre-industrial lineage. Second, the capacity for carbon 

use efficiency evolution under warming is historically contingent. Only the more recently derived 

lineages could further adjust their CUE under experimental selection. Third, ~100 generations of 

thermal selection left the dominance of sediment age in the genomic landscape largely intact. We 

discuss each in turn before synthesising their combined implications for predicting N. spumigena 

responses to future Baltic Sea warming.  

The convergence of Topt values across cohorts following selection supports Hypothesis 1 in part: 

all N. spumigena cohorts shifted towards a similar post-selection Topt, but the magnitude of shift 

differed substantially: the pre-industrial 1824 lineage, already near 30°C ancestrally, showed little 

further change, while the 1970s and 1996 lineages shifted upward by 5–6°C. Notably, lineages 

evolved at 22°C also showed substantial shifts in Topt, raising the possibility that environmental 

stability, rather than directional warming per se, drives some of the observed TPC reorganisation. 

However, convergence in Topt alone does not imply equivalent evolutionary potential across all 

performance dimensions: peak growth rate at Topt (µmax,Topt) differed substantially among cohorts 

and selection temperatures, indicating that thermal adaptation extends beyond niche repositioning 

to encompass the maximum performance achievable within that niche. Topt is therefore a necessary 

but insufficient indicator of the full scope of evolutionary change in thermal performance. 

Together, these patterns confirm that N. spumigena lineages retain the capacity to shift their thermal 

optima within experimentally relevant timescales, consistent with rapid TPC evolution 

documented in other phytoplankton (Barton et al., 2023; Listmann et al., 2016; Padfield et al., 

2016). Critically, however, this is not a uniform temperature shift. The pre-industrial lineage 

required no upward shift because it was already near the post-selection Topt values reached by the 

other cohorts, while the 1970s and 1996 lineages, starting from ~25-27°C shifted the most. This 

convergence is itself an evolutionary signal: the 1970s and 1996 lineages retain the genetic variation 

necessary to reach a Topt of ~30°C within ~100 generations, even though natural selection in the 

modern, more thermally variable Baltic Sea has maintained their optima at lower values (Chapter 
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2.1). The fact that all lineages converged on a similar post-selection Topt despite spanning nearly 

two centuries of divergence, suggests that the molecular machinery underlying upward Topt shifts, 

likely involving membrane composition, enzyme thermal stability, and photosystem regulation is 

broadly conserved in this species (Kontopoulos et al., 2020). Notably, this study examined an 

entirely different functional group from previous experimental evolution work on phytoplankton 

(e.g. diatoms; (Listmann et al., 2016), and the magnitude of the shift in the more recently derived 

lineages (~5-6°C) is larger than typical responses reported in microalgae, which may reflect the 

broad thermal range of our selection treatments (22–30°C), a span that exceeds the ~5–8°C 

differentials typically used in phytoplankton experimental evolution studies (Listmann et al., 2016; 

Padfield et al., 2016), and which may have provided sufficient selective pressure to reveal Topt 

shifting capacity across all cohorts simultaneously. 

Evidence for Hypothesis 2 that ancestral thermal strategy modulates evolutionary response was 

partial. The fold-change growth trajectory analysis showed that lineages evolved at 26°C tended 

toward reduced growth relative to their ancestral state, while those evolved at 30°C showed a non-

significant positive trend. The 1970s cohort, whose ancestral Topt most closely matched the 26°C 

selection temperature, showed the most pronounced reduction when evolved at 30°C, consistent 

with the prediction that greater thermal displacement from the ancestral fitness peak produces 

stronger directional responses. However, the age * temperature interaction did not reach 

significance at the model level, and the substantial among-lineage variance in the random effects 

underscores that individual genotype identity, rather than sediment-age cohort, is the dominant 

driver of individual evolutionary trajectories at this timescale. 

The maximum growth rate at the thermal optimum (µmax, Topt) was not significantly altered by 

selection temperature in any sediment cohort, while the 1996 lineage exhibited higher µmax, Topt 

than the 1824 lineage regardless of selection treatment. This indicates that evolutionary responses 

in Chapter 2.2 primarily involved shifts in thermal sensitivity and thermal optima rather than 

changes in peak growth capacity, echoing the pattern identified in Chapter 2.1 where contemporary 

lineages maintained higher intrinsic growth performance. Such a separation of µmax and Topt 

responses is consistent with findings in other phytoplankton experimental evolution studies where 

the position and shape of the thermal performance curve evolve more readily than the overall 

maximal growth rate (Listmann et al., 2016; Padfield et al., 2016). 

Activation energy (Ea) declined following selection at all three temperatures, including the lowest 

(22°C). Because this reduction occurred across all selection temperatures, it likely reflects a partial 

general response to controlled laboratory conditions rather than directional selection for reduced 
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thermal sensitivity analogous to domestication effects documented in long-term microbial 

evolution experiments (Barton et al., 2023; Kontopoulos et al., 2020). It is worth noting that 

elevated Ea of growth rate does not necessarily translate directly to elevated Ea of underlying 

metabolic rates, as the two can diverge when compensatory processes such as enzyme upregulation 

buffer metabolic flux against temperature change (Barton et al., 2020). Whether Ea reductions in 

our evolved lineages reflect genuine changes in the temperature sensitivity of metabolic machinery, 

or simply a relaxation of the steep sub-optimal performance curve that characterised the ancestral 

1996 lineage under natural selection for thermally variable environments, remains to be resolved. 

Importantly, the loss of age-structured differences in Ea following evolution contrasts with the 

strong divergence in Ea documented in Chapter 2.1, suggesting that laboratory selection can rapidly 

homogenise the temperature sensitivity of growth across historically divergent lineages. 

The absence of a significant selection * assay temperature interaction in the reciprocal transplant 

assay indicates that ~100 generations of constant thermal selection were insufficient to produce 

temperature-specific physiological specialisation (Hypothesis 3 not supported), though perhaps 

direct competition of evolved lineages with a preserved, non-evolved ancestor may have yielded a 

different picture. Reaction norms remained largely parallel across assay environments, meaning 

lineages evolved at a given temperature did not specifically outperform those evolved at other 

temperatures when assayed at their home temperature. This is consistent with findings from 

phytoplankton experimental evolution at comparable timescales (Listmann et al., 2016; Schaum et 

al., 2017) and with the theoretical expectation that local adaptation at the TPC level requires either 

longer selection durations or stronger selection differentials than those applied here (Kawecki & 

Ebert, 2004). The parallel reaction norms contrast with the specialist divergence reported over 

longer selection timescales in diatoms (Listmann et al., 2016; O'Donnell et al., 2018), and suggest 

that the ~100-generation timescale of this experiment is better suited to detecting shifts in overall 

performance level which we do observe via Topt convergence than changes in temperature-specific 

performance specialisation. The absence of crossing reaction norms at this timescale is itself 

informative; longer-duration experiments or assays across a broader temperature range may yet 

reveal trade-offs. The similar magnitude of Topt upward shift under 22°C as under 30°C selection 

is perhaps the most surprising finding of this study, and one that we cannot fully resolve from the 

present data. We tentatively suggest this reflects a combination of domestication-related relaxation 

of natural-environment constraints and de novo mutations arising during selection in the more 

recently derived lineages, but this interpretation requires direct testing. 
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One result warrants particular attention: the magnitude of Topt shift in the 1970s and 1996 lineages 

was broadly similar whether lineages were selected at 22°C, 26°C, or 30°C (Table 2). This is 

unexpected because 22°C is sub-optimal for all lineages based on ancestral TPCs, and one would 

anticipate that stronger directional selection at supra-optimal temperatures (26°C and 30°C) would 

produce proportionally larger Topt shifts. Several explanations are possible. First, laboratory 

domestication effects, whereby adaptation to controlled, resource-replete conditions rather than 

to temperature per se, may have driven part of the Topt shift observed even under the 22°C treatment, 

analogous to domestication signals documented in long-term microbial evolution experiments 

(Barton et al., 2023; Kontopoulos et al., 2019). Second, the 1970s and 1996 lineages may reflect 

genetic differences that predispose rapid Topt shifts regardless of selection temperature, with the 

specific thermal environment acting as a permissive rather than directional force. Third, if the 

effective number of generations was similar across treatments as our fixed-volume transfer 

protocol ensures, then comparable evolutionary time, rather than comparable thermal stress, may 

be the primary driver of Topt displacement. Disentangling these possibilities would require 

fluctuating temperature selection regimes and extended selection durations. 

The age-structured pattern in CUE evolution is one of the most ecologically meaningful results of 

this study. Both the 1970s and 1996 lineages showed significant increases in CUE at elevated 

selection temperatures: the 1996 cohort at both 26°C (ΔCUE = 0.21 ± 0.05) and 30°C (ΔCUE = 

0.11 ± 0.05), and the 1970s cohort at 30°C (ΔCUE = 0.11 ± 0.03), whereas the pre-industrial 1824 

lineage showed no significant evolutionary change in CUE at any temperature. This is consistent 

with the interpretation that thermal adaptation in phytoplankton can be achieved by reducing 

respiratory costs relative to photosynthetic carbon fixation, thereby increasing net carbon 

allocation to growth at higher temperatures (Barton et al., 2020; Padfield et al., 2016). The 

temperature-specificity of the CUE response, by which we mean that the magnitude of 

evolutionary CUE increase differed among selection temperatures. Rather than being uniform 

across all warming treatments, this was strongest at an intermediate warming level (26°C) but 

smaller and less consistent at other temperatures, suggesting that the relationship between thermal 

selection and carbon use efficiency is non-linear and may depend on the proximity of the selection 

temperature to the ancestral thermal optimum, though the precise mechanisms remain to be 

resolved. The absence of CUE evolution in the 1824 lineage despite comparable Topt shifts suggests 

that the two traits respond to different selective pressures and are not tightly coupled in their 

evolution, echoing the broadly conserved CUE documented in Chapter 2.1, where temperature 

had no significant effect and all lineages maintained CUE above 0.5, despite a marginal age effect 

driven by lower baseline CUE in the 1996 lineage. More strikingly, the capacity for CUE evolution 
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under warming appears to be a derived trait: only the lineages that have already experienced a 

century of warming and metabolic remodelling in the modern Baltic Sea retain the ability to further 

adjust their carbon economy under experimental selection. Whether this age-structured difference 

in evolutionary lability reflects differences in de novo mutational input at metabolic loci, epigenetic 

flexibility (Chapter 2.3), or differences in the regulatory architecture of photosynthesis and 

respiration warrants direct investigation. 

Multivariate genomic analysis confirmed that sediment age explained substantially more variation 

in evolved SNP profiles than selection temperature. This hierarchical structure with age as the 

dominant axis, and temperature as the secondary signal, is consistent with the view that the 

genomic background established over decades to centuries of natural selection in the Baltic Sea is 

not rapidly erased by a single episode of experimental evolution, and with the expectation that 

standing genetic variation accumulated over long timescales should contribute more to genomic 

differentiation than mutations acquired during short-term selection (Sjöqvist, 2022). The modest 

but directionally consistent contribution of selection temperature implies that thermal selection 

did leave a detectable genomic imprint, and that longer or more extreme selection experiments 

would likely yield stronger temperature-structured differentiation. 

Complementary sPLS-DA identified a restricted set of gene products with disproportionate 

discriminatory power for selection temperature, superimposed on the broader age-structured 

divergence. Their discriminatory loading patterns suggest that temperature-driven selection acted 

on a small subset of loci associated with core cellular and metabolic functions, distinct from those 

driving age-structured divergence. While these loadings reflect correlational patterns rather than 

the output of formal enrichment tests, they are consistent with the hypothesis that the putative 

genomic targets of temperature-driven selection in N. spumigena overlap functionally with those 

identified in Chapter 2.1, where genomic divergence across sediment ages also implicated 

photosystem II and ATP-synthase-related genes. 

The novel SNP burden analysis revealed a trend toward greater total and missense mutation 

accumulation in the 1970s and 1996 lineages compared to the 1824 lineage, although individual 

contrasts did not reach statistical significance. Selection temperature had no significant effect on 

total or missense novel SNP counts, indicating that the thermal selection regime applied here did 

not detectably elevate the mutation rate or the fraction of new mutations that were protein-altering, 

consistent with the relatively modest temperature differential between treatments (8°C). 

Importantly, the relative proportion of missense to synonymous novel SNPs was conserved across 

all age * temperature combinations, suggesting that functional constraints on protein-coding 
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sequences remained broadly similar regardless of sediment age or selection temperature (Tai et al., 

2011). 

The dN/dS proxy analysis revealed a striking age-structured pattern: both the 1970s and 1996 

lineages exhibited markedly lower dN/dS ratios than the 1824 lineage, while selection temperature 

had no significant effect. A lower dN/dS reflects relatively higher accumulation of synonymous 

relative to nonsynonymous novel mutations, consistent with more effective purifying selection 

against deleterious amino acid changes (Tai et al., 2011). One possible interpretation is that the 

1824 lineage, having the oldest genomic background and potentially a lower effective population 

size following long-term sediment dormancy, exhibits reduced efficiency of purifying selection, 

allowing a larger fraction of mildly deleterious nonsynonymous mutations to accumulate during 

experimental evolution. These patterns warrant cautious interpretation, as dN/dS proxies 

computed from short-timescale SNP data can be influenced by demographic history, mutation 

biases, and clonal population structure rather than reflecting selection alone (Mugal et al., 2014; 

Rocha et al., 2006) 

These metabolic patterns are mirrored at the genomic level, as discussed below. Taken together, 

and connecting back to the findings of Chapter 2.1, a coherent picture emerges. The convergent 

patterns documented here are particularly striking given that Chapter 2.2 isolates a single, 

controlled selective factor, temperature, whereas the phenotypic divergence in Chapter 2.1 reflects 

the cumulative effects of two centuries of multi-factor environmental change in the Baltic Sea. 

Chapter 2.1 showed that natural evolutionary history has produced divergent ancestral phenotypes 

in Baltic Sea N. spumigena: the pre-industrial lineage is a broad, relatively slow-growing generalist 

with a high Topt; contemporary lineages are steeper, faster-growing, with lower but more 

metabolically flexible optima. Chapter 2.2 shows that these divergent starting points do not 

translate into divergent endpoints. All cohorts converge on a similar post-selection Topt, but they 

do reflect profoundly different magnitudes of adaptive effort: the 1970s and 1996 lineages shifted 

their Topt by 5–6°C to reach this endpoint, while the pre-industrial 1824 lineage, already near 30°C 

ancestrally, required little further change (see also the unexpected parallel Topt shifts under 22°C 

selection, discussed above). Divergent starting points do, however, translate into divergent capacity 

for carbon use efficiency evolution: only the more recently derived lineages can evolve CUE in 

response to warming. This asymmetry, conserved potential for some traits but contingent potential 

for others, adds an important nuance for predicting bloom dynamics under future Baltic Sea 

warming, although increasing environmental variability in the Baltic Sea suggests that experiments 

incorporating fluctuating conditions will be necessary to fully resolve these dynamics. The 
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conserved Topt shifting capacity implies that future warming may elicit broadly similar adaptive 

thermal trajectories, but different peak growth, in N. spumigena regardless of the historical 

provenance of resident populations, while the additional CUE evolutionary capacity in 

contemporary lineages suggests that recent populations may be better positioned to capitalise on 

warming through improved metabolic efficiency, potentially reinforcing bloom formation under 

projected warming scenarios (Hense et al., 2013; Kniebusch et al., 2019). Comparisons with 

(Medwed et al., 2024), who documented an increase in photosynthetic Topt from 15.3°C to 21.1°C 

between N. spumigena lineages dated to 1987 and 2020, raise the possibility that photosynthetic and 

growth-rate Topt can diverge under the same environmental pressure, though a direct comparison 

between the two trait dimensions within the same lineages and time period would be needed to 

confirm this, a dimension that warrants direct integration with the TPC framework used here. 

Notably, the shift towards lower Topt in contemporary lineages may be of ecological concern, as it 

increases the likelihood that ambient temperatures coincide with those that maximises short-term 

growth, potentially enhancing bloom formation relative to pre-industrial lineages. 

The most important limitation of this study is shared with Chapter 2.1: only five lineages in total, 

meaning lineage-specific idiosyncrasies cannot be fully separated from sediment-age cohort 

patterns. The clonal structure of experimental populations, the constant rather than fluctuating 

temperature regime, the absence of competition and predation, and the relatively short selection 

duration relative to the centuries-scale timescales captured by the resurrection approach all limit 

direct extrapolation to natural settings (Collins, 2011; Litchman et al., 2012). The missing 1996 * 

26°C genomic data point introduces an asymmetry in genomic comparisons that should be borne 

in mind when interpreting the PERMANOVA results. Future work should increase the number 

of resurrected lineages per sediment layer, extend selection duration, incorporate realistic 

temperature fluctuations, and combine experimental evolution with natural assemblages to test 

whether the adaptive potential demonstrated here is realised under ecologically realistic conditions 

(Litchman et al., 2012; Schaum et al., 2017). 
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Abstract 

Environmental warming is altering the physiology and evolutionary trajectories of 

microorganisms. Cyanobacteria, which dominate many aquatic primary producer communities and 

frequently form harmful blooms, show strong physiological sensitivity to temperature. Epigenetic 

mechanisms such as DNA methylation have been proposed as potential regulators of rapid 

phenotypic adjustment in microbes, yet empirical evidence from long-term evolution experiments 

in diazotrophic cyanobacteria remains lacking. Here we quantified global DNA methylation (5-

methylcytosine, 5-mC) in ancestral and evolved Nodularia spumigena lineages resurrected from Baltic 

Sea sediments dated to pre-industrial (ca. 1824), historical (1970s), and contemporary (ca. 1996) 

periods, following ~100 generations of thermal selection at 22, 26, and 30°C. Ancestral 

methylation levels differed markedly among sediment-age cohorts: the pre-industrial lineage 

exhibited the highest baseline methylation (mean 6.63%), while historical (2.71%) and 

contemporary (3.48%) lineages were substantially lower. Pre-industrial lineages exhibited 

substantially higher ancestral methylation levels and reduced methylation following evolution, 

whereas historical and contemporary lineages showed increases in methylation under thermal 

selection. Mean methylation co-varied positively with among-replicate variability in activation 

energy (Ea) and the growth rate parameter ln(c), but not with variability in Topt. These results 

establish global DNA methylation as a dynamic, historically structured molecular correlate of 

thermal selection in N. spumigena, and suggest that epigenetic state may contribute to the regulation 

of metabolic flexibility rather than thermal niche position per se. 

Keywords: DNA methylation; epigenetics; cyanobacteria; 5-methylcytosine; Nodularia spumigena; 

Baltic Sea; experimental evolution; phenotypic plasticity  
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Introduction – Chapter 2.3 

Environmental changes can trigger phenotypic responses in microbial populations via both genetic 

and non-genetic mechanisms. Among the latter, epigenetic modifications such as heritable changes 

in gene expression that do not involve alterations to the underlying DNA sequence, have attracted 

increasing interest as potential contributors to rapid environmental responsiveness in 

microorganisms (Anton & Roberts, 2021). In prokaryotes, the best characterised epigenetic 

modification is DNA methylation, which in bacteria most commonly involves adenine (N6-

methyladenine) and cytosine (5-methylcytosime, 5-mC) residues. While bacterial DNA 

methylation has historically been studied in the context of restriction-modification systems that 

protect against foreign DNA, emerging evidence suggests it also plays broader regulatory roles 

including transcriptional control, stress response, and cell cycle regulation (Anton & Roberts, 2021; 

Hu et al., 2018).  

Particularly in cyanobacteria, genome-wide methylation profiling in Synechocystis sp. PCC 6803 has 

shown that methylation patterns respond to environmental stress, with nutrient limitation and 

temperature change associated with systematic shifts in methylation state (Hu et al., 2018). 

Similarly, Trichodesmium, a diazotrophic cyanobacterium comparable in ecological role to Nodularia 

spumigena, showed dynamic long-term methylation changes that paralleled phenotypic adaptation 

under nutrient and CO₂ stress (Walworth et al., 2021). Despite these advances, it has not yet been 

directly investigated in bloom-forming cyanobacteria whether DNA methylation patterns differ 

systematically among lineages with distinct evolutionary histories, or whether sustained 

environmental selection can induce persistent, heritable epigenetic differences across generations 

in bloom-forming cyanobacteria. 

This question is directly relevant to interpreting the results of Studies 2.1 and 2.2. In Chapter 2.1, 

we found that pre-industrial (1824) N. spumigena lineages had higher baseline thermal optima, 

shallower sub-optimal performance curves, and lower peak growth rates than contemporary 

lineages, a pattern inconsistent with the “hotter is broader and better” prediction and more 

consistent with adaptation to increased thermal variability over two centuries. In Chapter 2.2, we 

found that Topt converged to similar values, albeit from very different starting points, across 

cohorts following experimental evolution, but that evolution of carbon use efficiency to higher 

values was restricted to the more recently derived lineages. A remaining open question is whether 

these phenotypic differences between historical and contemporary lineages are accompanied by 

systematic differences in epigenetic state, and whether thermal selection induces consistent 

methylation changes that co-vary with observed phenotypic shifts.  
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We address this in this study, by quantifying global 5-mC methylation in ancestral (Tstart) and 

evolved (Tend) populations of the same five N. spumigena lineages used in Studies 2.1 and 2.2. We 

test three hypotheses. First, that baseline methylation levels differ among sediment-age cohorts, 

reflecting divergent epigenetic architectures accumulated over two centuries of environmental 

change (H1). Second, that sustained thermal selection induces changes in global methylation, and 

that the direction and magnitude of these changes depend on the historical origin of the lineage 

(H2). Third, that variation in global methylation co-varies with variability in thermal performance 

traits, linking epigenetic state to phenotypic diversification without implying causality (H3).  
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Materials and Methods – Chapter 2.3 

Sample selection and DNA extraction 

A subset of ancestral (Tstart) and evolved (Tend) populations from Chapter 2.2 was selected for global 

DNA methylation analyses. In total, 105 samples were analysed spanning three sediment ages 

(1824, 1970s, 1996), two evolutionary states (ancestral and evolved), and three selection 

temperatures (22, 26, and 30°C for evolved lineages; 22°C only for ancestral lineages, reflecting 

baseline condition prior to experimental evolution). Ancestral samples comprised n = 15 

observations across sediment ages (n = 3 for 1824, n = 9 for 1970s, n = 3 for 1996); evolved 

samples comprised n = 90 observations (n = 7,6,6 at 22, 26 and 30°C respectively), 1970s (n = 

18,18,17), and 1996 (n = 6,6,6), with minor imbalance due to replicate exclusions). DNA was 

extracted following the CTAB protocol described in Chapter 2.1. DNA quality and concentration 

were assessed using a Qubit 3 fluorometer (Thermo Fisher Scientific, Waltham, MA, USA); 

samples with insufficient yield were re-extracted as necessary. 

Global DNA methylation quantification 

Global DNA methylation levels were quantified using the MethylFlash™ Methylated DNA 

Quantification Kit (Fluorometric; EpigenTek Group Inc., Farmingdale, NY, USA), which targets 

5-methylcytosine (5-mC). The assay was performed according to the manufacturer’s instructions 

(EpigenTek, 2022). Briefly, extracted genomic DNA was bound to assay wells, washed, and 

incubated with capture and detection reagents specific to 5-mC. Fluorescence signals were 

measured using a SpectraMax® iD3 microplate reader (Molecular Devices LLC, San Jose, CA, 

USA) and quantified by comparison to a manufacturer-provided standard curve and expressed 

both as absolute methylated DNA quantity (ng) and as a percentage of total DNA input (%). 

Because absolute methylation signal depends on the quantity of DNA loaded which varied among 

samples, percentage methylation (% 5-mC) was used as the primary response variable for all 

statistical analyses. Water blanks confirmed negligible background signal.  

Statistical Analysis 

All statistical analyses were conducted in R v.4.5.1 (R Core Team, 2025). Percentage methylation 

values were converted to proportions relative to the amount of DNA in the sample and logit-

transformed to meet assumptions of normality and homoscedasticity. Linear mixed-effects models 

were fitted using lme4 (Wahl et al., 2014), with sediment-age, selection temperature (as continuous 

numeric predictor), evolutionary state (ancestral vs. evolved), and all two-way interactions as fixed 

effects in the global model. Replicate identity was included as a random intercept to account for 
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non-independence among samples from the same biological replicate. Model significance was 

assessed using Type III analysis of variance with Satterthwaite’s approximation for degrees of 

freedom (lmerTest; (Kuznetsova et al., 2017). Estimated marginal means were calculated using 

emmeans (Lenth & Piaskowski, 2017) with Tukey adjustment for multiple comparisons. Model fit 

was assessed using DHARMa residual diagnostics (Hartig, 2016) and marginal R² following 

(Nakagawa & Schielzeth, 2013). 

Log2 fold-change in percentage methylation of evolved populations relative to age-specific 

ancestral means at 22°C was computed per sediment age * selection temperature combination as: 

𝑙𝑜𝑔2(𝐹𝐶) = 𝑙𝑜𝑔2 (
𝑚𝑒𝑎𝑛 % 𝑚𝑒𝑡ℎ𝑦𝑙𝑎𝑡𝑖𝑜𝑛𝑒𝑣𝑜𝑙𝑣𝑒𝑑

𝑚𝑒𝑎𝑛 % 𝑚𝑒𝑡ℎ𝑦𝑙𝑎𝑡𝑖𝑜𝑛𝑎𝑛𝑐𝑒𝑠𝑡𝑟𝑎𝑙
) 

To assess associations between epigenetic state and phenotypic variability, coefficient of variation 

(CV) among biological replicates was computed for Topt, Ea, and ln(c), from Chapter 2.2 TPC 

parameters. Mean percentage methylation per sediment-age cohort (pooled across all evolved 

populations) was used as a predictor, and associations were visualised using linear regression across 

the three sediment-age data points.  

Results – Chapter 2.3 

Ancestral methylation differs strongly among sediment-age cohorts 

Ancestral (Tstart) lineages assayed at 22°C showed markedly different baseline methylation levels 

across sediment ages (Fig. 1, left panel). The pre-industrial (1824) lineage had the highest ancestral 

methylation (mean ± SD: 6.63 ± 1.08%), approximately 2.4-fold higher than the historical 1970s 

lineage (2.71 ± 0.59%) and 1.9-fold higher than the contemporary 1996 lineage (3.48 ± 0.54%).  

Evolutionary state and its interaction with sediment age drive methylation change 

Following ~100 generations of experimental evolution, global methylation diverged from ancestral 

states in an age-dependent direction (Fig. 1, right panel; Fig. 2). The mixed-effects model revealed 

a significant main effect of evolutionary state (evolutionary state (ancestral vs. evolved): F₁,₉₆ = 

5.45, p = 0.022) and a strong age * evolutionary state interaction (F₂,₉₆ = 15.94, p < 0.001), 

indicating that the direction of epigenetic change following selection depended on the historical 

origin of the lineage. Sediment age alone (F₂,₉₆ = 2.16, p = 0.120) and selection temperature alone 

(F₁,₉₆ = 2.72, p = 0.102) did not reach significance as main effects, though temperature showed a 

positive directional trend. The model explained 45.3% of variance in logit-transformed 

methylation (marginal R² = 0.453). 
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Fig. 1. Global DNA methylation (% 5-mC) in ancestral and evolved Nodularia spumigena lineages across sediment ages 
and selection temperatures. Boxplots show the distribution of percent methylated DNA for lineages originating from 

sediments dated to 1824 (purple), 1970s (teal), and 1996 (yellow). Left panel: ancestral (Tstart) lineages assayed at 22°C 

only, reflecting baseline epigenetic states prior to experimental evolution (n = 3, 9, and 3 biological replicates for 1824, 

1970s, and 1996 respectively). Right panel: evolved (Tend) lineages following ~100 generations of selection at 22, 26, 

and 30°C (n = 19, 53, and 18 biological observations for 1824, 1970s, and 1996 respectively across all temperatures). 
Points represent individual biological replicates; boxes indicate interquartile ranges with median values. The pre-
industrial 1824 lineage had the highest ancestral methylation but reduced it following evolution; the historical and 
contemporary lineages had lower ancestral methylation but increased it under selection. 

The log₂ fold-change analysis clarifies the direction of these effects (Fig. 2). The pre-industrial 1824 

lineage consistently reduced its methylation relative to its ancestral state across all three selection 

temperatures (log₂FC: −0.69 at 22°C, −0.49 at 26°C, −0.24 at 30°C), with the largest reduction at 

the lowest selection temperature. In contrast, the historical 1970s lineage showed the largest 

increases in methylation across all temperatures (log₂FC: +1.16 at 22°C, +1.02 at 26°C, +1.35 at 

30°C), and the contemporary 1996 lineage also increased substantially (log₂FC: +0.80 at 22°C, 

+0.46 at 26°C, +0.72 at 30°C). Post hoc pairwise contrasts confirmed that the 1970s and 1996 

lineages differed significantly from the 1824 lineage in their age * evolutionary state response (p < 

0.001 and p < 0.001 respectively). 
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Fig. 2. Evolutionary change in global DNA methylation relative to age-specific ancestral baselines. Log₂ fold change 
in percentage methylated DNA of evolved N. spumigena lineages compared to their sediment-age-specific ancestral 

means at 22°C, shown across three selection temperatures (22, 26, and 30°C). Bars represent mean log₂(evolved / 
ancestor) values for lineages from sediment ages 1824 (purple), 1970s (teal), and 1996 (yellow). Error bars indicate ± 
1 SE across biological replicates. The dashed horizontal line denotes no change relative to the ancestral baseline. The 

pre-industrial 1824 lineage consistently reduced methylation below its ancestral state (all log₂FC negative), while the 

1970s and 1996 lineages increased methylation following selection (all log₂FC positive). n = 6–7 evolved replicates per 
sediment age per temperature (1824: n = 6–7; 1970s: n = 17–18; 1996: n = 6).  

Methylation co-varies with variability in metabolic but not thermal optimum traits 

Evolutionary change in global DNA methylation (log₂FC relative to age-specific ancestral 

baselines) co-varied significantly with evolutionary change in two of the three TPC parameters 

examined (Fig. 3). The change in baseline growth rate proxy (Δ ln(c)) showed a strong negative 

relationship with log₂FC methylation (slope = −0.155 ± 0.033 SE; R² = 0.759; F₁,₇ = 22.03, p = 

0.002). Lineages that increased their methylation following selection, the 1970s and 1996 cohorts, 

consistently reduced ln(c) relative to their ancestral state, while the pre-industrial 1824 lineage, 

which reduced its methylation, maintained or increased ln(c) (Fig. 3b). The change in thermal 

optimum (Δ Tₒₚₜ) showed a strong positive relationship with log₂FC methylation (slope = 3.831 ± 

0.960 SE; R² = 0.695; F₁,₇ = 15.92, p = 0.005). Lineages that increased methylation showed the 

largest upward shifts in Tₒₚₜ, consistent with the response of Tₒₚₜ under warming (Fig. 3c). In 

contrast, the change in activation (Δ Eₐ) showed no significant relationship with methylation 

change (slope = −0.131 ± 0.118 SE; R² = 0.150; F₁,₇ = 1.23, p = 0.304; Fig. 3a). 
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Fig. 3. Co-variation between evolutionary change in global DNA methylation and evolutionary change in thermal 

performance curve (TPC) parameters across sediment age * selection temperature combinations. Each point 

represents one Age * selection temperature combination (n = 9; three sediment ages * three selection temperatures), 

with colour indicating sediment age (1824: purple; 1970s: teal; 1996: yellow) and shape indicating selection temperature 

(circle: 22°C; triangle: 26°C; square: 30°C). The x-axis shows log₂ fold change in percentage methylated DNA of 

evolved populations relative to age-specific ancestral baselines at 22°C (negative values indicate methylation reduction; 

positive values indicate methylation increase). The y-axis shows the change in each TPC parameter (evolved mean 

minus ancestral mean per sediment age): (a) activation energy Δ Ea (eV), (b) baseline growth rate proxy Δ ln(c), and 

(c) thermal optimum Δ Topt (°C). Solid lines show ordinary least-squares regression fits across all nine data points; 

shaded regions indicate 95% confidence intervals. Δ ln(c) declined significantly with increasing methylation (R² = 

0.759, p = 0.002), and Δ Topt increased significantly with increasing methylation (R² = 0.695, p = 0.005), while Δ Ea 

showed no significant relationship (R² = 0.150, p = 0.304). TPC parameters are derived from biorep-level Sharpe-

Schoolfield fits from Chapter 2.2 (n = 6 replicates per Age * selection temperature combination). 
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Discussion – Chapter 2.3 

Global DNA methylation in N. spumigena is both historically structured and evolutionarily 

responsive to thermal selection, but the direction of change following ~100 generations of 

evolution is opposite in the pre-industrial lineage compared to the historical and contemporary 

lineages. Rather than a uniform warming-driven increase, the data reveal a divergence: the pre-

industrial 1824 lineage, which began with the highest ancestral methylation (~6.6%), reduced its 

methylation across all selection temperatures following evolution, while the 1970s and 1996 

lineages, which began with substantially lower baseline methylation (~2.7% and ~3.5%, 

respectively), increased theirs, particularly at elevated temperatures. This divergence directly 

addresses and corrects the initial interpretation of these data, and is consistent with the broader 

pattern of historical contingency in adaptive responses documented across Studies 2.1 and 2.2. 

The markedly higher ancestral methylation in the pre-industrial 1824 lineage relative to historical 

and contemporary lineages is itself a biologically meaningful result. It suggests that the two 

centuries of environmental change separating pre-industrial from contemporary Baltic Sea 

conditions have been accompanied not only by shifts in TPC shape and growth rate (Chapter 2.1), 

and other phenotypes, but also by systematic changes in global epigenetic state. Whether this 

reflects differential selection pressure on methylation-based regulatory systems, changes in the 

activity of DNA methyltransferases or demethylases, or demographic effects on clonal methylation 

maintenance is not resolvable from global assay data alone. However, the pattern is consistent with 

findings in Synechocystis (Hu et al., 2018) and Trichodesmium (Walworth et al., 2021), where 

environmental history leaves persistent signatures in methylation architecture. The concept that 

prior environmental exposure shapes baseline epigenetic regulatory capacity, effectively encoding 

a form of cellular memory, has been termed epigenetic priming (Herdean et al., 2025), and the pre-

industrial lineage's high-methylation ancestral state may reflect adaptation to the more thermally 

stable pre-industrial Baltic Sea, where tighter transcriptional control under a predictable 

environment may have been advantageous. 

The reduction in methylation following evolution in the 1824 lineage, and the increase in the 1970s 

and 1996 lineages, suggests that laboratory thermal selection drives lineages toward an intermediate 

methylation state, regardless of their starting point. This convergence in epigenetic state parallels 

the convergence in Topt documented in Chapter 2.2, reinforcing the idea that experimental 

evolution under constant temperature tends to homogenise trait values that were divergent under 

natural selection in the heterogeneous Baltic Sea environment. The 1970s lineage showed the 

largest absolute increase in methylation and the highest post-selection values at 30°C (~6.9%), 
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consistent with its already-documented capacity for CUE evolution under warming in Chapter 2.2, 

with both results pointing to greater metabolic and epigenetic lability in this cohort. 

The analysis of evolutionary change (Δ, computed as evolved mean minus ancestral mean per 

sediment-age cohort for TPC parameters; log₂ fold-change of evolved relative to ancestral 

percentage 5-mC for methylation) linking evolutionary methylation change to evolutionary TPC 

parameter change revealed a clear and interpretable pattern. Lineages that increased their 

methylation following selection, the 1970s and 1996 cohorts, showed the largest upward shifts in 

Topt and the largest reductions in ln(c), while the pre-industrial 1824 lineage, which reduced its 

methylation, showed smaller Topt shifts and maintained baseline-growth capacity (Fig. 3b,c). The 

significant positive relationship between log₂FC methylation and ΔTopt suggests that epigenetic 

remodelling co-varies with thermal niche repositioning, while the significant negative relationship 

with Δln(c) indicates a trade-off between epigenetic upregulation and baseline metabolic output. 

Activation energy change (ΔEa) showed no significant relationship with methylation change, 

suggesting that the sensitivity of the sub-optimal performance curve to temperature is not the 

primary phenotypic axis associated with epigenetic remodelling in this system. Taken together, 

these associations are consistent with a model in which methylation-associated regulatory changes 

preferentially affect the thermal niche position and metabolic scaling of growth, rather than the 

fundamental thermodynamic sensitivity of enzyme kinetics. This interpretation aligns with findings 

in Dunaliella salina (Leung et al., 2022) and Desmodesmus armatus (Herdean et al., 2025), where 

epigenetic variation was linked to phenotypic shifts in environmentally responsive traits rather 

than to the core biochemical parameters of metabolism. Extrapolating these patterns to a warmer 

and more environmentally unpredictable future, the trade-off we observe where epigenetic 

upregulation accompanies Topt repositioning at the cost of baseline growth, suggests that this 

mechanism may become increasingly constrained as warming intensifies and as organisms face 

concurrent stressors beyond temperature alone. Whether cyanobacteria can sustain or reverse 

epigenetic changes under multi-stressor conditions remains untested, but is indirectly relevant. 

(Brennan et al., 2025) found that in the marine copepod, Acartia tonsa evolved across 25 generations 

under warming, ocean acidification, and their combination, epigenetic and genetic changes 

contributed to resilience through complementary but spatially non-overlapping mechanisms where 

epigenetic divergence concentrated in stress-response genes and transposable element regulation, 

while genetic divergence dominated other genomic regions. Whether an analogous division of 

labour operates in bloom-forming cyanobacteria under multi-stressor conditions represents a 

compelling and entirely open question. 
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Several important limitations apply to this study. First, the MethylFlash assay quantifies global 5-

mC content and provides no information on which loci or regulatory regions are methylated. The 

patterns we observe, particularly the reduction in methylation in the 1824 lineage, could reflect 

changes at many different genomic contexts, and whether any specific gene or pathway is 

differentially regulated cannot be determined without locus-specific methods such as bisulfite 

sequencing or ChIP-seq. Bisulfite sequencing in particular, by enabling base-resolution mapping 

of 5-mC across the genome would identify which regulatory regions are differentially methylated 

and provide the mechanistic resolution that global assays cannot. Second, the association between 

methylation and TPC parameter variability is based on nine data points (three sediment ages * 

three selection temperatures) and is therefore illustrative rather than statistically inferential; 

additional lineages would be required to test this relationship properly. Third, because ancestral 

samples were assayed only at 22°C, we cannot determine whether the observed evolutionary 

changes in methylation reflect directed responses to the selection temperature or more general 

effects of prolonged laboratory culture. Fourth, the singular fit of the random effects in the mixed 

model indicates that replicate-level variance was negligible, indicating that biological replicates 

within each condition were highly similar to each other. Future work should combine global 

methylation assays with whole-transcriptome sequencing and locus-specific methylation profiling 

to resolve which regulatory pathways are affected, and should extend the approach to a larger 

number of resurrected lineages to properly test whether the patterns documented here are 

reproducible across the full genetic diversity of Baltic Sea N. spumigena. 
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Chapter Three: Summary and conclusions 
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Overview: what this dissertation set out to do, and what it found 

This dissertation investigated how Nodularia spumigena, a bloom-forming diazotrophic 

cyanobacterium central to Baltic Sea biogeochemistry, has evolved in response to two centuries of 

environmental change, and how rapidly it can continue to evolve under sustained experimental 

warming. The overarching question: how, and how fast, does this organism evolve in response to 

warming demanded an approach that no single method could provide alone. By integrating 

resurrection ecology (Chapter 2.1), experimental evolution (Chapter 2.2), and global epigenomic 

profiling (Chapter 2.3), and by grounding all three in the same five lineages spanning pre-industrial 

(ca. 1824) to contemporary (ca. 1996) Baltic Sea sediments, this work provides a multi-timescale, 

multi-level answer. 

The short answer to how fast is: remarkably fast. Within ~100 generations of experimental 

selection, the thermal optimum for growth (Topt) shifted upward by 5–6 °C in the 1970s and 1996 

lineages, a magnitude larger than most microalgal responses reported in the literature (Listmann et 

al., 2016; O'Donnell et al., 2018; Padfield et al., 2016), and achieved across a lineage that dates its 

ancestry to pre-industrial times and one that was isolated less than three decades ago. But how 

evolution occurs is the more nuanced and scientifically richer answer: not all traits evolve equally, 

not all lineages respond identically, and the capacity for evolutionary change is itself shaped by 

prior evolutionary history. These are the central contributions of this dissertation. 

Timescales, studies and key contributions 

The three studies of this dissertation address evolutionary responses to warming across three 

interlocking timescales. Table 3.1 provides an overview of the temporal scales, approaches, 

principal findings, and knowledge gaps addressed by each study. 
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Tab. 3.1. Overview of the three studies, their temporal scales, and principal findings. 

Study Approach Timescale Principal findings 

Chapter 2.1: 

Resurrection 

ecology 

TPC, CUE, allelopathy, 

organic C, genomics in 5 

lineages (1824–1996) 

~200 years (natural 

evolution) 

Evolution inconsistent with 

"hotter is broader and better"; 

lower Topt but higher bloom-

season growth rates in 

contemporary lineages; 

reduced allelopathy; CUE 

broadly conserved; age-

structured genomic 

divergence 

Chapter 2.2: 

Experimental evolution 

TPC, CUE, genomics; 

~100 gen. at 22, 26, 30 °C 

~100 gen. (~31 weeks, 

experimental) 

All lineages reach similar post 

selection Topt; magnitude of 

shift historically contingent; 

CUE evolution historically 

contingent (recent lineages 

only); no temperature-specific 

trade-offs at this timescale; 

genomic divergence 

dominated by sediment age 

Chapter 2.3: 

Epigenomics 

Global 5-mC methylation 

in ancestral and evolved 

populations 

~200 years (natural) + 

~100 generations 

(experimental) 

Methylation historically 

structured; direction of 

evolutionary change opposite 

in pre-industrial vs. recent 

lineages; methylation change 

co-varies with Topt shift and 

metabolic scaling (ln(c)), not 

with Ea 

 

The direction of past evolution does not follow the “hotter is broader and better” 

prediction 

Chapter 2.1 tested a straightforward prediction: that two centuries of warming and environmental 

change in the Baltic Sea would have left a signature consistent with the "hotter is broader and 

better" hypothesis, contemporary lineages with higher Topt, broader thermal breadth, and higher 

peak growth rates than pre-industrial ones (Knies et al., 2009). The data inverted this prediction 
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systematically. The pre-industrial 1824 lineage had the highest Topt (30.1 °C), the shallowest sub-

optimal curve, and the lowest peak growth rates. The contemporary 1996 lineage had the lowest 

Topt (24.2 °C), the steepest sub-optimal curve, and the highest peak growth rates. 

The key to interpreting this pattern is not Topt in isolation but the crossing of the curves near 30 

°C. Below that threshold, contemporary lineages grow faster; above it, the pre-industrial lineage 

outperforms all others. Baltic Sea summer temperatures in the basins where these lineages were 

collected now routinely fall in the 18–26 °C range (Kniebusch et al., 2019). Contemporary lineages 

are therefore not "better adapted to warming" in a global sense, rather they are better matched to 

the temperatures they actually experience. This is adaptation to increased thermal variability, not 

to directional warming alone (Angilletta Jr., 2009; Schaum et al., 2022). The Baltic Sea over the 

past two centuries has not simply become warmer; it has become more variable, more stratified, 

and more eutrophied (Meier et al., 2022), and these compound environmental changes appear to 

have selected for a fundamentally different TPC shape: steeper sub-optimal slopes that deliver 

high growth rates across the prevailing summer temperature range, at the cost of high-temperature 

performance. 

This interpretation is reinforced by the findings of Hinners et al. (2017), who studied 

dinoflagellates revived from ~100-year-old Baltic Sea sediments and found shifts consistent with 

adaptation to historical environmental change in that taxon. Our results extend the temporal 

window to 200 years and reveal that a bloom-forming cyanobacterium has undergone a 

qualitatively different evolutionary trajectory from co-occurring protists in the same sea, a 

reminder that even within the same environment, taxon-specific evolutionary responses can 

diverge substantially. The functional signals in the genomic data are consistent with this 

interpretation: photosystem II and hydrogenase genes dominated the genomic discriminant 

loadings of pre-industrial lineages, while ATP synthase subunits, stress-response genes, and 

recombinases dominated in contemporary lineages, reflecting a shift from optimisation of 

photosynthetic performance under stable conditions toward enhanced energy metabolism and 

genome maintenance under fluctuating stress. 

The allelopathic results add an ecologically important third dimension to this picture. Pre-industrial 

lineages exerted substantially stronger inhibitory effects on co-occurring picophytoplankton 

(Ostreococcus tauri), particularly at 30 °C, while contemporary lineages showed reduced inhibition 

and, at 22 °C, modest facilitation in indirect co-culture. Both spike and ThinCert treatments 

produced nearly identical results, implicating soluble exudates rather than cell-contact effects. This 

temporal shift in allelopathic capacity likely reflects an evolutionary trade-off: as contemporary 
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lineages have reallocated metabolic resources toward growth and thermal performance, investment 

in secondary metabolite production has declined. A complementary shift toward broader organic 

carbon substrate use at elevated temperatures in contemporary lineages reinforces this picture of 

metabolic opportunism replacing competitive exclusion as the dominant ecological strategy. 

Together, these multi-trait patterns suggest that two centuries of Baltic Sea change have selected 

for lineages that are faster-growing, metabolically more flexible, and less ecologically dominant 

through chemical competition, a combination that may favour co-existence with other 

phytoplankton groups in modern blooms (Munkes et al., 2021) while simultaneously sustaining or 

increasing bloom biomass through intrinsically higher growth rates. 

Evolutionary potential is conserved for thermal niche repositioning but historically 

contingent for metabolic efficiency 

Chapter 2.2 asked whether the divergent ancestral strategies documented in Chapter 2.1 constrain 

or enable further evolutionary change. The central finding is a clear dissociation between two 

dimensions of evolutionary potential, and it is this dissociation, more than any individual result 

that constitutes the principal scientific contribution of this dissertation. 

Thermal niche repositioning is ancestrally conserved. Under ~100 generations of 

experimental selection at 22, 26, and 30 °C, Topt converged across all three sediment-age cohorts 

to values near 30 °C. The 1970s lineages shifted from 26.8 °C to 29.1–30.4 °C; the 1996 lineages 

shifted from 24.2 °C to 30.7–31.5 °C; the pre-industrial 1824 lineage, whose ancestral Topt was 

already ~30 °C, showed minimal further change. This convergence directly supports Objective 2, 

Hypothesis 1 — the capacity for Topt elevation under warming is broadly intact across two centuries 

of divergence. The molecular machinery underlying this capacity: membrane remodelling, enzyme 

thermal stability, photosystem regulation (Kontopoulos et al., 2020), appears to be conserved 

across lineages whose genomic profiles are otherwise substantially divergent (PERMANOVA on 

evolved SNP profiles: Age R² = 0.263, p = 0.001). For bloom-management and ecosystem 

modelling purposes, this finding implies that future Baltic Sea warming may elicit broadly similar 

adaptive thermal trajectories in N. spumigena regardless of the historical provenance of resident 

populations, a somewhat reassuring result for predictive models, though one that must be 

tempered by the limited number of lineages examined. 

Carbon economy evolution is historically contingent. CUE evolved significantly under 

warming in the 1970s and 1996 lineages, particularly at 26 °C and 30 °C but showed no detectable 

evolutionary change in the pre-industrial 1824 lineage at any temperature. This asymmetry is 

interpretable in light of Chapter 2.1: the 1996 lineage had the lowest ancestral CUE (0.64 ± 0.06) 
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among the three age groups, providing more room for improvement, while the pre-industrial 

lineage with its broader, shallower TPC and higher Topt may lack the standing genetic variation at 

metabolic loci relevant to CUE optimisation under the temperatures tested here. The capacity for 

CUE evolution thus appears to be a derived trait that has emerged over the past century of 

warming and metabolic remodelling in the modern Baltic Sea, and is not shared equally across the 

evolutionary time series. More recently derived lineages may therefore be better positioned to 

capitalise on future warming through improved metabolic efficiency, potentially reinforcing bloom 

formation under projected warming scenarios (Hense et al., 2013). 

The absence of crossing reaction norms in the reciprocal transplant assay (Hypothesis 3 not 

supported) means that ~100 generations were insufficient to produce temperature-specific 

physiological specialisation. This is consistent with experimental evolution in other phytoplankton 

at comparable timescales (Listmann et al., 2016; Schaum et al., 2017) and does not undermine the 

evidence for adaptation: Topt convergence is real and substantial. Rather, it indicates that the form 

of adaptation achieved here operated on overall performance level, a general upward shift rather 

than on the relative advantage at specific temperatures. Whether specialist trade-offs emerge at 

longer selection durations, or under fluctuating rather than constant temperature regimes, remains 

an important open question. 

Epigenetic state is historically structured and mechanistically coherent with phenotypic 

evolution 

Chapter 2.3 reveals that the phenotypic divergence documented in Studies 2.1 and 2.2 is 

accompanied by systematic differences in global DNA methylation that are themselves historically 

structured and evolutionarily responsive. The pre-industrial 1824 lineage entered the experiment 

with ~2.4-fold higher baseline 5-mC methylation (~6.6%) than the contemporary lineage (~3.5%), 

providing direct evidence that two centuries of Baltic Sea environmental change have left a 

persistent signature not only in phenotype and genotype but in the epigenome. This supports 

Objective 3, Hypothesis 1 and Hypothesis 2. 

The direction of methylation change following ~100 generations of selection was opposite in the 

1824 lineage (decreased across all temperatures) versus the 1970s and 1996 lineages (increased, 

particularly at elevated temperatures), producing convergence in global methylation state 

analogous to the convergence in Topt observed in Chapter 2.2. This parallel convergence at both 

phenotypic and epigenomic levels under identical laboratory conditions reinforces the 

interpretation that constant-temperature experimental evolution homogenises trait dimensions 

that were divergent under the heterogeneous natural selection of the Baltic Sea environment. 
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The co-variation between methylation change and Topt change (R² = 0.695, p = 0.005) and between 

methylation change and Δln(c) (R² = 0.759, p = 0.002), Hypothesis 3 supported, is consistent with 

a model in which epigenetic remodelling modulates the regulatory landscape of genes involved in 

thermal niche positioning and baseline metabolic scaling, without directly affecting the 

fundamental thermodynamic sensitivity of enzyme kinetics (no significant relationship with ΔEa). 

This pattern aligns with findings in Desmodesmus armatus (Herdean et al., 2025) and Dunaliella salina 

(Leung et al., 2022), where epigenetic variation was associated with phenotypic shifts in 

environmentally responsive traits rather than core metabolic biochemistry. The trade-off implied 

by the negative methylation: Δln(c) relationship and epigenetic upregulation that enables Topt 

repositioning at the cost of baseline metabolic output raises the possibility that epigenetic flexibility 

is a limited regulatory resource, and that its depletion under sustained or multi-stressor warming 

could constrain further adaptation. 

Whether the methylation changes documented here are heritable across generations, a prerequisite 

for epigenetic contributions to long-term adaptation rather than reversible acclimation, cannot be 

resolved from global assay data and remains the critical unresolved question for Chapter 2.3. 

Combining the MethylFlash global quantification with bisulfite sequencing on the same samples 

would be the natural next step, and is achievable within the existing experimental framework. 

How this dissertation addresses the knowledge gaps identified in Chapter One 

Section 1.8 of this dissertation identified five knowledge gaps that limit our ability to predict N. 

spumigena responses to warming. The three studies collectively address all five, to varying degrees 

of resolution. 

Gap 1.8.1 – Absence of historical baselines for cyanobacterial thermal adaptation. Chapter 

2.1 directly fills this gap for N. spumigena by providing the first multi-century phenotypic baseline 

from the Baltic Sea, extending the temporal window of Medwed et al. (2024), who compared 

lineages from 1987 and 2020, back to 1824. The pre-industrial lineage establishes what N. spumigena 

thermal performance looked like before industrialisation, and demonstrates that contemporary 

performance is the product of evolutionary change, not simply inherent species traits. This gap is 

substantially addressed. 

Gap 1.8.2 – Insufficient quantification of lineage-level thermal variation. Chapter 2.1 

characterised five lineages across three sediment-age cohorts with replicated TPCs, CUE assays, 

and biotic interaction experiments, revealing that intraspecific variation is both large (5.8 °C 

difference in Topt between 1824 and 1996 lineages) and ecologically meaningful (crossing growth 
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rates near 30 °C). The three 1970s lineages from two different Baltic Sea basins further 

demonstrate that within-cohort variation is substantial. This gap is partially addressed — a larger 

number of lineages per sediment layer would be needed to fully characterise intraspecific variation. 

Gap 1.8.3 – Unknown evolutionary potential under sustained warming. Chapter 2.2 directly 

addresses this gap, demonstrating that N. spumigena can shift Topt by 5–6 °C within ~100 

generations, that this capacity is broadly conserved across two centuries of divergence, and that 

CUE evolution under warming is possible but historically contingent. The gap is substantially 

addressed for thermal and metabolic traits, though the absence of trade-offs at ~100 generations 

leaves open whether evolutionary constraints emerge at longer selection durations. 

Gap 1.8.4 – Limited mechanistic understanding linking traits to molecular change. Chapter 

2.3 provides the first empirical evidence in this species that global DNA methylation is historically 

structured and co-varies with evolutionary shifts in thermal performance and metabolic capacity. 

The mechanistic link remains correlational and locus-specific methylation data are required to 

identify the specific regulatory targets. However, the direction, magnitude, and phenotypic 

coherence of the epigenetic patterns documented here substantially advance understanding 

beyond a purely phenotypic or genomic picture. This gap is partially addressed. 

Gap 1.8.5 – Missing integration of ecological and evolutionary processes. The combination 

of resurrection ecology and experimental evolution across the same lineages, incorporating growth, 

carbon metabolism, biotic interactions, genomics, and epigenomics, provides the most direct 

integration of ecological and evolutionary perspectives attempted for N. spumigena to date. The 

allelopathy results in particular link evolutionary change in N. spumigena to consequences for co-

occurring phytoplankton, connecting the evolutionary trajectory of the bloom-former to 

community-level dynamics. The gap is addressed at the conceptual level; quantitative integration 

with field bloom observations or ecosystem models would be the natural extension. 

Synthesis: a multi-timescale framework for N. spumigena responses to warming 

N. spumigena responses to warming can be understood across three interlocking timescales that 

together describe a coherent evolutionary trajectory. 

On the multi-century scale (Chapter 2.1), natural selection in the modern Baltic Sea has 

produced contemporary lineages that differ from their pre-industrial counterparts in virtually every 

functional dimension measured: lower Topt but higher growth rates at prevailing summer 

temperatures; steeper sub-optimal TPC slopes; marginally lower ancestral CUE but greater 

evolutionary CUE headroom; broader organic carbon substrate use at elevated temperatures; 
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reduced allelopathic competitiveness. This is not adaptation to a simply warmer world but rather 

an adaptation to a more variable, more eutrophied, and ecologically more complex world, in which 

high bloom-season growth performance and metabolic flexibility appear to be at a premium. 

On the experimental timescale of ~100 generations (Chapter 2.2), N. spumigena demonstrates 

that it can evolve rapidly in response to warming. All lineages converge on a similar post-selection 

Topt regardless of their two-century divergence history, though the magnitude of shift required 

differs substantially across cohorts. But the capacity for CUE evolution optimising the ratio of 

photosynthetic carbon retained versus lost to respiration is restricted to lineages with more recent 

evolutionary histories, suggesting that the metabolic evolutionary potential of this organism is not 

fixed but has itself evolved over the past century. This asymmetry, conserved potential for thermal 

niche repositioning, contingent potential for metabolic efficiency evolution, is the most important 

synthetic finding of this dissertation. 

On the molecular scale (Chapter 2.3), epigenetic state mirrors both the historical divergence and 

the experimental convergence documented at the phenotypic level. Pre-industrial lineages carry 

high baseline methylation that declines under experimental evolution; contemporary lineages carry 

lower baseline methylation that increases under warming selection. These opposite trajectories 

converge on an intermediate epigenetic state, and their co-variation with Topt and ln(c) change 

suggests that DNA methylation represents a dynamically regulated molecular layer that 

accompanies, and may modulate thermal adaptation, operating principally on thermal niche 

positioning and metabolic scaling rather than on the fundamental kinetics of enzyme thermal 

sensitivity. 

Taken together, these three timescales tell a story in which N. spumigena is neither evolutionarily 

static nor infinitely malleable. It has already evolved substantially in response to Baltic Sea change; 

it retains the capacity to evolve further and rapidly under continued warming; but the specific traits 

through which that evolution is expressed depend on the prior evolutionary history of the lineage, 

and the epigenetic architecture may set the regulatory limits within which rapid phenotypic 

adjustment is possible. Whether these conclusions generalise to other cyanobacteria populations 

across the Baltic Sea, or to bloom-forming cyanobacteria in other warming aquatic systems, 

remains to be tested but the multi-method, multi-timescale framework demonstrated here provides 

a template for such investigations. 
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Limitations and caveats 

Several limitations apply across all three studies and must be considered collectively. The most 

fundamental is the small number of lineages (n = 5 total: one pre-industrial, three historical, one 

contemporary) from two Baltic Sea locations. This severely constrains statistical power for 

detecting age-structured effects and means that lineage-specific idiosyncrasies - the 1996 lineage is 

represented by a single individual, as is the 1824 lineage, cannot be fully disentangled from 

sediment-age cohort patterns. All conclusions about temporal evolutionary trends should be 

interpreted as directional signals from a small temporal sample rather than as species-level 

inferences. 

Location and sediment depth are partially confounded with age in the current design (EGB Deep 

= 1824; EGB and GOF Mid = 1970s; GOF Shallow = 1996), meaning that geographic and 

environmental differences between sampling sites cannot be fully excluded as alternative 

explanations for observed phenotypic divergence. Co-varying changes in salinity, nutrient loading, 

light regime, and biotic community composition across the past two centuries in the Baltic Sea 

mean that the trait shifts documented in Chapter 2.1 cannot be attributed exclusively to 

temperature-driven selection, even under common-garden conditions (Hinners et al., 2017). 

The experimental evolution design used constant rather than fluctuating temperature, excluded 

competition, predation, and nutrient fluctuations, and was conducted at a single salinity. Natural 

Baltic Sea populations experience all of these simultaneously, and the adaptive responses 

documented here may be modified, attenuated, or reversed under greater ecological complexity 

(Collins, 2011; Litchman et al., 2012). The ~100-generation timescale, while sufficient to detect 

Topt convergence, may be too short to reveal trade-offs or specialist divergence that could emerge 

over longer selection durations. The missing 1996 * 26 °C genomic data point introduces a 

structural asymmetry in the evolved genomic comparisons. 

The global methylation assay in Chapter 2.3 provides no information on which loci are 

differentially methylated, cannot distinguish heritable from reversible methylation changes, and is 

based on ancestral samples measured only at 22 °C. The nine-point regression linking methylation 

change to TPC parameter change is illustrative, not inferential, and additional lineages would be 

required to test the relationship formally. 

Conclusions and future directions 

This dissertation provides the most temporally comprehensive assessment to date of thermal 

evolutionary responses in Nodularia spumigena, spanning pre-industrial baselines to short-term 



 
112 

 

experimental evolution and integrating phenotypic, genomic, and epigenomic perspectives across 

the same five lineages. Four conclusions stand out. 

First, past evolution in N. spumigena has not followed the "hotter is broader and better" trajectory 

predicted under directional warming, but instead reflects multi-trait adaptation to increased 

thermal variability, with lower Topt, steeper sub-optimal TPC slopes, higher bloom-season growth 

rates, and reduced allelopathic capacity relative to pre-industrial lineages. 

Second, all lineages can achieve similar post-selection Topt values under experimental warming, 

though the magnitude of shift required reflects their divergent evolutionary histories, 

demonstrating that N. spumigena retains substantial evolutionary potential for thermal adaptation 

regardless of historical provenance. 

Third, the capacity for metabolic efficiency (CUE) evolution under warming is historically 

contingent, restricted to lineages with more recent evolutionary histories, suggesting that the 

evolutionary potential itself has evolved, with contemporary lineages better positioned to capitalise 

on future warming through improved carbon economy. 

Fourth, global DNA methylation is historically structured and epigenomically responsive to 

thermal selection in ways that co-vary coherently with phenotypic evolution, establishing 

epigenetic state as a biologically meaningful layer of the organism's thermal response system. 

Looking forward, expanding the number of resurrected lineages per sediment layer, ideally 

spanning the full sediment archive of 27 lineages isolated by Cynthia Medwed, would be the single 

most impactful improvement. Incorporating realistic thermal fluctuations and multi-stressor 

designs (warming * eutrophication; warming * salinity change) into experimental evolution would 

test whether the adaptive potential demonstrated here is maintained under ecologically realistic 

conditions. Applying locus-specific epigenetic profiling (bisulfite sequencing) to identify the 

regulatory targets of the methylation changes documented in Chapter 2.3 would provide the 

mechanistic resolution that the MethylFlash global assay cannot offer. And connecting the trait-

level and genomic findings presented here to field-based observations of N. spumigena bloom 

phenology, community composition, and toxin production in the warming Baltic Sea would 

ultimately determine whether the adaptive capacity demonstrated in the laboratory is realised, and 

whether it matters in the ecology of a changing sea. 
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Chapter Four: Supplementary information 
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Supplementary Information – Chapter 2.1 

Table S1. Fluorescence-to-cell-count calibration for the five Nodularia spumigena lineages used in 

this study. Chlorophyll a fluorescence (Chla RFU; excitation 432 nm, emission 676 nm) was 

measured alongside direct cell counts obtained by FlowCam imaging across all assay temperatures 

(15–36°C) and three biological replicates per lineage per temperature. Slope and R² are from linear 

regression of cell count (Cells mL⁻¹) on Chla RFU across all observations for each lineage. 

Lineage ID Date Basin Depth Age group n 
Chla RFU 

range 

Cells mL⁻¹ 

range 
Slope R² 

6-MUC-46-2.1 1824 EGB Deep Pre-industrial 30 
19,501 – 

237,447 

5,146 – 

370,015 
−0.12 0.005 

6-MUC-17-2 1970 EGB Mid 
Historical 

(1970s) 
30 

1,964 – 

1,108,946 

10,003 – 

126,385 
−0.01 0.015 

12-MUC-10-6 1970 GOF Mid 
Historical 

(1970s) 
27 

542 – 

27,403 

7,625 – 

124,007 
2.10 0.216 

12-MUC-10-5 1970 GOF Mid 
Historical 

(1970s) 
30 

3,751 – 

212,696 

24,857 – 

2,211,726 
7.50 0.580 

12-MUC-5-30 1996 GOF Shallow Contemporary 33 
8,555 – 

185,436 

11,665 – 

1,479,230 
6.77 0.615 

 

Note on R² values: Low R² for EGB lineages (6-MUC-46-2.1 and 6-MUC-17-2) reflects high 

within-strain variability in chlorophyll content per cell across the broad temperature range tested 

(15–36°C), not measurement error per se. Chlorophyll-to-cell ratios are temperature-dependent and 

vary with growth state, meaning that a single linear conversion factor cannot capture fluorescence–

abundance relationships across the full thermal gradient. Fluorescence was therefore used as a 

relative growth proxy within temperature treatments (i.e., to calculate growth rates from time-

series fluorescence at a fixed temperature), rather than as an absolute cell-density estimator across 

temperatures. This approach is standard practice in phytoplankton thermal performance 

experiments. 

38°C: Growth rate was zero for all lineages and replicates at 38°C. This temperature was included 

in Sharpe-Schoolfield model fitting to constrain the upper thermal limit (CTmax) and was not 

included in the calibration dataset above. 

Abbreviations: EGB = Eastern Gotland Basin; GOF = Gulf of Finland; RFU = relative 

fluorescence units; n = number of paired fluorescence–cell count observations. 
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Table S2. Biological replication structure for the thermal performance curve (TPC) experiment in 

Chapter 2.1. Values indicate the number of independent biological replicates per lineage per assay 

temperature. Each replicate was initiated from an independent sub-culture of the lineage stock and 

pre-acclimated for ≥8 days (≥3 generations) prior to measurement. 

Lineage 

ID 
Date Basin Age group 15 18 20 22 24 26 28 30 32 34 36 38 Total 

6-MUC-

46-2.1 
1824 EGB 

Pre-industrial 

(1824) 
3 3 3 3 3 3 3 3 3 3 3 3 36 

6-MUC-

17-2 
1970 EGB 

Historical 

(1970s) 
3 3 3 3 3 3 3 3 3 3 3 3 36 

12-MUC-

10-6 
1970 GOF 

Historical 

(1970s) 
3 3 3 3 3 3 3 3 3 3 3 3 36 

12-MUC-

10-5 
1970 GOF 

Historical 

(1970s) 
3 3 3 3 3 3 3 3 3 3 3 3 36 

12-MUC-

5-30 
1996 GOF 

Contemporary 

(1996) 
3 3 3 3 3 3 3 3 3 3 3 3 36 

 

Age-group totals per temperature: Pre-industrial (1824): n = 3 (1 lineage × 3 replicates); Historical 

(1970s): n = 9 (3 lineages × 3 replicates); Contemporary (1996): n = 3 (1 lineage × 3 replicates). 

38°C: Growth rate was zero for all lineages and replicates. This temperature point was retained in 

Sharpe-Schoolfield model fitting to constrain CTmax; growth rates were set to 0 d⁻¹ prior to model 

fitting. 

Abbreviations: EGB = Eastern Gotland Basin; GOF = Gulf of Finland. 

Table S3. Model selection and pairwise comparisons for Sharpe-Schoolfield thermal performance 

curve parameters across sediment age cohorts. Part A: likelihood ratio tests (LRT) comparing 

models with sediment age as a fixed effect against intercept-only models (nlme, method = ML; 

random intercept: 1|Biorep). Part B: pairwise contrasts from estimated marginal means (emmeans; 

Tukey adjustment). Part C: estimated marginal means per sediment age cohort (method = REML). 

Analyses conducted in R (nlme, emmeans packages). 
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Part A. Likelihood ratio tests (sediment age as fixed effect) 

Parameter χ² df p-value Post-hoc comparison (Tukey-adjusted) 

Topt (°C) 5.42 2 0.066 1824 vs 1996: ΔTopt = 5.8°C, p = 0.046; other contrasts n.s. 

Ea (eV) 7.14 2 0.028 
1996 > 1824 (p = 0.045); 1996 > 1970s (p = 0.034); 1824 vs 1970s: n.s. 

(p = 0.888) 

Eh (eV) 2.58 2 0.275 n.s. 

 

Part B. Pairwise contrasts (Tukey-adjusted p-values) 

Parameter Contrast Estimate SE df t-ratio p (Tukey) 

Topt (°C) 1824 − 1970s 3.25 2.10 10 1.551 0.310 

 1824 − 1996 5.85 2.56 10 2.279 0.106 

 1970s − 1996 2.60 2.10 10 1.240 0.458 

Ea (eV) 1824 − 1970s -0.055 0.118 10 -0.467 0.888 

 1824 − 1996 -0.407 0.145 10 -2.807 0.045 

 1970s − 1996 -0.352 0.118 10 -2.970 0.034 

  



 
118 

 

Part C. Estimated marginal means per sediment age cohort 

Parameter Sediment age Emmean SE Lower 95% CI Upper 95% CI df 

Topt (°C) 1824 30.1 1.81 22.3 37.9 2 

 1970s 26.8 1.05 22.3 31.3 2 

 1996 24.2 1.81 16.4 32.0 2 

Ea (eV) 1824 0.254 0.102 -0.187 0.695 2 

 1970s 0.310 0.059 0.055 0.564 2 

 1996 0.661 0.102 0.220 1.102 2 

 

Abbreviations: χ² = likelihood ratio test statistic; df = degrees of freedom; SE = standard error; 

CI = confidence interval; n.s. = not significant. Containment method used for denominator 

degrees of freedom. Topt (°C) and Ea (eV) are the parameters with significant age effects. Eh (eV) 

did not differ significantly across sediment ages (p = 0.275) and is not included in pairwise tests. 

Table S4. Model selection and fixed-effect estimates for the linear mixed-effects model of 

Ostreococcus tauri fold-change growth rate in response to Nodularia spumigena exposure. Response 

variable: fold-change in O. tauri growth rate relative to monoculture controls (fold-change = 1: no 

effect; < 1: inhibition; > 1: facilitation). Models compared by AICc (MuMIn dredge function). The 

best-supported model (ΔAICc = 0, weight = 0.580) included sediment age (StrainAge), 

temperature, and their interaction as fixed effects, with biological replicate as a random intercept. 

Treatment (Spike vs ThinCert) was retained in the final fitted model (Part C) for design 

completeness despite non-significance (p = 0.289). All models included random intercept: 

~1|Biorep. Selection used ML; final estimates used REML (nlme package, R). 
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Part A. Model selection (top models, ΔAICc < 10; all models included random intercept 

~1|Biorep) 

Rank Fixed effects df logLik AICc ΔAICc Weight 

1 StrainAge + Temp + StrainAge * Temp 11 45.1 -63.8 0.00 0.580 

2 
StrainAge + Treatment + Temp + StrainAge * 

Temp 
12 45.8 -62.2 1.58 0.264 

3 
StrainAge + Treatment + Temp + StrainAge * 

Temp + StrainAge:Treatment 
14 48.1 -60.9 2.91 0.136 

4 
StrainAge + Treatment + Temp + StrainAge * 

Temp + Treatment:Temp 
14 45.9 -56.4 7.40 0.014 

5 
StrainAge + Treatment + Temp + StrainAge * 

Temp + StrainAge:Treatment + Treatment:Temp 
16 48.3 -54.6 9.16 0.006 

 

Part B. Type I ANOVA - selected model (StrainAge + Treatment + Temp + StrainAge * Temp) 

Term numDF denDF F-value p-value 

(Intercept) 1 59 2879 < 0.001 

StrainAge 2 59 14 < 0.001 

Treatment 1 59 1 0.289 

Temperature 2 59 16 < 0.001 

StrainAge * Temp 4 59 11 < 0.001 
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Part C. Fixed-effect estimates from selected model (REML; reference: 1824, Spike treatment, 

22°C) 

Part C. Fixed-effect estimates from selected model (REML; reference: 1824, Spike treatment, 

22°C) 

Term Estimate CI lower CI upper SE df t-value p-value 

Intercept (1824, Spike, 22°C) 0.945 0.842 1.048 0.052 59 18.307 < 0.001 

StrainAge: 1970s 0.031 -0.107 0.169 0.069 59 0.454 0.652 

StrainAge: 1996 0.034 -0.104 0.172 0.069 59 0.490 0.626 

Treatment: ThinCert 0.035 -0.030 0.100 0.033 59 1.070 0.289 

Temperature: 26°C 0.020 -0.118 0.158 0.069 59 0.290 0.773 

Temperature: 30°C -0.505 -0.643 -0.367 0.069 59 -7.333 < 0.001 

StrainAge 1970s * Temp 26°C -0.025 -0.220 0.170 0.097 59 -0.257 0.798 

StrainAge 1996 * Temp 26°C -0.029 -0.224 0.166 0.097 59 -0.295 0.769 

StrainAge 1970s * Temp 30°C 0.426 0.231 0.621 0.097 59 4.377 < 0.001 

StrainAge 1996 * Temp 30°C 0.509 0.314 0.704 0.097 59 5.224 < 0.001 

 

Significant effects (bold p-values): Temperature at 30°C reduced O. tauri growth across all sediment 

ages relative to 22°C. The StrainAge * Temp interaction revealed that at 30°C, contemporary 

lineages (1970s and 1996) showed significantly less inhibition than pre-industrial (1824) lineages. 

Treatment type (Spike vs indirect co-culture in ThinCert inserts) did not significantly affect O. tauri 

growth (F₁,₅₉ = 1, p = 0.289). 

Model selection note: The best model by AICc (rank 1) excluded Treatment; the second-best 

model (ΔAICc = 1.58) included Treatment but received only 26% of model weight. Treatment 

was retained in the final model (Part C) because it was an explicit design factor. Conclusions are 

unchanged regardless of Treatment inclusion. 
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Abbreviations: AICc = Akaike Information Criterion corrected for small sample size; CI = 95% 

confidence interval; df = degrees of freedom; numDF/denDF = numerator/denominator degrees 

of freedom; SE = standard error; n = 4 biological replicates per lineage per treatment per 

temperature. 

  



 
122 

 

Supplementary Information – Chapter 2.2 

Figure S1 

 

Fig. S1. Growth rate trajectories of Nodularia spumigena lineages across 31 weeks of experimental evolution under three 

thermal selection treatments. Boxplots show the distribution of growth rates (µ, day⁻¹) measured weekly from 

chlorophyll a fluorescence (excitation 432 nm, emission 676 nm) across six biological replicates per lineage per 

treatment. Panels are faceted by selection temperature (rows: 22°C "Low", light blue; 26°C "Medium", purple; 30°C 

"High", dark red) and by sampling location and strain identity (columns: EGB = Eastern Gotland Basin; GOF = Gulf 

of Finland). Black lines show polynomial smooth fits (degree 15) to characterise overall trajectory trends. Individual 

data points (outliers) are shown as filled circles. x-axis tick marks shown at intervals of 10 weeks. 

Table S5. Model selection and fixed-effect estimates for linear mixed-effects models of thermal 

performance curve (TPC) parameters in Chapter 2.2 experimental evolution. Sharpe-Schoolfield 

parameters (Ea, Topt, µ(Topt)) were fitted per biological replicate using nlsLoop (R). Mixed-effects 

models included sediment age (Age: 1824, 1970s, 1996) and selection temperature (Sel_T: Anc, 22, 

26, 30°C) with unique biological lineages (Age * Biorep) as random intercepts (nlme). Models fitted 

by ML for comparison (Part A), refitted by REML for inference (Parts B-C). Reference category: 

1824, Ancestral (Anc). Interaction term retained for Ea and Topt (LRT p < 0.001); additive model 

selected for µ(Topt) (LRT p = 0.18). Significant p-values in bold. 

Part A. Likelihood ratio test (LRT): interaction vs additive model (ML estimation) 
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Trait Model df AIC BIC logLik 
LRT 

statistic 
p-value Selected 

Ea (eV) 
Age * Sel_T 

(interaction) 
14 -43.1 -13.1 35.5    

 
Age + Sel_T 

(additive) 
8 -30.1 -13.0 23.1 25.0 < 0.001 Interaction 

Topt (°C) 
Age * Sel_T 

(interaction) 
14 292 322 -132    

 
Age + Sel_T 

(additive) 
8 305 323 -145 25.7 < 0.001 Interaction 

µ(Topt) (day⁻¹) 
Age * Sel_T 

(interaction) 
14 -59.9 -29.9 44.0    

 
Age + Sel_T 

(additive) 
8 -63.0 -45.9 39.5 8.91 0.179 Additive 

 

Part B. Type I ANOVA of final models (REML estimation) 

Trait Term numDF denDF F-value p-value 

Ea (eV) (Intercept) 1 36 182.2 < 0.001 

 Age 2 15 1.4 0.284 

 Selection temp 3 36 3.4 0.027 

 Age * Sel_T 6 36 4.6 0.001 

Topt (°C) (Intercept) 1 36 8098 < 0.001 

 Age 2 15 1.0 0.339 

 Selection temp 3 36 12.0 < 0.001 

 Age * Sel_T 6 36 5.0 0.001 
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Trait Term numDF denDF F-value p-value 

µ(Topt) (day⁻¹) (Intercept) 1 42 1796 < 0.001 

 Age 2 15 14.0 < 0.001 

 Selection temp 3 42 5.0 0.004 

 

Part C. Fixed-effect coefficient estimates from final models (REML; 95% CI) 

Trait Term Estimate 
CI 

lower 

CI 

upper 
SE df t-value p-value 

Ea (eV) Intercept (ref: 1824, Anc) 0.223 0.044 0.403 0.088 36 2.531 0.016 

 Age: 1970s 0.085 -0.181 0.351 0.125 15 0.683 0.505 

 Age: 1996 0.550 0.283 0.816 0.125 15 4.401 < 0.001 

 Sel_T: 22°C 0.174 -0.038 0.386 0.104 36 1.664 0.105 

 Sel_T: 26°C 0.028 -0.184 0.240 0.104 36 0.269 0.789 

 Sel_T: 30°C 0.006 -0.206 0.217 0.104 36 0.054 0.957 

 Age 1970s * Sel_T 22°C -0.308 -0.608 -0.009 0.148 36 -2.088 0.044 

 Age 1996 * Sel_T 22°C -0.654 -0.953 -0.354 0.148 36 -4.426 < 0.001 

 Age 1970s * Sel_T 26°C -0.019 -0.319 0.280 0.148 36 -0.130 0.897 

 Age 1996 * Sel_T 26°C -0.507 -0.807 -0.208 0.148 36 -3.436 0.002 

 Age 1970s * Sel_T 30°C -0.055 -0.355 0.245 0.148 36 -0.373 0.712 

 Age 1996 * Sel_T 30°C -0.537 -0.836 -0.237 0.148 36 -3.635 0.001 

Topt (°C) Intercept (ref: 1824, Anc) 30.68 28.13 33.23 1.260 36 24.382 < 0.001 

 Age: 1970s -6.198 -9.991 -2.400 1.780 15 -3.483 0.003 
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Trait Term Estimate 
CI 

lower 

CI 

upper 
SE df t-value p-value 

 Age: 1996 -6.786 -10.579 -2.993 1.780 15 -3.813 0.002 

 Sel_T: 22°C -1.890 -4.846 1.066 1.460 36 -1.297 0.203 

 Sel_T: 26°C -0.839 -3.796 2.118 1.460 36 -0.576 0.568 

 Sel_T: 30°C 1.812 -1.144 4.768 1.460 36 1.243 0.222 

 Age 1970s * Sel_T 22°C 7.928 3.747 12.109 2.060 36 3.845 < 0.001 

 Age 1996 * Sel_T 22°C 9.576 5.395 13.757 2.060 36 4.645 < 0.001 

 Age 1970s * Sel_T 26°C 5.435 1.254 9.616 2.060 36 2.636 0.012 

 Age 1996 * Sel_T 26°C 8.643 4.462 12.824 2.060 36 4.193 < 0.001 

 Age 1970s * Sel_T 30°C 4.294 0.113 8.475 2.060 36 2.083 0.044 

 Age 1996 * Sel_T 30°C 5.111 0.930 9.292 2.060 36 2.479 0.018 

µ(Topt) (day⁻¹) Intercept (ref: 1824) 0.650 0.547 0.754 0.051 42 12.660 < 0.001 

 Age: 1970s 0.066 -0.023 0.156 0.042 15 1.580 0.135 

 Age: 1996 0.216 0.127 0.306 0.042 15 5.160 < 0.001 

 Sel_T: 22°C -0.065 -0.177 0.047 0.056 42 -1.180 0.246 

 Sel_T: 26°C 0.079 -0.033 0.191 0.056 42 1.420 0.162 

 Sel_T: 30°C -0.080 -0.192 0.032 0.056 42 -1.450 0.155 

 

Abbreviations: Ea = activation energy below Topt (eV); Topt = optimum temperature for growth 

(°C); µ(Topt) = maximum growth rate at Topt (day⁻¹); Sel_T = selection temperature; CI = 95% 

confidence interval; SE = standard error; df = degrees of freedom; LRT = likelihood ratio test; 

AIC = Akaike Information Criterion; BIC = Bayesian Information Criterion. 
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Sample sizes: Ea model n = 51 observations across 18 unique biological lineages; Topt model n = 

51; µ(Topt) model n = 57. Ancestral lineages included as Sel_T = “Anc” level to enable mixed-

model comparison with evolved populations. 

Table S6. PERMANOVA and linear mixed-effects model outputs for genomic burden metrics in 

Chapter 2.2 evolved Nodularia spumigena lineages. Part A: PERMANOVA on Bray-Curtis 

dissimilarities of genome-wide SNP presence-absence profiles (38 samples * 266,836 variable SNP 

positions; evolved populations only, n = 33 after QC; additive marginal tests, 999 permutations, 

vegan::adonis2). Part B: Additive linear mixed-effects models for four genomic burden metrics in 

evolved populations (n = 37; one replicate with zero novel mutations excluded). Response 

variables log- or logit-transformed as specified. Random intercept: ~1|Biorep_nested (Strain * 

Biorep). Reference category: Age = 1824, Selection temperature = 22°C. Interaction model not 

fitted owing to incomplete factorial structure (1996 * 26°C absent). Significant p-values in bold. 

Part A. PERMANOVA – multivariate SNP composition (evolved populations, n = 33) 

Term Df Sum Of Sqs R² F Pr(>F) 

Age (sediment date) 2 2.44 0.263 6.01 0.001 

Treatment (selection temp.) 2 0.80 0.086 1.97 0.063 

Residual 28 5.70 0.613   

Total 32 9.30 1.000   

 

Part B. Fixed-effect estimates – genomic burden LME models (evolved populations, n = 37) 

Response variable Term Estimate 
CI 

lower 

CI 

upper 
SE df t-value p-value 

log(Total novel 

SNPs) 

Intercept(ref: 1824, 

22°C) 
4.632 2.624 6.640 0.963 20 4.811 < 0.001 

 Age: 1970s 1.956 -0.298 4.210 1.081 20 1.810 0.085 

 Age: 1996 2.903 -0.343 6.150 1.556 20 1.866 0.077 

 Sel_T: 26°C 1.917 -0.656 4.490 1.181 12 1.623 0.131 
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Response variable Term Estimate 
CI 

lower 

CI 

upper 
SE df t-value p-value 

 Sel_T: 30°C -0.294 -2.419 1.830 0.975 12 -0.301 0.768 

log(Novel 

missense SNPs + 

1) 

Intercept (ref: 1824, 

22°C) 
3.550 1.616 5.484 0.927 20 3.828 0.001 

 Age: 1970s 1.883 -0.278 4.044 1.036 20 1.818 0.084 

 Age: 1996 2.599 -0.531 5.729 1.501 20 1.732 0.099 

 Sel_T: 26°C 1.872 -0.672 4.416 1.168 12 1.603 0.135 

 Sel_T: 30°C -0.446 -2.545 1.653 0.964 12 -0.462 0.652 

logit(Proportion 

missense) 

Intercept (ref: 1824, 

22°C) 
-0.726 -1.060 -0.392 0.160 20 -4.535 < 0.001 

 Age: 1970s -0.147 -0.537 0.243 0.187 20 -0.786 0.441 

 Age: 1996 -0.379 -0.911 0.153 0.255 20 -1.485 0.153 

 Sel_T: 26°C -0.021 -0.318 0.276 0.136 12 -0.154 0.880 

 Sel_T: 30°C -0.175 -0.425 0.075 0.115 12 -1.528 0.152 

log(dN/dS proxy) 
Intercept (ref: 1824, 

22°C) 
0.240 -0.123 0.603 0.174 20 1.380 0.183 

 Age: 1970s -0.971 -1.399 -0.542 0.205 20 -4.727 < 0.001 

 Age: 1996 -1.305 -1.883 -0.728 0.277 20 -4.717 < 0.001 

 Sel_T: 26°C 0.057 -0.220 0.333 0.127 12 0.447 0.663 

 Sel_T: 30°C -0.137 -0.371 0.098 0.108 12 -1.268 0.229 
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Observed ranges: Total novel SNPs per replicate: 10 – 143,271; dN/dS proxy: 0.166 – 1.713. Novel 

SNPs = evolved-specific mutations absent from the matched ancestral genome. dN/dS proxy = 

(missense + 0.5) / (synonymous + 0.5). 

Abbreviations: SNP = single nucleotide polymorphism; PERMANOVA = permutational 

multivariate ANOVA; R² = proportion of variance explained; CI = 95% confidence interval; SE 

= standard error; df = degrees of freedom; logit = log(p / (1 − p)). 

PERMANOVA note: Five evolved samples present in the LME dataset (n = 38) could not be 

matched to pa_wide presence-absence rows and were excluded from PERMANOVA (n = 33), 

owing to Sample_ID formatting differences introduced during matrix construction. LME models 

use the full n = 37 dataset and are the primary inferential tool.   
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