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Temperatures are increasing due to global changes, putting biodiversity at risk. Organisms are faced with a limited set of options to cope with this situation: adapt, disperse or die. We here focus on the first possibility, more specifically, on evolutionary adaptations to temperature. Ectotherms are usually characterized by a hump-shaped relationship between fitness and temperature, a non-linear reaction norm that is referred to as thermal performance curve (TPC). To understand and predict impacts of global change, we need to know whether and how such TPCs evolve.

Therefore, we performed a systematic literature search and a statistical meta-analysis focusing on experimental evolution and artificial selection studies. This focus allows us to directly quantify relative fitness responses to temperature selection by calculating fitness differences between TPCs from ancestral and derived populations after thermal selection.

Out of 7561 publications screened, we found 47 studies corresponding to our search criteria representing taxa across the tree of life, from bacteria, to plants and vertebrates. We show that, independently of species identity, the studies we found report a positive response to temperature selection. Considering entire TPC shapes, adaptation to higher temperatures traded off with fitness at lower temperatures, leading to niche shifts. Effects were generally stronger in unicellular organisms. By contrast, we do not find statistical support for the often discussed "Hotter is better" hypothesis.

While our meta-analysis provides evidence for adaptive potential of TPCs across organisms, it also highlights that more experimental work is needed, especially for under-represented taxa, such as plants and non-model systems.
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Abstract

With the advent of the Anthropocene era, the human impact on our planet has increased exponentially. With the over-harvesting of resources along with the extensive use of fossil fuels, the emission of greenhouse gases like carbon dioxide has seen exponential increments. This has caused the temperatures of our planet to escalate at unprecedented rates. These changes in temperature have in turn affected the climatic patterns of our planet leaving only a few options for vulnerable organisms, either go extinct, adapt to the changing climate, or shift their habitat ranges in search of optimal climatic conditions. The challenges faced by these organisms and how they overcome these factors while struggling to persist through adaptation or through a shift in their range has been the topic of interest in ecological and evolutionary biology. In this thesis, I attempt at addressing and understanding how organisms exposed to certain experimental temperatures, evolve and persist in those temperatures and how the presence of elevated temperatures affects the range expansion capacity when the evolution of dispersal traits and local temperature adaptation is either allowed or not. I particularly focus on how the temperature niche of the organism under temperature selection evolves before and after selection and after expanding their range into higher temperatures.

In the first chapter, I investigated if the temperature niche evolves in response to experimental temperature selection. To explore the generalism of temperature niche adaptation, I performed a systematic literature search and a statistical meta-analysis focusing on experimental evolution and artificial selection studies. By calculating the relative fitness responses to temperature selection by calculating fitness differences between thermal performance curves (TPCs) from ancestral and derived populations after thermal selection, I effectively demonstrated a positive response to temperature selection and also obtained a trade-off where adaptation to high temperatures led to maladaptation in low temperature with respect to selection temperature. I also did not obtain any statistical support for the "Hotter is better" hypothesis.

In the second chapter, I attempted at testing the results obtained from Chapter 1 by performing a temperature selection experiment at six selection temperatures with four ciliates species. I did not obtain any consistent patterns in terms of temperature adaptation of the niche parameters in this experiment.

In the third chapter, I performed a range expansion experiment where I investigated the role of evolution (by controlling the process of sorting dispersive and temperature-adapted phenotypes) and the presence of temperature gradients when organisms expand their range. I observed that when a temperature gradient was present, the presence or absence of evolutionary effects did not show differences in their patterns of range expansion. As against this, when temperature gradient was absent, populations in which evolution was not allowed to occur, expanded their ranges faster than populations experiencing evolutionary processes. The mere presence of temperature gradient led to faster range expansion irrespective of whether evolution was allowed to occur or not.

The results obtained, contribute towards understanding the role of changing temperatures and what implications it would have on the existence and distribution of flora and fauna which are also essential for our own survival.

Preamble

The following thesis consists of the doctoral research work performed by the author during the three years of research at ISEM -Institute of Evolutionary Sciences of Montpellier in collaboration with respective co-authors listed in each chapter along with their contributions. The thesis consists of a general introduction to the topic, three chapters addressing specific questions related to the topic, and a general discussion with a dialogue on general implications and future directions in this research. Chapter 1 consists of an accepted research article in the Journal of Evolutionary Biology which is titled "Evolution of thermal performance curves: a meta-analysis of selection experiments". Chapter 2 consists of an experimental temperature selection experiment. Chapter 3 is in the process of preparing the manuscript which has been planned for submission before the end of this year 2023. Finally, the thesis also consists of a section where the thesis has been introduced and discussed in French.
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I General Introduction

The Anthropocene is characterised by the ever-increasing human impact on our planet [START_REF] Crutzen | Geology of mankind[END_REF][START_REF] Crutzen | The" Anthropocene[END_REF][START_REF] Waters | The Anthropocene is functionally and stratigraphically distinct from the Holocene[END_REF]. With swelling population size along with a fast surge in the per capita consumption termed as the human footprint on earth [START_REF] Venter | Sixteen years of change in the global terrestrial human footprint and implications for biodiversity conservation[END_REF], the total pressure exerted by humans for resources has increased exponentially. This growth in the demand for natural resources has led to over-harvesting of the resources and increase in the use of fossil fuels. This has led to an exponential increase in the emission of greenhouse gases like carbon dioxide. This in turn has led to the increase in the rate at which the atmospheric temperature increases. The past century has witnessed a temperature rise of 0.85°C along with acidification of the ocean by 26 % and a rise in the sea levels by 0.2 metres. Studies examining temperature trends due to human-induced reasons predict a temperature increase by 1.3°C by the end of the century even though we control the greenhouse gas emission by 2025, while if we do not control the rate at which we emit greenhouse gases, a double temperature rise is expected [START_REF] Friedlingstein | Contributions of past and present human generations to committed warming caused by carbon dioxide[END_REF]. Recent reports by IPCC (Fig. 1) forecast an even higher temperature rise of 4.4°C until the end of the century (Masson-Delmotte et al., 2021). The rising concern about these changes in the climatic patterns along with the temperature rise come from the studies which emphasise that the current climate crisis may be irreversible for at least the next 1000 years. This human-induced crisis has taken an extreme toll on the functioning of the natural ecosystem, both on a local and a global scale. The rate of extinction has elevated to such a point that it has now been termed the sixth mass extinction period in the history of our planet [START_REF] Barnosky | Has the Earth's sixth mass extinction already arrived?[END_REF]. Therefore the choice left before contemporary organisms is to either adapt to the present conditions, move to an optimal habitat, or die. The selection pressures faced by organisms have also been altered by human activity. [START_REF] Otto | Adaptation, speciation and extinction in the Anthropocene[END_REF] provides a comprehensive account of the altered selection pressures in the contemporary ecosystem functioning. The author mentions artificial selection pressures like selection for survival in man-made landscapes, avoiding hunting and harvesting by humans, and survival in natural communities which have been altered due to human activities. Another important factor is the changes in the patterns of the natural movement of organisms from one patch to the other due to changes in connectivity, fragmentation, and the quality of the patches due to human activities. Theoretical work predicts a reduction in the movement between fragmented hospitable habitats [START_REF] Liberman | The reduction principle for genetic modifiers of the migration rate[END_REF]. But this reduction in movement poses a threat when new hospitable habitats or habitats which underwent extinctions have to be recolonized. Along with global changes in the temperature profiles of the earth, local areas of extreme heat and fluctuating temperatures have also originated due to urbanization and industrialization. These are called "Urban heat islands" [START_REF] Kim | Urban heat island[END_REF]. The temperatures in the urban heat islands are expected to be higher due to higher absorption of heat by the presence of surfaces like roads, bare soil, and buildings, an absence of trees and land cover along with heat emissions by the automobiles and industrial installations (Fig. 2A). An interesting real-life example is presented in Fig. 2B in which the temperatures across the city of Paris are measured. As we approach the center of the city, we climb up the temperature gradient. This represents a classic urban heat island. This temperature stress may exert selection pressure on the organisms which dwell in these urban islands. Indeed [START_REF] Mclean | If you can't stand the heat, stay out of the city: thermal reaction norms of chitinolytic fungi in an urban heat island[END_REF] demonstrated a shift in the temperature optimum for the fungus Trichoderma koningii which is found both in the urban and surrounding rural areas. Urban adapted fungi grew better at higher temperatures than rural isolates while rural isolates grew better than urban isolates at lower temperatures. This represents a temperature-induced selection pressure exerted on the organisms present and striving to thrive in the urban heat island environments. 

Effects of temperature cascades across the ecological trophic levels

On a smaller scale, according to the metabolic theory of ecology (Brown et al., 2004b), temperature directly affects the metabolic rates of organisms. Within an acceptable range of temperatures specific to a considered organism, metabolism is known to scale exponentially with an increase in temperature which is explained by the Van't Hoff-Arrhenius relation. In turn, an organism's life history traits like growth rate and developmental time show a similar temperature dependence as the metabolic rate (Gillooly et al., 2002(Gillooly et al., , 2001)). This further affects population dynamics, trophic interactions, and many other fitness-relevant properties as the basal individual metabolism gets altered with a change in temperature (Brown et al., 2004a;Uszko et al., 2017). These changes in the overall niche of the organism, which is defined as a set of components an organism require from its environment along with the impact the organism exerts on its environment, lead to cascading effects over all the trophic levels [START_REF] Clarke | Costs and consequences of evolutionary temperature adaptation[END_REF].

Historical background for the interest in studying temperature effects on organisms

The multi-trophic nature of the effects of changes in temperature has made temperature adaptation an extremely fundamental topic in biology. Interest in studying how organisms react to a change in temperature away from their preferred temperature dates back to the year 1887 when Dallinger attempted and succeeded in eventually growing infusoria (preferred temperature 18°C) at 70°C, a temperature well over that at which infusoria die.

Thereafter, temperature adaptation has been studied from modelling, experimental, comparative, and genetic approaches [START_REF] Huey | Evolution of thermal sensitivity of ectotherm performance[END_REF]. Modelling approaches described in Huey and Kingsolver (1993) using the [START_REF] Lynch | Evolution and extinction in response to environ mental change[END_REF] model, explain how shapes of the performance curve may change when the environmental temperature change progressively. Experimental approaches with bacterial studies include those of Bennett et al. (1992) and the subsequent experiments with bacterial populations maintained by Lenski et al. along with Drosophila [START_REF] Bochdanovits | Experimental evolution in Drosophila melanogaster: Interaction of temperature and food quality selection regimes[END_REF]Gilchrist et al., 1997) and Daphnia [START_REF] Cavalheri | Rapid evolution of thermal plasticity in mountain lake Daphnia populations[END_REF]Tseng et al., 2019) experiments represent a small subset of the variety of model systems and questions like trade-offs, biotic interaction, etc addressed by these studies.

Ciliates are used as model organisms for studying temperature niche evolution and range expansions: general material and methods Microbial and protist microcosms provide us with an opportunity to examine extremely complex ecological and evolutionary concepts, with precision to dissect the underlying phenomena with ease [START_REF] Benton | Microcosm experiments can inform global ecological problems[END_REF][START_REF] Beyers | Ecological microcosms[END_REF][START_REF] Cadotte | Constructing nature: laboratory models as necessary tools for investigating complex ecological communities[END_REF][START_REF] Jessup | Big questions, small worlds: microbial model systems in ecology[END_REF][START_REF] Srivastava | Are natural microcosms useful model systems for ecology?[END_REF]. With the advantage of shorter generation times than invertebrates and other large model organisms like mouse models [START_REF] Bult | The Mouse Genome Database (MGD): mouse biology and model systems[END_REF] along with technological advances to study individual and population levels traits like body size and speeds of movement (Altermatt et al., 2015;Pennekamp et al., 2015), protist model systems provide us with a great option to study ecology and evolution than most model systems available. The protist populations, being a bacterivore, are easy to handle and maintain as they can be grown on bacterized salad/ hay medium prepared out of autoclaved salad/ hay inoculated with bacteria. This makes them a preferred choice for a large set of ecological and evolutionary experiments.

For my thesis, I performed a set of experiments that investigated how temperature niches of organisms evolve when the organisms are selected at various temperatures which have been addressed through a temperature niche meta-analysis and a temperature selection experiment, and a separate range expansion experiment to disentangle eco-evolutionary dynamics of range expansion across a temperature gradient. In the experimental part of my thesis, I used ciliates like Tetrahymena thermophila, Paramecium caudatum, Euglena gracilis, and Blepharisma sp. for my experiments along with Serratia fonticola as the bacterial food for the protists.

Tetrahymena thermophila is a small (50 µm) freshwater ciliate and a bacterivore which is regularly used as a model organism in evolutionary and ecological microcosm experiments (Altermatt et al., 2015;Collins, 2012;de Melo et al., 2020;Moerman et al., 2020a). It has a very short life cycle of approximately 4 hours which makes it ideal for evolutionary experiments [START_REF] Lynn | Chapter 2 -The Life and Times of Tetrahymena[END_REF] along with an active and free swimming behavior. In presence of ample food, Tetrahymena thermophila reproduces asexually. I used Tetrahymena thermophila for the temperature selection experiment along with the range expansion experiment. The temperature selection experiment also consisted of three more model organisms namely, Paramecium caudatum, Euglena gracilis, and Blepharisma sp. Paramecium caudatum is a large bacterivore ciliate (330 µm) which is widely used in range expansion experiments (Nørgaard et al., 2021) and evolution experiments (Duncan et al., 2011). Euglena gracilis is a small mixotroph (20-100 µm) that has the ability for photosynthesis and phagocytosis. Blepharisma sp is a large ciliate (200 µm) which is capable to prey on bacteria, small ciliates (Giese, 1938;Tan et al., 2021), and conspecifics (Giese, 1938;[START_REF] Polis | The Evolution and Dynamics of Intraspecific Predation[END_REF].

Trade-offs as a part and parcel of life

An important and interesting phenomenon faced by researchers in ecology and evolutionary biology is the presence or absence of trade-offs and the nature of the trade-offs in the concerned study systems. Trade-offs with a cost of adaptation are defined as scenarios where concerned populations gain fitness in one environment but face maladaptation when their fitness is assessed in alternative environments [START_REF] Bono | The emergence of performance trade-offs during local adaptation: insights from experimental evolution[END_REF]. Now the presence or absence of an apparent trade-off depends on a few factors. Firstly, it depends on the stability of the environmental conditions. Selection in homogeneous environments is more likely to give rise to trade-offs than heterogeneous environments as the selection is blind towards the alternative environmental conditions not faced by the organisms [START_REF] Bono | The emergence of performance trade-offs during local adaptation: insights from experimental evolution[END_REF]. Another important factor affecting the trade-offs is the population sizes of organisms under selection. [START_REF] Chavhan | Larger bacterial populations evolve heavier fitness trade-offs and undergo greater ecological specialization[END_REF] demonstrated in bacterial populations that large population sizes exhibited a greater ecological specialization with a larger associated trade-off in alternative environments than smaller population sizes. As against this, in a fluctuating heterogeneous environment, large populations evaded the trade-offs completely and exhibited better fitness than small populations in all the available component environments [START_REF] Chavhan | Interplay of population size and environmental fluctuations: A new explanation for fitness cost rarity in asexuals[END_REF]. Even though trade-offs are supposed to be ubiquitous and are an essential assumption of various modelling approaches [START_REF] Fry | The Evolution of Host Specialization: Are Trade-Offs Overrated?[END_REF]Futuyma and Moreno, 1988;[START_REF] Levins | Evolution in Changing Environments: Some Theoretical Explorations[END_REF] due to the expectation of the presence of antagonistic pleiotropy in constant homogeneous environments, detecting trade-offs has been extremely challenging. [START_REF] Coustau | Resistance to xenobiotics and parasites: can we count the cost?[END_REF], [START_REF] Friman | Effects of predation on real-time host-parasite coevolutionary dynamics[END_REF], [START_REF] Rausher | Tradeoffs in Performance on Different Hosts: Evidence from Within-and Between-Site Variation in the Beetle Deloyala guttata[END_REF], [START_REF] Vasilakis | Mosquitoes put the brake on arbovirus evolution: experimental evolution reveals slower mutation accumulation in mosquito than vertebrate cells[END_REF], [START_REF] Vila-Aiub | Fitness costs associated with evolved herbicide resistance alleles in plants[END_REF] represent a set of evolution studies that essentially failed to find any presence of trade-offs in their study systems. Few reasons may be responsible for such a finding. There may be a complete absence of trade-offs altogether [START_REF] Coustau | Resistance to xenobiotics and parasites: can we count the cost?[END_REF] as can be explained by [START_REF] Sane | Antagonistic pleiotropy for carbon use is rare in new mutations[END_REF] where the author emphasizes the result that antagonistic pleiotropy may in itself be rare among newly arising mutations. Another reason for not being able to detect trade-offs may be the presence of a threshold of the number of generations over which trade-offs may become statistically detectable.

The discussion of the presence or absence of trade-offs becomes extremely interesting in two of the following chapters, specifically in my meta-analysis of temperature niche evolution (Chapter 1) and in my chapter on experimental TPC evolution (Chapter 2). In chapter 1, for example, I report a positive signal for evolution i.e. adaptation to higher temperatures at the cost of maladaptation to lower temperatures. This presence of an important trade-off in temperature adaptation in terms of the ongoing climate change and global increase in temperature is of utmost importance for predicting the future patterns of adaptation of organisms facing changes in their optimum temperature. In the temperature selection experiment, I attempt to testify to these patterns of temperature trade-offs obtained from the temperature niche meta-analysis.

Concept of the niche

The niche of an organism is defined as the role an organism plays in a given environment which comprises the environmental conditions it requires to thrive as well as the impact the organism has on its environment (Chase and Leibold, 2003). As defined by GE Hutchinson, the niche can also be considered as a multi-dimensional hypervolume where each dimension is a representation of a resource or a condition that the organism requires to thrive. The temperature an organism prefers can be both termed as a resource as well as a condition.

Temperature being one of the essential environmental factors, governing the distribution of organisms, is a well-known fact. But [START_REF] Magnuson | Temperature as an Ecological Resource[END_REF] discuss how organisms compete for the habitats with the correct temperature within their preferred niche to maximize their fitness. This is similar to organisms competing for resources like food and water. This conceptually makes temperature a resource. Such a temperature resource is also an essential requirement in ectotherms who require to gain heat to metabolize efficiently.

The niche of an organism can be used to quantify the fitness response of an organism for a particular environmental requirement of that organism. Accordingly, Gvoždík (2018) defines a thermal niche as the range of body temperatures of ectothermic organisms in which the population shows positive growth. The typical shape of the temperature niche (Fig. 4) is described as a steady increase in fitness as the temperature increases, till it reaches an optimum (R max ) at the optimal temperature (T opt ) beyond which the fitness value decreases rapidly and reaches zero at the critical thermal limit (T crit ) (Huey and Kingsolver, 1993). This left skewed response could be explained by the underlying enzyme thermodynamics. The increase in temperature increases the amount of kinetic energy in the system for an active state enzyme increasing the rate of the reaction (Eyring, 1935). But the probability that the enzyme is in an active state depends on the reversible or irreversible inactivation of the enzyme which in turn depends on the temperature experienced by the system [START_REF] Privalov | Stability of Proteins Small Globular Proteins[END_REF]Ratkowsky et al., 2005;Schoolfield et al., 1981). At higher temperatures beyond the optimal, irreversible inactivation of the enzyme causes rapid loss of the enzyme giving us the characteristic left skewed response. The temperature niche of the organism can be mapped by assaying the growth of the concerned organism at a set of temperatures spread across the expected temperature range that may be experienced by the organism. The response of the organism to the respective temperatures in the assay could be measured using fitness measures like intrinsic growth rate, fecundity, or any other fitness measure. It has been a common practice to measure the response of a given species across the control and another temperature as appropriate for the experiment in question, which gives us a measure of the fitness of an organism only at two temperature points. Few papers measure fitness across more than two temperatures, for example, Tseng et al. (2019) measure fitness across four temperatures, while we largely lack papers that measure fitness across multiple temperatures with high resolution. This motivates us to perform the temperature selection experiment (Chapter 2) where we assay the fitness of all the organisms at ten temperatures ranging from 5 to 40 °C.

Thermal performance curve models

To understand the characteristics of a temperature niche we obtain from an experiment, we need to fit an appropriate model over the obtained raw data which helps us to address the question under consideration. A lot of modelling studies like [START_REF] Panzacchi | Searching for the fundamental niche using individual-based habitat selection modelling across populations[END_REF] utilize as a simplification, an assumption that niches are symmetric, and gaussian in nature. In reality, the temperature niche is known to be asymmetric due to the rapid denaturation of enzymes and proteins beyond a temperature optimal translating into a rapid loss in fitness. Grimaud et al. (2017) describe a large set of models which may be employed according to the availability of the data and questions to be answered. Empirical models were developed especially for the food processing industry and medical applications (Grimaud et al., 2017), including the Square-Root model [START_REF] Ratkowsky | Model for bacterial culture growth rate throughout the entire biokinetic temperature range[END_REF], the CTMI model [START_REF] Lobry | A FORTRAN subroutine for the determination of parameter confidence limits in non-linear Models[END_REF], the Blanchard model [START_REF] Blanchard | Quantifying the short-term temperature effect on light-saturated photosynthesis of intertidal microphytobenthos[END_REF] and the Eppley-Norberg model [START_REF] Norberg | Biodiversity and ecosystem functioning: A complex adaptive systems approach[END_REF]. Semiempirical models like the Arrhenius equation (Arrhenius, 1889) had an origin in chemistry in understanding the effect of changes in temperatures on chemical reactions. It was further put to use in biology by [START_REF] Snyder | THE INFLUENCE OF TEMPERATURE UPON THE RATE OF HEART BEAT IN THE LIGHT OF THE LAW FOR CHEMICAL REACTION VELOCITY.-II[END_REF]. Having origins in thermodynamic theory, it has been widely employed to understand the effects of temperature on a variety of biological effects. But this model fails to explain especially the effects of biologically high temperatures where the growth of organisms is negatively affected [START_REF] Slator | II.-The rate of growth of bacteria[END_REF].

Another set of models is the mechanistic model which explains the effects of temperature on the growth of organisms based on the intrinsic physiological processes. These include the master reaction model, the Hinshelwood model, and the DEB theory model. Being based on the Arrhenius theory and the Eyring Equation, these models allow for the extraction and interpretation of the thermodynamic factors of the reaction norms (Grimaud et al., 2017). An important alternative set of models consider the effect of temperature on proteins which play an important role in the functioning of the organisms. These models have protein stability and its consequences on the biology of an organism as the central principle. These include the modified master reaction model, the Proteome model and heat capacity-based models.

The above-considered models have a suite of disadvantages which include the absence of a mortality parameter, problems with fitting the model over the T opt , and a huge amount of parameters for some equations.

The Sharpe-Schoolfield equation (Schoolfield et al., 1981) provides us with an advantageous situation where it allows for the modelling of the quasilinear reaction norm at intermediate temperatures and the non-linear reaction norms at low and higher temperatures (Wagner et al., 1984). The parameters used in this modelling approach also have thermodynamic understanding. We have used this equation for our analysis in this thesis.

Temperature affects the distribution of a species

In the previous section, we discussed the existence and importance of a temperature niche in the survival and persistence of any organism. With this background, it becomes extremely important for us to understand how the temperature niches are translated into the spatial ranges of an organism. With ongoing climate change, it is a well-established concept that the ranges of organisms are changing in relation to their ancestral ranges. A well-known and established pattern is represented by the northward shift of a wide variety of species (Osland et al., 2021) ranging from marine (Gregory et al., 2009;Kanamori et al., 2019) to terrestrial organisms (Kwon et al., 2014). [START_REF] Tewksbury | Putting the Heat on Tropical Animals[END_REF] discuss how tropical organisms may be at a higher risk of extinction due to climate change. Tropical organisms are extremely specialized in the environment where they thrive i.e. they have a very narrow niche with respect to generalist organisms [START_REF] Addo-Bediako | Thermal tolerance, climatic variability and latitude[END_REF][START_REF] Ghalambor | Are mountain passes higher in the tropics? Janzen's hypothesis revisited[END_REF][START_REF] Hoffmann | Low potential for climatic stress adaptation in a rainforest Drosophila species[END_REF]. This specialization makes them extremely vulnerable to temperature changes due to climate change. To evade extinction, the few options left before such vulnerable organisms are to adapt to the changing temperatures, shift their ranges tracking the optimal temperatures for their growth, or both simultaneously. It has been observed that there is a lag between the shifts in the climatic conditions and the expected subsequent shifts of the organisms to keep track of the optimal growth conditions. This has been observed in a lot of organisms including plants [START_REF] Corlett | Will plant movements keep up with climate change?[END_REF]. There have been changes in the life history traits of organisms to accommodate the shifts in the climates both via the changes in the life cycle or behaviors like migration [START_REF] Hanski | Dispersal-related life-history trade-offs in a butterfly metapopulation[END_REF]. Along with these changes, organisms may face differences in the speeds at which they expand or shift their respective ranges. This unequal shift in the ranges causes a destabilization of the natural ecological interactions between organisms leading either to the extinction of range expanding organisms, slowing down the range shift, or becoming extremely invasive [START_REF] Kremer | Long-distance gene flow and adaptation of forest trees to rapid climate change[END_REF].

Adapt, disperse or die

Organisms adapt or move to a new location with optimal growth conditions to maintain their populations and thrive. Ronce (2007) defines such a movement of individuals with a potential for the flow of genetic material across space as dispersal. Dispersal is an extremely fundamental process that helps maintain metapopulations even though the local populations face extinction. Local populations get rescued via a flow of individuals [START_REF] Brown | Turnover Rates in Insular Biogeography: Effect of Immigration on Extinction[END_REF] and through the evasion of the effects of drift faced by small population sizes [START_REF] Tallmon | The alluring simplicity and complex reality of genetic rescue[END_REF]. Now dispersal is known to be a heritable trait (Saastamoinen, 2008). Consequently, we expect dispersal to be an evolvable trait (Bowler and Benton, 2005;Ronce, 2007) which can be shown clearly from the cane toad example (Alford et al., 2009;Brown et al., 2013). Shine et al. (2011) discuss that dispersal rate can also evolve by the process of spatial sorting where highly dispersive phenotypes get selected due to the mere advantage of reaching the unoccupied space before other phenotypes. Kubisch et al. (2013) talk about the modelling approach which shows that when dispersing populations are not allowed to evolve, they follow the optimal environment or go extinct. When allowed to evolve, populations eventually occupy the entire available space or go extinct. It is now a well-known fact that evolutionary processes can take place at a rapid pace and at similar timescales as ecological processes like demographic changes [START_REF] Hairston | Rapid evolution and the convergence of ecological and evolutionary time[END_REF][START_REF] Hendry | Perspective: The Pace of Modern Life: Measuring Rates of Contemporary Microevolution[END_REF]. Microevolutionary changes in the proportions of traits under selection are known to affect the dynamics of a population [START_REF] Coulson | Estimating individual contributions to population growth: evolutionary fitness in ecological time[END_REF][START_REF] Pelletier | The evolutionary demography of ecological change: linking trait variation and population growth[END_REF] and in turn, the ecological factors like population dynamics, dispersal, habitat heterogeneity feedback influence the evolutionary processes [START_REF] Pelletier | Introduction: Eco-Evolutionary Dynamics[END_REF].

It is known that dispersal affects the amount of genetic variation present in a given spatial region via the influx of new individuals (Gomulkiewicz et al., 1999;Kawecki, 2008). As populations at the range fronts face continuous colonization bottlenecks, some alleles which may or may not be deleterious may get established at high frequencies in a process termed gene surfing (Edmonds et al., 2004;Klopfstein et al., 2006). The amount of genetic variation present at the range fronts may also depend on whether the range expanding population is a part of a pulled or a pushed wave of range expansion. A pulled wave of range expansion is where the range fronts are generally characterized by very few founding individuals which represent a limited set of phenotypes.

This constrained availability of genetic variation may lead to higher probabilities of events of gene surfing (Hallatschek and Nelson, 2008;Klopfstein et al., 2006;Marculis et al., 2017). Also, such populations may experience r-selection with release from competition at the range fronts (Phillips et al., 2010).

As against this, pushed wave dynamics is defined when the overall range expansion is driven by the populations dispersing from the range cores consequently maintaining a supply of genetic diversity at the range fronts and enabling efficient local adaptation.

As the population gets adapted to new environmental stress due sorting of phenotypes from denovo or standing genetic variation, the frequency of that adapted phenotype increases leading to a change in the population composition. As the amplitude of the environmental stress increases, the population composition keeps on changing depending on the availability of adapted phenotypes, which in turn affects the probability of survival and persistence of that population in the given environment. A temperature gradient provides us a very simple approach to studying a range expansion where populations face changing environments as they disperse allowing us to study the effects of local adaptation along their range. Dispersal across temperature gradients has been studied in insects as in [START_REF] Hagstrum | Temperature Gradient on Tribolium castaneum (Coleoptera: Tenebrionidae) Adult Dispersal in Stored Wheat[END_REF].

Thesis outline Chapter 1

To investigate the fundamental questions of whether there exists a persistent pattern of how temperature niches of organisms evolve, I performed a systematic literature search and a statistical meta-analysis with a focus on experimental evolution studies (Chapter 1). Figure 5 represents the workflow employed in this chapter. I screened 7561 publications and found studies corresponding to our search criteria representing taxa across the tree of life, from bacteria, to plants and vertebrates. I quantified the relative fitness response to temperature selection by calculating fitness differences between the thermal performance curve (TPC) assayed for the ancestral and the derived temperature selected populations. I then assessed whether the temperature selected populations show an overall response to the experimental selection. I also investigated whether and how the entire shape of the TPC evolved after the experimental selection procedure. I obtained an overall positive response to the temperature selection when populations were assayed at the same temperature as the selection temperature. When the entire TPC was considered, adaptation to a higher temperature exhibited a trade-off with fitness at lower temperature which reflected shifts in the entire niche before and after selection. I also investigated whether the often discussed "Hotter is better" hypothesis applies generally when organisms adapt to high temperatures. I did not obtain statistical support for this hypothesis.

Figure 5: Flow chart for the methodology followed for the temperature niche meta-analysis.

Chapter 2

I also performed a temperature selection experiment. (Chapter 2). The aim of this experiment was two fold. This selection experiment provided us with an opportunity to test the outcomes I obtained from the temperature niche meta-analysis with precise known control over all the parts of the experiment along with a set of four ciliate species with higher resolution of the temperature niche. The second benefit of this experiment was that it provided us with a set of preadapted strains of Tetrahymena thermophila to temperatures ranging from 20 to 39 degrees which I used for my work in chapter 3. In the temperature selection experiment I selected four species of ciliates and one bacterium species for six selection temperatures ranging from 20 to 39 degrees. With 3 replicates for each species, I had a total of 18 selection lines. I started all 18 selection lines at 20°C. At every six weeks, all selection lines were established into a new higher temperature maintaining their ancestors in the previous lower temperature (Fig. 6). A bottlenecking ratio of 1/10 was maintained during the experiment.

Assays to measure the temperature niche has been carried out for the founding ancestral populations and subsequently every three months providing us information about the changes in the temperature niche of the study organisms. Assays were carried out at 5, 10, 15, 20, 25, 30, 33, 36, 39, and 40°C. A high temperature inactivation version of the Sharpe -Schoolfield equation (Schoolfield et al., 1981) was fitted on the intrinsic growth rate values plotted against assay temperatures. This helped us obtain the values of the T opt (temperature at maximum intrinsic growth rate) and the shape of the niche. All the analysis was performed using Bayesian modelling in order to be able to propagate the error through the entire analysis. I did not obtain a strong sign of selection for an increase in the temperature for all the species used in the experiment. Few exceptions include the presence of few replicates of Tetrahymena which could maintain its niche shape when selected at 39°C similar to that of the shape when selected at 20°C. Figure 6: Ratchet method followed for the temperature selection experiment. Populations were established into new higher temperatures every 6 weeks while maintaining the immediate ancestor of each population in their respective temperatures.

Chapter 3

With the temperature selected populations available from the temperature selection experiment I performed a range expansion experiment to disentangle eco-evolutionary dynamics of range expansion across a temperature gradient (Chapter 3). Figure 7 represents the methodology of the experiment performed in this chapter. This included the dispersal of Tetrahymena thermophila across an interconnected linear uniform temperature landscape. This provided us with control to which I compared further experimental treatments. I also introduced a temperature gradient from 20 to 42.5°C into the linear landscape across which I intended to study the dispersal and range dynamics of Tetrahymena. This was an eco-evolutionary experiment where I intended to disentangle the ecological and evolutionary processes acting during the dispersal of Tetrahymena populations across the landscapes. I planned to study traits like dispersal rate, and the change in temperature niche, in a combination of range expansion experiments that either allow evolution to occur along with ecological processes or do not. The evolution of Tetrahymena in the range expansion experiment for dispersal or increasing temperature was controlled in half of the landscapes by regularly mixing the dispersing organisms and then reinoculating them into the landscape with the same densities before they were removed (Petegem et al., 2018). This helped at eliminating any sorting of phenotypes controlling evolutionary processes. I observed that in the presence of a temperature gradient, populations facing the ecological and evolutionary treatments expand their ranges in a similar pattern although faster than ecological and evolutionary treatments facing no temperature gradient, where surprisingly ecological treatments expanded their ranges faster than evolutionary treatments. At the end of the experiment, ecological treatments had higher population densities in the cores and subsequent patches in comparison to evolutionary treatments irrespective of the temperature gradient. Evolutionary treatments evolved higher movement speeds for range fronts and lower movement speeds for cores compared to the ancestral populations. I did not obtain a differentiation in the temperature niches of the populations from the core and the fronts of the evolutionary treatments. Overall I show that the effect of temperature overwhelmed differences between ecological and evolutionary treatments. I also highlight that evolutionary processes do not always need to increase the speed of range expansions. 

Introduction

Human-induced global increases in temperature have been responsible for, and projected to cause, largescale global extinctions of species (Sinervo et al., 2010), range shifts (Parmesan, 2006;Root et al., 2003), and changes in the composition and dynamics of biological communities (Walther et al., 2002). This situation is likely to get worse in the near future, since, according to the 2021 IPCC report, global temperatures may increase by 4.4 • C until the end of the century (Masson-Delmotte et al., 2021). In order to understand the impacts of such temperature increases on ecological systems and generate appropriate model predictions, both ecological and evolutionary consequences of increased temperatures need to be comprehensively understood. At a small scale, according to metabolic theory of ecology (MTE; Brown et al., 2004b), temperature directly affects the metabolic rates of organisms. Within a restricted range of temperatures specific to a focal organism, metabolism is thought to scale exponentially with increasing temperature. As a consequence, fitness-relevant components of an organism's life-history, especially rates like fecundity, but also developmental time, to name but two examples, may show similar temperature dependence (Gillooly et al., 2001(Gillooly et al., , 2002)). These temperature effects may then cascade across levels of complexity, from individuals to populations and communities, and affect population dynamics, trophic interactions and many other ecological patterns (e.g., Brown et al., 2004a;Uszko et al., 2017). Such changes in individual performance or fitness as a function of temperature are often referred to as thermal performance curves (TPC) or thermal niches. In general, the niche of an organism, defined as a set of components an organism requires from its environment along with the impact the organism exerts on its environment (Chase & Leibold, 2003), can be used to quantify the fitness response of an organism for a particular environmental requirement. Accordingly, Gvoždík (2018) defines the TPC as the range of body temperatures of ectothermic organisms in which there is positive population growth.

The typical shape of the TPC is unimodal, with a gradual increase in fitness as the temperature increases until an optimum is reached beyond which fitness decreases rapidly and reaches the critical thermal limit beyond which growth is not possible (Huey & Kingsolver, 1993). This negatively skewed response can be explained by the underlying enzyme thermodynamics (Eyring, 1935;Schoolfield et al., 1981;Ratkowsky et al., 2005;[START_REF] Delong | The combined effects of reactant kinetics and enzyme stability explain the temperature dependence of metabolic rates[END_REF].

While TPCs define how organisms react plastically to temperature, one can imagine that changes in temperature may impact TPCs evolutionarily if TPCs are heritable and enough variation is present for selection to act upon. Indeed, heritability and variation seem to be present as suggested by past research on the evolution of thermal physiology (for an overview see e.g. Angilletta et al., 2010). Based on this existing body of work, evolution in response to increased temperature has been predicted to lead to a phenomenon termed "Hotter is Better" (Angilletta et al., 2010) which posits that the maximal thermal performance of a genotype increases with temperature (Fig. 1A). Alternatively, a "Hotter is Wider" pattern has been described (Knies et al., 2009) which implies that genotypes with higher thermal optima may have wider TPCs (Fig. 1D). In general, the evolution of TPCs may exhibit constraints and trade-offs: as reviewed by Huey & Kingsolver (1993), thermal optima and thermal maxima seem linked but not thermal minima, for example. Trade-offs may constrain the relationship between height (maximal fitness) and width (e.g., generalist-specialist trade-off; Fig. 1C), but [START_REF] Sexton | Evolution of ecological niche breadth[END_REF] argue against the universality of trade-offs and suggest that adaptation can affect TPC width significantly, for example. Most recently, [START_REF] Buckley | Evolution of thermal sensitivity in changing and variable climates[END_REF] review the evolution of TPCs across a variety of taxa focusing on the importance of realistic environmental variation. The authors highlight that despite clear suggestions of evolutionary potential from experimental studies the evolution of thermal sensitivity seems often constrained which calls for further investigation.

Importantly, a comprehensive understanding of TPCs and their evolution is required for predicting biogeographic responses of species to climate change [START_REF] Pearman | Niche dynamics in space and time[END_REF][START_REF] Banta | Climate envelope modelling reveals intraspecific relationships among flowering phenology, niche breadth and potential range size in Arabidopsis thaliana[END_REF]Urban et al., 2016;[START_REF] Sinclair | Can we predict ectotherm responses to climate change usingthermal performance curves and body temperatures?[END_REF]. Furthermore, range dynamics and biodiversity maintenance is defined by evolution of TPCs which can significantly interact with other important life-history traits, such as dispersal [START_REF] Hillaert | The evolution of thermal performance can constrain dispersal during range shifting[END_REF]Thompson & Fronhofer, 2019). In the context of diseases, the evolution of TPCs of disease vectors critically affects disease prevalence and transmission [START_REF] Corbin | Heritable symbionts in a world of varying temperature[END_REF][START_REF] Cohen | Divergent impacts of warming weather on wildlife disease risk across climates[END_REF][START_REF] Couper | How will mosquitoes adapt to climate warming?[END_REF][START_REF] Hector | Thermal limits in the face of infectious disease: How important are pathogens?[END_REF].

Despite the importance of TPCs and their evolution, past synthesis work (e.g. Huey & Kingsolver, 1993;Angilletta et al., 2010;[START_REF] Buckley | Evolution of thermal sensitivity in changing and variable climates[END_REF] has remained narrative which prevents us from having a clear and especially quantitative understanding of thermal adaptation and trade-off between high and low temperature performance or other constraints. Therefore, we here carried out a systematic review and meta-analysis of TPC evolution, focusing on ectotherms (see [START_REF] Levesque | Do endotherms have thermal performance curves?[END_REF], for a discussion of TPCs analogs in endotherms).

In order to directly quantify relative fitness responses to temperature selection, we require TPCs measured before and after selection which is difficult to do in the field if one does not want to rely on space-for-time substitutions (transplant and common garden experiments). One possible solution are seed banks or resting stages as used by [START_REF] Thomann | Contemporary evolution of plant reproductive strategies under global change is revealed by stored seeds[END_REF], but we are unaware of any such study quantifying TPCs. Therefore, we focus on experimental studies that report TPCs before and after a selection or experimental evolution experiment. We quantify the relative change in fitness between ancestors and derived populations and ask whether there is a consistent evolutionary response to thermal selection across taxa, investigate potential trade-offs and analyse whether aspects such as recombination, the presence of standing genetic variation or number of generations explain evolutionary responses.

We hypothesise that adaptive evolutionary responses to temperature selection should include fitness increases, especially at the selection temperature (Fig. 1). These increases may trade off with fitness at other temperatures, although the opposite has bees suggested ("Hotter is wider" hypothesis). Finally, we will also investigate the "Hotter is better" hypothesis as described above in order to evaluate potential evolutionary constraints or the lack thereof. While our focus on experimental studies restricts the scope of our study somewhat, it allows us to quantify evolutionary changes readily. In addition to this quantitative analysis, we separately discuss work focusing on fluctuating temperature selection, on the interaction between temperature selection and biotic interactions and on thermal evolution in viruses. 

Materials and Methods

Systematic literature search

We carried out a systematic literature search using the Web of Science database. We defined a search algorithm that allowed us to find experimental studies that performed selection on TPCs up to and including literature published in 2021 (see Supplementary Material S1 for the search algorithm; the last update to the search was conducted in April 2022 but excluded entries from 2022). We screened the outcome of this search and selected papers that had quantified a TPC of an ancestor (population from the start of the experiment) or a control (population kept at the ancestral temperature), subsequently performed a selection experiment or experimental evolution [START_REF] Kawecki | Experimental evolution[END_REF] and finally quantified a TPC after evolution. This allowed us to directly compare TPCs before and after evolution.

Studies included in this meta-analysis therefore had to expose populations of a study organism to a thermal condition for more than one generation. The selected papers had to contain at least one direct estimate of reproductive output like fecundity, population growth rate, fitness or another positive fitness correlate justified by the authors (see Table S1 for an overview of fitness measures used). In addition, this fitness measure had to be recorded such that it excluded purely plastic effects (e.g., via a common garden, or similar, except for studies that selected at the control temperature, i.e., did not change the environment). Papers that only contained survival could not be used because TPC shapes for birth-(usually, concave) and death-related traits (often, convex or monotonically increasing) cannot be easily compared. For simplicity, we did not consider fluctuating temperatures, biotic interactions and viruses in our meta-analysis but report qualitative results. All criteria used for rejecting papers are listed in the Supplementary Material S2 and a flow chart representation of the selection process can be found in Fig. 2. 

Data extraction

After search, screening and selection we extracted relevant data from the remaining papers, including selection temperatures, assay temperatures and fitness measures. We also recorded the number of gen-erations an experiment lasted, the type of genetic variation used (standing genetic variation vs. de novo variation based on mutations), mode of reproduction (asexual vs. sexual; recombination may allow populations to reshuffle variation and adapt more quickly; Otto & Lenormand 2002;Moerman et al. 2020), whether selection was carried out at lower or higher temperatures than the ancestral/ control population and whether the reference was the ancestor or a control treatment. In addition, genus and species of the study organism was recorded, which was used to build a phylogenetic tree with the 'taxize' package version 0.9.99 [START_REF] Chamberlain | taxize -taxonomic search and retrieval in R. F[END_REF] in R version 4.1.2 (R Core Team, 2022) and the NCBI database as a reference.

We then extracted the fitness measure as a function of temperature either directly from the papers, their supplementary information, published data associated with the paper, author supplied data or from the graphs. For extracting data from graphs we used the web-based 'WebPlotDigitizer' tool version 4.2 [START_REF] Drevon | Intercoder Reliability and Validity of WebPlotDigitizer in Extracting Graphed Data[END_REF][START_REF] Rohatgi | Webplotdigitizer: Version 4[END_REF]. An overview of the different methods used for different papers can be found in the Supplementary Material Table S1. This allowed us to broadly classify papers in three categories: First, studies that had selected organisms at a certain temperature and assayed fitness before and after only at this one temperature. Second, studies that include two assay temperatures yielding a classical 2-point linear reaction norm. Third, studies that had assayed ancestral/ control populations and evolved populations at more than two temperatures allowing us to study TPC shapes in more detail.

Relative fitness calculation

In order to determine whether and how individual TPCs had evolved, we calculated fitness of the derived line relative to the ancestor or control for all assayed temperatures T . Relative fitness was calculated following Chevin (2011). Specifically, for taxa with discrete, non-overlapping generations we calculated relative fitness as fs(T ) fa(T ) -1 where f s (T ) is fitness of the selected line at temperature T and f a (T ) is the fitness of the ancestor or control line at the same temperature (Eq. 2.5 in Chevin (2011)). For taxa with continuous growth, we calculated relative fitness as (f s (T ) -f a (T )) G where G is the generation time (Eq. Chevin (2011); multiplication with generation time allows us to compare studies using different time scales) and for taxa that reproduce by binary fission, we used the approximation fs(T ) fa(T ) -1 ln(2) (Eq. 3.2 in Chevin (2011)). An overview can be found in the Supplementary Material Table S1.

in

Relative fitness was calculated using reported means over replicates. In order to take into account the associated uncertainty, we calculated the corresponding standard error (δ) of relative fitness assuming uncorrelated errors which, for non-overlapping generation systems gives fs fa δ fs fs 2 + δ fa fa 2 . For systems with organisms reproducing by binary fission, the propagated error was calculated in analogy but multiplied with ln(2). For taxa with continuous growth where we did not use the binary fission ap-proximation, the propagated relative fitness error is δ 2 fs + δ 2 fa G. If a paper reported standard deviation instead of error we calculated the standard error by dividing the standard deviation with the square-root of the sample size. If confidence intervals were reported we calculated the standard error by dividing the confidence interval with 1.96.

Statistical meta-analysis

The statistical meta-analysis was conducted in R version 4.1.2 using Bayesian linear mixed models that take into account measurement error (for details see Supplementary Material S3). By taking into account measurement error (calculated as described above) we effectively weighted the effect sizes (here relative fitness) by study precision (McElreath, 2020, chapter 15). The analyses were performed using the 'rstan' (version 2.21.3;Stan Development Team 2022) and 'rethinking' (version 2.21; McElreath 2020) R packages.

We excluded three of the 814 relative fitness measures extracted from a total of 47 selected papers.

Two of these three excluded data points were identified as outliers with relative fitness estimates > 20 (overall mean relative fitness: 0.13). The third excluded point had an error estimate of zero and could not be included in the statistical framework used. Of the remaining 811 relative fitness measures, 60 did not report any error measurements and were also excluded.

After these data cleaning steps, we checked whether our explanatory variables (type of genetic variation used in the experiment, Var; mode of reproduction, Rep; fitness comparison, Comp; and number of generations an experiment lasted, Gen) were correlated. While the categorical explanatory variables (Var, Rep and Comp) were all only weakly corrected with the number of generations an experiment lasted (Gen; r(Rep, Gen) = 0.23, r(V ar, Gen) = 0.30, r(Comp, Gen) = 0.34; biserial correlation using the R package 'ltm' version 1.2; Rizopoulos 2006), the categorical variables were very strongly correlated with each other: r(Rep, V ar) = 0.98, r(Rep, Comp) = 0.80 and r(V ar, Comp) = 0.92 (tetrachoric correlation using the R package 'psych' version 2.2.5; Revelle 2022). As a consequence, we performed all analyses using only the number of generations an experiment lasted (Gen) and the type of genetic variation used (standing genetic variation vs. de novo variation based on mutations; Var) as explanatory variables.

We conducted four main analyses (for details see Supplementary Material S3): First, we asked whether there was an overall direct response to selection by considering fitness assays measured at the same temperature as the selection regime (230 data points). A total of 29 of the 230 TPCs assayed only this condition, whereas the remaining TPCs also tested the evolved organism at different temperatures (two-point and multipoint analysis, see below).

Second, we considered TPCs (122 data points in 61 TPCs) where organisms were assayed at two temperatures before and after selection (Two-point analysis). Here and in the following we analysed relative fitness as a function of relative assay temperature in order to be able to compare between studies using different selection temperatures. Relative assay temperature is here defined as the difference between assay and selection temperature, positive values indicating an assay temperature above the selection temperature.

Third, we analysed the TPCs (600 data points in 159 TPCs) that contain fitness at three or more assay temperatures before and after selection (Multipoint analysis). This analysis mainly allows us to study effects of thermal selection on TPC shape and potentially find a signature of the "Hotter is wider" hypothesis.

Fourth, for the TPCs that assayed more than three temperature points in the final assay (27 TPCs), we tested the "Hotter is better" hypothesis by taking the maximal fitness value of the selected and control lines to calculate relative fitness. If the "Hotter is better" hypothesis is true, relative fitness should be positive when comparing the warm-evolved TPC to the cold-evolved TPC.

In all analyses, we analysed the effects of additional explanatory variables identified from the literature that may explain variation in fitness responses. These explanatory variables were: type of genetic variation used (standing genetic variation vs. de novo variation based on mutations) and the number of generations the experiment lasted, as the other extracted variables were correlated as reported above. Note that not all studies reported the number of generations (or doubling-time periods) an experiment lasted. Therefore, we performed all analyses twice: once with the full data set, not analysing the number of generations and once with a reduced data set including the analysis of the effect of the number of generations.

We compared and ranked all models using the Watanabe-Akaike information criterion (WAIC), a generalised version of the Akaike information criterion (McElreath, 2020). We consistently used a chain length of 30,000 iterations (1,000 warmup iterations) and vaguely informative priors (for details see Supplementary Material S3).

Random effects were 'species ID' (see Fig. 3 and Supplementary Material S1) and 'study ID' in order to take species effects, as well as within study replication, into account. For the two-point and multipoint analysis we also included 'TPC ID' in order to avoid pooling data from independent TPC measurements.

Note that apart the 'species ID' random effect we did not include the phylogeny explicitly in our analyses since [START_REF] Cinar | Phylogenetic multilevel meta-analysis: A simulation study on the importance of modelling the phylogeny[END_REF] show that this can be problematic when phylogenetic relationships are weak. Indeed, in our case (see Fig. 3) the phylogenetic relationships are weak with a mean correlation of our phylogenetic matrix of 0.28. We validated this conclusion by calculating the explained variance of a true phylogenetic random effect using the 'metafor' R package (version 3.4; Viechtbauer 2010) which, as expected, turned out to be null. Heterogeneity was analysed using posteriors of the variances in true effects (σ 2 ) which we can directly extract from our models for all levels, as well as I 2 [START_REF] Higgins | Quantifying heterogeneity in a meta-analysis[END_REF][START_REF] Nakagawa | Methodological issues and advances in biological meta-analysis[END_REF]. In the context of multilevel models with moderators as here, I 2 can be calculated for each random effect. It captures the relative amount of variance due to true effects versus sampling error once the fixed effects are taken into account. We calculated I 2 following Viechtbauer (2010) with full posteriors which easily allows us to calculate means and 95% compatibility intervals.

Finally, publication bias was assessed using funnel plots and corresponding mixed effects models (see e.g. O'Dea et al., 2021) which indicated no consistent bias (Figs. S1-S5). Detailed statistical methods, including information on priors can be found in the Supplementary Material S3.

Results

From a total of 7561 publications screened, we retained 47 papers which had assayed fitness before and after thermal selection (see Fig 2). Out of these 47, eight papers had assayed their experimental lines only at the selection temperature, 18 papers examined the evolutionary response at two assay temperatures following a classical, linear reaction norm approach, and 21 papers analysed evolutionary changes in TPC shape in more detail quantifying fitness at three or more temperatures.

Although experiments with established model systems like Escherichia coli or Drosophila sp. dominated the available literature, we found papers reporting results from species that span the tree of life, from bacteria to vertebrates (Fig. 3), with a total of 29 species (see Table S2). Note that the total taxonomic breadth was even larger and also included viruses, for example. Studies on viruses, studies including biotic interactions and well as fluctuating temperatures were not included in our meta-analysis, but are discussed qualitatively below.

Fitness response at the selection temperature

In order to evaluate whether there was an overall response to thermal selection, regardless of the taxon and other system-specific details, we analysed the fitness response of populations which were subject to a specific selection temperature at this very same temperature (data subset with 230 relative fitness estimates; 40 papers and 28 species). Estimating a global mean effect (intercept model), we found an overall positive response to selection across all 28 species included in this analysis (rel. fitness = 0.18 (0.06, 0.32); here and in the following we report medians and 95% compatibility intervals of the relevant posterior distributions).

After model selection, the best model included an effect of the type of genetic variation used in the experiments, that is, whether experiments included standing genetic variation at the beginning for selection to act upon or relied on de novo mutations (Table S8; Fig. 4A). Experiments that relied on de Quantitative information can be found in Table S2.

novo mutations yielded a stronger response to selection (rel. fitness = 0.32 (0.15, 0.52)) than experiments that started with standing genetic variation (rel. fitness = 0.05 (-0.1, 0.21)).

These differences were associated with study species as can be seen in Fig. 4B. Note that different studies within species did never differ in the type of genetic variation used in our data set.

Interestingly, the fitness response was independent of whether selection was for adaptation to increased or decreased temperatures since relative selection temperature was not retained during model selection (Table S8). The same was true for the number of generations an experiment lasted (Table S9).

For this overall analysis, total heterogeneity I 2 total = 99.11% (mean; 95% compatibility interval: 98.26, 99.58) indicating that most variation was due to between species or between study heterogeneity and not Here, the best model (Table S8) retains an effect of the type of genetic variation used in the experiments: relative fitness is higher for studies that relied on de novo mutations (red) than those that relied on selection from standing genetic variation (blue). (B) Visualisation of the 'species ID' random effect.

to sampling error. Taking a closer look, I 2 study = 36.35% (9.97%, 94.42%) was smaller than I 2 species = 62.68% (4.32%, 89.40%). Between species heterogeneity (variance: σ 2 species = 0.05 (0.003,0.14) versus σ 2 study = 0.03 (0.01, 0.08)) can also be seen visually in Fig. 4B.

Linear thermal reaction norms

Often, thermal selection experiments do not only assay fitness at the same temperature as selection was performed, but also add a different temperature to their assay in order to infer costs of adaptation and trade-offs, for example. Considering this subset of papers (122 data points in 61 TPCs from 18 papers and 15 species), we did not find any consistent response to selection (Fig. 5, Table S10), in contrast to the results reported in Fig. 4. None of the additional explanatory variables was retained in any of the analyses (Tables S10 andS11) and the estimated intercept overlapped with zero (rel. fitness = 0.08 (-0.04, 0.20)).

For this subset of data, heterogeneity behaved similarly to the analysis of the overall effect above.

I 2 total = 99.43% (98.08, 99.82) was very large with more heterogeneity due to species (I 2 species = 69.16% (0.31%, 98.79%); σ 2 species = 0.02 (0.00009,0.09)) than to study (I 2 study = 23.11% (0.05%, 97.23%);

σ 2 study = 0.007 (2e-05,6e-02)) or curve (I 2 curve = 2.32% (0.005%, 29.05%); σ 2 curve = 0.0008 (2e-06,9e-03)). Here, the best model (Table S10) is the null model and the prediction interval overlaps consistently with 0, indicating no effect of selection.

Evolution of the TPC shape

Studies that included more than two assay temperatures (600 data points in 159 TPCs from 21 papers and 13 species) showed a differed picture than their two-point counterparts (Fig. 6). The best fitting model retained a non-linear, cubic relationship between relative fitness and relative assay temperature (Table S12). While this specific shape should not be interpreted in any mechanistic sense, it allows us to show that while fitness is gained at and beyond the selection temperature (the 95% compatibility interval of the prediction does not overlap the zero line; see inset of Fig. 6; at a relative assay temperature of 0 and for studies that rely on de novo mutations, rel. fitness = 0.11 (0.01, 0.21)), fitness is on average lost below the selection temperature (Fig. 6) across all study species.

Our analysis retained an effect of the type of genetic variation used in the experiments (standing genetic variation vs. de novo mutations; Table S12 andS13) in analogy to the overall fitness response shown in Fig. 4. Relative fitness was generally higher in experiments relying on de novo mutations (Fig. 6), although this effect was quantitatively very weak and the compatibility interval of the estimate overlapped with zero (increase in rel. fitness in experiments relying on de novo mutations: 0.01 (-0.11, 0.16)).

In addition, we found an effect of the relative selection temperature, that is, whether selection happened at higher, lower or equal temperatures compared to the control treatment ('Sign' in Tables S12 andS13). While the fitness response did not change qualitatively depending on 'Sign' (see Fig. S6; the predictions are analogous; rel. fitness difference equal-higher: 0.07 (-0.06, 0.19), rel. fitness difference equal-lower: -0.03 (-0.16, 0.11), all compatibility intervals overlap zero) studies with different relative selection temperature seem to cover different relative assay temperatures (Fig. S6).

Here, heterogeneity behaved somewhat differently in comparison to the above analyses. While I 2 total = 99.59% (99.11, 99.84) remained very large, most heterogeneity was due to study (I 2 study = 90.72% (50.87%, 99.18%); σ 2 study = 0.01 (0.006,0.035)) and not to species (I 2 species = 5.41% (0.01%, 47.08%); σ 2 species = 0.00009 (2e-06,1e-02)) or curve (I 2 curve = 1.59% (0.004%, 10.49%); σ 2 curve = 0.0002 (7e-07,2e-03)). Note that while these values indicate relative changes (I 2 ), in absolute terms (σ 2 ) it is between species variation that is lost in this data subset.

Is hotter better?

Finally, for the TPCs that assayed more than three temperature points, we tested the "Hotter is better" hypothesis by taking the maximal fitness value of the selected and ancestor/ control lines to calculate relative fitness (27 data points from 11 papers and 13 species). If the "Hotter is better" hypothesis is true, relative fitness should be positive when comparing the warm-evolved TPC to the cold-evolved TPC.

As visible in Fig. 7, while there is a trend in the expected direction, given our dataset, we cannot confirm the "Hotter is better" hypothesis (rel. fitness = 0.08 (-0.05, 0.24)). Other explanatory variables were not retained after model selection (Tables S14 andS15).

For this subset of data, heterogeneity was roughly equally distributed between random effects. I 2 total = 91.31% (25.87, 99.81) remained very large while heterogeneity due to species (I 2 species = 44.03% (0.07%, 94.48%); σ 2 species = 0.006 (1e-05,1e-01)) and study (I 2 study = 32.74% (0.07%, 94.48%); σ 2 study = 0.004 (1e-05,7e-02)) were in the same order of magnitude.

Discussion

Our systematic literature review yielded a relatively small number of studies (47 in total) that have investigated the evolution of TPCs experimentally. While the studies covered a relatively wide range of organisms, from bacteria to plants and vertebrates (Fig. 3), a large proportion of selection experiments has been carried out on classical model organisms like E. coli and Drosophila sp. (see also Kellermann Relative assay temperature

Relative fitness

Figure 6: Evolution of the TPC shape (data subset of studies that included more than two assay temperatures: 600 data points in 159 TPCs from 21 papers and 13 species). The plot shows relative fitness as a function of relative assay temperature, that is, the difference between selection and assay temperature, for studies that assayed selected lines at three and more temperatures allowing us to infer changes in TPC shape. Each combination of points connected by a dashed line corresponds to one TPC and the error bars represent the associated standard error. Different colours correspond to different species as shown in Fig. 3. The solid lines visualize the median posterior model predictions and the shaded areas are the 95% compatibility interval. Here, the best model (Tables S12 andS13) is a cubic model model that includes an effect of the type of genetic variation used in the experiments (standing genetic variation vs. de novo mutations; represented in blue and red, respectively). The inset shows only the statistical model prediction for better visibility of the prediction intervals. Note that we also find an effect of relative selection temperature ('Sign') which we detail in Fig. S6. For simplicity, we here only show results for selection at a higher temperature compared to the control (panel C in Fig. S6). Generally, fitness tends to be gained at the selection temperature and slightly above and lost below the selection temperature and for very high temperatures.

& van Heerwaarden, 2019).

Clearly, when interpreting our results one must keep in mind that we here focus on experimental evolution studies and do not include field-based comparative studies that are much more abundant and have, for instance, very recently been discussed by [START_REF] Buckley | Evolution of thermal sensitivity in changing and variable climates[END_REF]. Of course, our focus on experimental studies allows us to quantify evolutionary changes more readily since we do not rely on a space-for-time substitution, for example.

Thermal selection leads to a consistent, positive response across taxa

Quantifying the changes in fitness due to thermal selection overall and specifically at the respective selection temperature applied in each study, we find that, across all taxa, there was a clear and positive response to selection (Fig. 4A). In addition to this global effect, we show that responses to thermal selection depended on the source of genetic variation used in the experiments, that is, whether variation was present at the beginning of the study (standing genetic variation), or whether the studies relied on de novo mutations for their evolutionary response (Fig. 4A). Somewhat counter-intuitively at first sight, studies that relied on de novo mutation showed a clearer and quantitatively stronger effect.

While we can only speculate about the underlying reasons, it is important to keep in mind that other explanatory variables correlated very strongly with the source of genetic variation. Studies that rely on de novo mutations also imply that organisms were usually asexual (correlation: r = 0.98). In addition, these studies tended to compare their selection outcome to an ancestor and not to a control (correlation: r = 0.92). The latter can imply that effects are larger because standard laboratory selection on growth, for example, due to the specific experimental setup, is not accounted for.

Independently of correlations with other explanatory variables the standing genetic variation used in the respective studies may of course not have been large enough to ensure a clear effect. However, while we do take species ID into account as a random effect, we do not include the phylogeny explicitly because our phylogenetic relationships are too weak [START_REF] Cinar | Phylogenetic multilevel meta-analysis: A simulation study on the importance of modelling the phylogeny[END_REF] due to a partially unresolved phylogeny (Fig. 3). It is therefore interesting to note that, as one can see in Fig. 4B, the reliance on de novo mutation is associated with specific species in our data set. Along the same lines, a large part of heterogeneity in the data set is associated with species ID. If one compares the species in Fig. 4B to the phylogeny in Fig. 3 it is immediately clear that the taxa that respond most to selection (and rely on de novo mutations) cluster in the lower part of the tree and are all unicellular organisms.

These results provide food for thought, especially in the light of global changes (Masson-Delmotte et al., 2021). The overall positive response to selection that we report indicates that a rather diverse set of species may respond evolutionarily to increased thermal stress. Clearly, unicellular organisms seem to respond more easily by evolution. Of course, we here cannot analyse the speed of the evolutionary response which is a central point when populations have to adapt to potentially rapid environmental change. This is important, because evolutionary changes and adaptation to thermal stress may lead to monopolization and actually prevent interacting species from tracking environmental change, resulting in overall loss of biodiversity, as predicted theoretically by Thompson & Fronhofer (2019).

A cautious interpretation of these selection experiments is also warranted because natural systems are obviously more complex than laboratory populations (but see [START_REF] Buckley | Evolution of thermal sensitivity in changing and variable climates[END_REF]. Specifically, the studies analysed here mainly use fecundity or population growth rate as a measure of fitness (see Table S1) which can be problematic (for a recent discussion, see [START_REF] Kokko | The stagnation paradox: the ever-improving but (more or less) stationary population fitness[END_REF]. Fitness is usually multidimensional with different fitness components such as fecundity and viability reacting differently to thermal selection (see e.g., [START_REF] Wadgymar | Integrating viability and fecundity selection to illuminate the adaptive nature of genetic clines[END_REF]. Under such conditions, where vital rates may tradeoff with each other, complex eco-evolutionary feedbacks can be expected under climate change [START_REF] Cotto | Maladaptive shifts in life history in a changing environment[END_REF].

Caveats of linear reaction norms

Surprisingly, we did not recapture this increase in fitness at the selected temperature when considering studies that had also assay fitness at one additional temperature (Fig. 5). We suggest that this result should not be over-interpreted biologically. Firstly, this part of the meta-analysis has the least power since we only have 61 TPCs from 18 papers with linear reaction norms. Secondly, and most importantly, TPCs are well known to be highly non-linear (discussed in Huey & Kingsolver, 1993, and many others).

This suggests that linear reaction norms may not be the most appropriate tool for describing evolutionary responses of a non-linear performance curve. This interpretation gains some weight since we do recapture signals of successful adaptation when analysing data from studies that explore TPC shapes in more detail (Fig. 6).

Thermal adaptation to higher temperatures trades off with fitness at lower temperatures Analysing responses of better resolved TPCs (here, three and more temperatures assayed; Fig. 6) we recapture similar results compared to the response to selection at the selection temperature (Fig. 4).

We observe a clear positive response to selection at the selection temperature and above, as well as the already discussed effect of the type of genetic variation, although the latter is rather weak.

While the exact shape of the function we fit here only serves descriptive purposes, it indicates that, overall, after thermal selection, fitness is increased at and beyond the selection temperature. This comes at a fitness cost immediately below the selection temperature and for extreme temperatures. This asymmetry indicates a potential cost of adaptation to higher temperatures that trades off with fitness at lower temperatures. In the context of Huey & Kingsolver (1993), we therefore find evidence for entire TPC shifts rather than changes in TPC width (see also Fig. 1). This finding is in good accordance with recent work by [START_REF] Logan | Genetic constraints, transcriptome plasticity, and the evolutionary response to climate change[END_REF] who find that species seem to either adapt to shifting means or to variance but not to both. Here, all studies analysed focus on adaptation to constant temperatures. Analogous results of fitness gains at high temperatures associated with losses at low temperatures have also been observed in ants due to urbanisation-related temperature increases [START_REF] Diamond | Rapid evolution of ant thermal tolerance across an urban-rural temperature cline[END_REF]. The fact that we find adaptation at the selection temperature (Fig. 4) and an increase in performance slightly above (Fig. 6) may hint that TPCs at intermediate temperatures may be more evolvable than suggested by [START_REF] Logan | Genetic constraints, transcriptome plasticity, and the evolutionary response to climate change[END_REF] who argue that tolerance limits are more readily evolvable based on their review of the literature.

Furthermore, the asymmetry of the response and especially increased fitness beyond the selection temperature (Fig. 6) is in good accordance with Martin & Huey (2008) who argue that due to Jensen's inequality and the asymmetry of the TPC, the maxima of TPCs should be above the experienced temperature. Finally, the decrease in fitness for low temperatures does not provide support for the "Hotter is wider" hypothesis, at least not in its extreme form as represented in Fig. 1. However, our analysis does not allow us to quantify this effect in detail.

Limited support for "Hotter is better"

Our data-set also allows us to investigate the "Hotter is Better" hypothesis (Angilletta et al., 2010) by comparing fitness at the respective maxima of TPCs before and after selection (Fig. 7). Overall, we did not obtain any strong response supporting "Hotter is Better" although the data indicate a trend in the expected direction. This result should not be over-interpreted as the analysis is rather under-powered with only 27 data points from 11 papers.

Thermal adaptation in plants

In our systematic search, we only found one study on plants (Brassica napus). This lack of studies on plants is in line with recent work by Lancaster & Humphreys (2020) who discuss how limited knowledge is available on thermal niches in plants. [START_REF] Lancaster | Global variation in the thermal tolerances of plants[END_REF] provide a major database of thermal tolerance in plants and highlight that macrophysiological rules developed in animals seem to also hold in plants.

Of course, this absence of studies may not be very surprising, especially when considering that some vascular plants and trees have long generation times, and, therefore, genetic adaptation may be expected to be slow. Instead, these long-lived organisms may cope with increasing temperatures via phenotypic plasticity. Plasticity allows for rapid responses to the variable environmental conditions experienced by trees during their long lifespan, and will likely represent their first responses to climate changes [START_REF] Savolainen | Genetic variation in cessation of growth and frost hardiness and consequences for adaptation of Pinus sylvestris to climatic changes[END_REF][START_REF] Chevin | Phenotypic plasticity and evolutionary demographic responses to climate change: taking theory out to the field[END_REF][START_REF] Franks | Evolutionary and plastic responses to climate change in terrestrial plant populations[END_REF]. However, such responses may not be rapid enough or adaptive for all species [START_REF] Duputié | Phenological plasticity will not help all species adapt to climate change[END_REF], and more investigations are clearly needed.

Thermal adaptation in viruses

In the above presented meta-analysis we chose to exclude viruses because of their unique obligate parasitic strategy which hijacks the cellular DNA or RNA replication machinery of the host [START_REF] Ryu | Virus Life Cycle[END_REF]. Therefore their efficiency of replication would have to be at least partially dependent on the metabolic effects of temperature on the host enzymes along with its own potential adaptations to a given temperature.

Nevertheless, researchers have addressed a range of important questions in evolutionary biology, and thermal adaptation more specifically, using viruses as model systems. (2015) show that fluctuating temperatures may make evolutionary rescue, that is, evolutionary change that leads to the recovery of declining populations (Gonzalez et al., 2013), more difficult.

At a more mechanistic level, [START_REF] Betancourt | Genomewide Patterns of Substitution in Adaptively Evolving Populations of the RNA Bacteriophage MS2[END_REF] studied mutations occurring during temperature adaptation and concluded that early emerging mutations had the largest effect on the adaptation to higher temperatures. [START_REF] Poon | Drift increases the advantage of sex in RNA bacteriophage Phi 6[END_REF] established the increased importance of recombination as populations face genetic drift due to extremely small population sizes when challenged with adaptation to increasing temperature. They used viruses which are able to exchange genetic materials when multiple viruses infect a single host cell.

Temperature adaptation can also have correlated effects in viruses: [START_REF] Carratala | Adaptation of Human Enterovirus to Warm Environments Leads to Resistance against Chlorine Disinfection[END_REF] show that with adaptation to higher temperatures, viruses also evolved to handle stress induced by free chlorine, making it difficult to eliminate disease-causing viruses in wastewater-treatment plants, for example. With the use of heat shocks, Domingo-Calap et al. (2010) demonstrated that populations of viruses which adapted to higher temperatures also showed higher mutational robustness in the presence of mutation inducing chemicals like nitrous acid.

Finally, Knies et al. (2009) and [START_REF] Knies | The Genetic Basis of Thermal Reaction Norm Evolution in Lab and Natural Phage Populations[END_REF] addressed the phenomena of "Hotter is better" and "Hotter is wider" by the use of both experimentally and naturally evolved high temperature populations and successfully validated these phenomena in viruses. All of these studies highlight that viruses can also adapt to changing temperatures readily.

Adaptation to fluctuating temperatures

In our analysis, we have only considered evolutionary responses to constant selection temperatures, but experiments with fluctuating temperature regimes have been performed earlier-on. For example, Bennett et al. (1992) have used Escherichia coli in an experiment including intergenerational fluctuations between high and low temperatures and showed that the bacteria evolved reduced variability for fitness when assayed across a range of temperatures after selection compared to the thermal specialists evolved at specific constant temperatures. In a further experiment, Lenski & Bennett (1993) showed that even though E. coli was selected at fluctuating temperatures, lines adapted asymmetrically more to high than to low temperatures.

In contrast, populations of the ciliate Paramecium caudatum facing random daily fluctuations between high and low temperatures exhibited the evolution of a superior generalist which performed better or at least as well as the high and low temperature specialist populations (Duncan et al., 2011). Similar results have been reported by [START_REF] Ketola | Fluctuating Temperature Leads to Evolution of Thermal Generalism and Preadaptation to Novel Environments[END_REF] for the bacterium Serratia marcescens. S. marcescens temperature generalists also exhibited exaptation to novel environments and stresses at the cost of characteristics like invasiveness and virulence. An increasing amplitude of fluctuation in temperatures can also lead to the evolution of increased temperature optima and maximal growth rates [START_REF] Bonnefond | Continuous selection pressure to improve temperature acclimation of Tisochrysis lutea[END_REF].

However, using the dung fly Sepsis punctum, Berger et al. (2014) failed to evolve a superior generalist even though they included an intra-and intergenerational temperature fluctuation selection treatment.

These authors also did not find any increase in the breadth of the TPC even though these populations showed an overall reduction in maximum fitness compared to the constant temperature selection lines.

The results of the intragenerational fluctuation treatment supported the "Hotter is better" hypothesis.

In addition, evolution of compensatory mechanisms like heat shock proteins and their expression levels may mask effects of fluctuating temperatures: [START_REF] Ketola | Evolution of Hsp90 expression in Tetrahymena thermophila (Protozoa, Ciliata) populations exposed to thermally variable environments[END_REF] showed in the ciliate Tetrahymena thermophila that the expression of heat shock protein was highest in rapidly fluctuating environments.

The large variation between the responses to fluctuating temperature selection observed across systems may be due to an erroneous measurement of fitness: Generally, fitness of such populations is assayed at a constant temperatures, however, Ketola & Saarinen (2015) argue that here fitness should be assayed in a fluctuating environmental. Accordingly, [START_REF] Saarinen | Adaptation to fluctuations in temperature by nine species of bacteria[END_REF] showed for nine bacterial species that were selected in fluctuating temperatures, that they achieved higher yields when assayed in a fluctuating temperature assay compared to constant conditions.

Thermal adaptation and biotic interactions

In nature, adaptation to temperature will most likely be taking place in the presence of biotic interactions.

Focusing in intra-specific competition, Van Doorslaer et al. (2009) exposed Daphnia magna populations to varying culling regimes, that is, different levels of intraspecific competition, while applying a thermal selection treatment simultaneously. Populations issued from a harsher culling regime had an overall higher performance at both the low and high assay temperatures when selected at high temperature, compared to populations which experienced milder culling regimes.

Similarly, the presence of a predator can also drastically affect the outcome of thermal selection (Tseng & O'Connor, 2015;Tseng et al., 2019). Using Daphnia pulex, Tseng & O'Connor (2015) reported that selection at high temperatures only led to increased population growth rates in the presence of a predator.

The presence of a predator additionally led to increased TPC width. Effects on thermal plasticity could also be mediated by bottom-up effects linked to the thermal evolution background of resources (Tseng et al., 2019).

Biotic interactions may also lead to events of exaptation where adaptation to high temperatures beyond the existing thermal niche can take place without even actively selecting for that particular high temperature. Zhou et al. (2019) report that when the yeast Lachancea thermotolerans was co-cultured with bacteria, an increase in thermotolerance was observed. Similarly, [START_REF] Alto | Consequences of host adaptation for performance of vesicular stomatitis virus in novel thermal environments[END_REF] showed that vesicular stomatitis virus adaptation to different hosts exhibited different TPCs: Viruses which were host generalists had a narrower TPC than viruses which were host specialists. The authors attribute this difference to the loss of thermal stability of viral genes and pleiotropic effects between viral genes for thermal adaptation, when adapting to a variety of hosts. In contrast, coevolution between a host and a bacteriophage reduced thermal adaptation in the phage (Zhang & Buckling, 2011).

In summary, biotic interactions affect the evolutionary trajectories of thermal adaptation. Be it intraspecific competition, antagonistic biotic interactions like predation or antagonistic coevolution, they change the impact of temperature stress on the temperature selected organism, either accelerating and delaying adaptation.

Conclusions

In conclusion, our results clearly show that thermal performance curves (TPCs), across the tree of life, have the potential to evolve in response to temperature selection and not only thermal limits [START_REF] Logan | Genetic constraints, transcriptome plasticity, and the evolutionary response to climate change[END_REF]. Our analyses indicate that thermal adaptation leads to overall niche shifts and that adaptation to higher temperature trades off with fitness at lower temperature.

Clearly, these results apply strictly speaking to laboratory systems and, in nature, biotic interactions and fluctuating temperatures may modulate the picture [START_REF] Buckley | Evolution of thermal sensitivity in changing and variable climates[END_REF][START_REF] Kellermann | Terrestrial insects and climate change: adaptiveresponses in key traits[END_REF]. In addition, in nature, interactions between temperature adaptation and adaptation to other abiotic stressors may also play a role [START_REF] Yilmaz | Evidence for the evolution of thermal tolerance, but not desiccation tolerance, in response to hotter, drier city conditions in a cosmopolitan, terrestrial isopod[END_REF] 

S3 Supplementary statistical methods

Direct response to selection

We fitted linear mixed models to this data subset comprising all additive models combining the following explanatory variables: relative selection temperature as a categorical explanatory variable (higher, lower or equal compared to the control treatment) and type of genetic variation used (standing genetic variation vs. de novo variation based on mutations). This analysis included 230 data points from 40 studies and 28 species.

We chose vaguely informative priors: the intercept parameter priors for all models followed a normal distribution with mean 0 and standard deviation 2. The mean and standard deviation of the random effect hyperpriors followed a normal distribution with mean 0 and standard deviation 3.

We further ran a supplementary analysis using the same basic model set but adding the number of generations an experiment lasted as another explanatory variable. For this analysis, we standardised the number of generations to avoid divergent transitions and removed four studies (seven data points) that did not report the number of generations (normal prior mean 0 and standard deviation 1). The additional analysis included 223 data points from 36 studies and 26 species.

Two-point analysis

In analogy to the analysis of the direct response to selection, we fitted linear mixed models explaining relative fitness as a function of (absolute) relative assay temperature. In the full model, we allowed for different slopes and intercepts depending on whether experimental populations had evolved at higher or lower temperature compared to the control and tested in the final assay at high or low temperature.

We subsequently included an additional explanatory variable, the type of genetic variation, as varying intercept, slope, both intercept and slope. The intercept and slope parameter priors for all models followed a normal distribution with mean 0 and standard deviation 1. The mean and standard deviation of the random effect hyperpriors followed a normal distribution with mean 0 and standard deviation 1. This analysis included 122 data points in 61 TPCs from 18 studies and 15 species.

A supplementary analysis was conducted using the same model details but adding the standardized number of generations as additional explanatory variable. Due to missing data on the number of generations, we removed 10 TPCs from this additional analysis. This analysis included 102 data points in 51

TPCs from 13 studies and 12 species.

Multipoint analysis

Here, we first fitted mixed models including intercept-only, linear, quadratic and cubic models of relative fitness as a function of standardized relative assay temperature. Note that these shapes are descriptive and flexible enough to describe the shapes we find. We do not imply that TPCs are actually cubic. All priors followed a normal distribution with mean 0 and standard deviation 1. The mean and standard deviation of the random effect hyperpriors followed a normal distribution with mean 0 and standard deviation 1. This analysis included 600 data points in 159 TPCs from 21 studies and 13 species.

We also added the type of genetic variation as an explanatory variable. We fitted supplementary models with the inclusion of the number of generations (standardized) as an extra explanatory variable.

Due to missing data on the number of generations, we removed 3 TPCs from this additional analysis.

This analysis included 586 data points in 156 TPCs from 19 studies and 11 species.

"Hotter is better"

Similar to the direct response to selection analysis (see above), we fitted two linear mixed models: an intercept model to test whether the difference in maximal relative fitness was different from zero and a second one in which the temperature selection regime (selection at higher or lower temperatures than the ancestor/ control) was added as a categorical fixed effect. In both models, the priors for the intercepts followed a normal distribution with mean 0 and standard deviation 2. The random effect hyperprior mean and standard deviation followed a normal distribution with mean 0 and standard deviation 3. This analysis included 27 data points from 11 studies and 9 species.

We then added to this model the extra explanatory variable type of genetic variation as varying intercept. We conducted a supplementary analysis further considering number of generations (standardized) as varying slope. Here, we removed one study not reporting this information. This analysis included 26 data points from 10 studies and 8 species.

Assessment of publication bias

We assessed publication bias using funnel plots (Sterne et al., 2001;Sterne & Egger, 2001;O'Dea et al., 2021), where the inverse of the standard error is plotted against relative fitness. In the absence of bias, funnel plots are expected to be symmetrical. In addition to visual inspection, symmetry can be inspected by means of linear regression of the two variables. The regression line is expected to intercept the x-axis close to the origin if there is bias. Alternatively, if the studies are evenly distributed and thus there is no bias towards high or low relative fitness values, a zero-slope (horizontally flat line) may be expected.

We inspected the symmetry not only visually, but we also tested and quantified it by fitting an intercept model and a linear regression model (chain length: warmup = 1,000 iterations, chain = 30,000 iterations). The intercept and slope priors for both models followed a normal distribution with mean 0 and standard deviation 1. Relative fitness was standardised in cases of divergent transitions. We included species ID, study ID and TPC ID as random effects as in the main analyses. The mean and standard deviation of the random effect hyperpriors followed a normal distribution with mean 0 and standard deviation 1. Based on WAIC weights we averaged the posterior predictions of the models.

Figure S1: Funnel plot of the analysis of assay data measured at the same temperature experienced during experimental evolution. Each point is a study with different colours per species (color code see Fig. 3). The shaded area and thick line are the overall 95% compatibility interval and median of the averaged posterior predictions based on WAIC weights. Model selection results are reported in Table S3.

The random effect structure used for the corresponding main analysis was included here. The insert panel highlights the posterior distribution of the slope parameter which clearly overlaps zero.

Figure S2: Funnel plot of the two temperature assay point analysis. Each point is a study with different colours per species (color code see Fig. 3). The shaded area and thick line are the overall 95% compatibility interval and median of the averaged posterior predictions based on WAIC weights. Model selection results are reported in Table S4. The random effect structure used for the corresponding main analysis was included here. The insert panel highlights the posterior distribution of the slope parameter which clearly overlaps zero.

Figure S3: Funnel plot of the multipoint temperature assay analysis. Each point is a study with different colours per species (color code see Fig. 3). The shaded area and thick line are the overall 95% compatibility interval and median of the averaged posterior predictions based on WAIC weights. Model selection results are reported in Table S5. The random effect structure used for the corresponding main analysis was included here. The insert panel highlights the posterior distribution of the slope parameter which clearly overlaps zero.

Figure S4: Funnel plot of all data together, including one, two, and multipoint temperature assay analysis.

Each point is a study with different colours per species (color code see Fig. 3). The shaded area and thick line are the overall 95% compatibility interval and median of the averaged posterior predictions based on WAIC weights. Model selection results are reported in Table S6. The random effect structure used for the corresponding main analysis was included here. The insert panel highlights the posterior distribution of the slope parameter which clearly overlaps zero.

Figure S5: Funnel plot of the "Hotter is better" analysis. Each point is a study with different colours per species (color code see Fig. 3). The shaded area and thick line are the overall 95% compatibility interval and median of the averaged posterior predictions based on WAIC weights. Model selection results are reported in Table S7. The random effect structure used for the corresponding main analysis was included here. The insert panel highlights the posterior distribution of the slope parameter which clearly overlaps zero.

- Here, the best model (Tables S12 andS13) is a cubic model model that includes an effect of the type of genetic variation used in the experiments (standing genetic variation vs. de novo mutations; represented in blue and red, respectively) and relative selection temperature ('Sign'), that is, whether selection happened at lower (A), equal (B) or higher (C) temperatures compared to the control treatment. The insets show only the statistical model prediction for better visibility of the compatibility intervals.

Table S1: Overview of selected papers, with taxonomic information, fitness measure used, source of data, as well as details on the calculation of relative fitness which is described in the main text. Equation numbers refer to Chevin (2011). ), sign of the assay temperature, that is, whether the second assay was carried out above, at, or below the selection temperature (abbreviated as 'Sign' in the table) and type of genetic variation ('Var'). Note that in the analysed studies 'Sign' correlates with the temperature of the assay: studies that performed selection at the same or lower temperatures in comparison to the control always performed the second assay at higher temperatures compared to the first assay point, for studies selecting at higher temperatures than the control the assay was always done at temperatures below the first assay point. In the table '+' indicates an additive effect and ':' an interactive effect. We report WAIC, the standard error of WAIC ('SE'), the WAIC different to the bets model (dWAIC) as well as the WAIC weights. 

Introduction

In ecology and evolutionary biology we strive to understand how populations will respond to novel environments [START_REF] Merilä | Climate change, adaptation, and phenotypic plasticity: the problem and the evidence[END_REF][START_REF] Mouquet | Predictive ecology in a changing world[END_REF]Urban et al., 2016). Populations that experience substantial environmental stress, such as global climate change, must either adapt to the stress or disperse away from the stress, otherwise they will face population decline and an increased risk of extinction [START_REF] Gienapp | Climate change and evolution: disentangling environmental and genetic responses[END_REF]. While both processes, local adaptation and dispersal, will undoubtedly play a role in a species' persistence (see e.g., [START_REF] Norberg | Ecoevolutionary responses of biodiversity to climate change[END_REF]Thompson & Fronhofer, 2019), there are many cases in which dispersal may be too limited, for instance due to anthropogenic fragmentation and loss of connecting habitat [START_REF] Harrison | Habitat fragmentation and large-scale conservation: what do we know for sure?[END_REF][START_REF] Fahrig | Ecological responses to habitat fragmentation per se[END_REF][START_REF] Fletcher | The negative effects of habitat fragmentation operate at the scale of dispersal[END_REF]. In such cases, understanding how a population can be 'rescued' (Gonzalez et al., 2013) from environmentally induced declines via adaptation is vital to truly evaluate the potential effects of climate change.

Here, we focus on one central aspect of global climate change: temperature. Temperature is an environmental variable that affects nearly all biological processes, from the molecular and biochemical dynamics of enzymes (Gillooly et al., 2001) to population growth rates, spatial patterns and diversity of populations and communities [START_REF] Angilletta | Temperature, growth rate, and body size in ectotherms: Fitting pieces of a life-history puzzle[END_REF]Wiens et al., 2006;[START_REF] Kingsolver | The well-temperatured biologist[END_REF]. It is also an environmental variable that is changing rapidly on a global scale [START_REF] Hansen | Global temperature change[END_REF].

To be able to predict the effects of climate change on populations, it is imperative to understand if and how adaptation to increased temperatures can occur, how quickly evolution can act, and if these adaptations are associated with trade-offs that would potentially limit their effectiveness (Futuyma & Moreno, 1988;Bennett & Lenski, 2007). Advancements in the field of metabolic ecology allow for predictions to be made of how ecological rates (e. g., population growth rates, developmental rates) will scale with temperature and related factors (e.g., body size) through the use of semi-mechanistic models (Brown et al., 2004).

Here, we define the temperature niche, or thermal performance curve (TPC), of an organism as the range of body temperatures at which a non-density limited population will show positive population growth (Gvoždík, 2018). Many ectotherms are also poikilotherms: their body temperature fluctuates with their environment, and therefore any temperature change in the environment will induce changes in temperature-dependent biological processes.

The TPC can be understood as the reaction norm of the plastic response of fitness to temperature.

The TPC, and the reaction norms of other life-history traits (e.g., development, fecundity), is typically unimodal in ectotherms, and is described by the temperature value at which the trait is maximised by (the thermal optimum, T opt ), and the range of temperatures at which an organism can respond (the width) [START_REF] Kingsolver | Complex life cycles and the responses of insects to climate change[END_REF][START_REF] Amarasekare | A framework for elucidating the temperature dependence of fitness[END_REF]Grimaud et al., 2017). Further, the same shape (approx. left skewed Gaussian distribution) of the temperature niche appears across a wide-range of ectotherm taxa [START_REF] Deutsch | Impacts of climate warming on terrestrial ectotherms across latitude[END_REF][START_REF] Kingsolver | The well-temperatured biologist[END_REF][START_REF] Dell | Systematic variation in the temperature dependence of physiological and ecological traits[END_REF], due to the highly conserved nature of the physiological and biochemical processes that underlie these reaction norms (Gillooly et al., 2001;[START_REF] Have | A proximate model for thermal tolerance in ectotherms[END_REF]Brown et al., 2004).

Multiple empirical studies have found that aspects of the TPC can evolve when exposed to selection. Schaum et al. (2017) carried out a decade long warming experiment with the phytoplankton Chlamydomonas reinhardtii and found that isolates from warmed mesocosms had higher optimal temperatures (T opt ) than control isolates, and consequently had higher competitive ability at warmed temperatures than control isolates, a strong indication of adaptation to increased temperature. In a step-wise temperature selection experiment designed to generate thermally adapted lines of the coral photosymbionts Symbiodinium, Chakravarti & van Oppen (2018) observed stable adaptive change at the end of their exposure period (41-69 generations), resulting in cultures that showed faster growth rates under acute heat stress, and higher photosynthetic efficiencies when compared with control populations, although these results were not found across all replicate lines. Bennett & Lenski (1993) evolved replicate lines of Escherichia coli for 2000 generations at three set selection temperature (32, 37 and 42℃), or at a temperature regime that routinely fluctuated between the two extremes. They then measured the range of temperatures (12-44℃) that a population could maintain itself while undergoing serial dilutions. They found that the width of the temperature niche and extinction risk at high temperature was unaffected by selection regime, but each selection line showed a pattern of local adaptation, an increase fitness at their selected temperature. In a similar experiment, but specifically looking for trade-offs to high-temperature adaptation in E. coli, Bennett & Lenski (2007) did find evidence of a general trade-off (a decline in mean fitness across all replicates), although they were not universal across replicates.

In a major meta-analysis of the field of thermal selection experiments, Malusare et al. (accepted) could recently show that TPCs have adaptive potential across taxa ranging from procaryotes to vertebrates.

This synthesis clarifies that trade-offs between adaptation to higher temperatures and fitness at lower temperatures can be generally observed across the tree of life. At the same time this study highlight the relative paucity of well-resolved TPCs which hinders interpretation related to shape changes.

What remains unclear is therefore how thermal stress impacts TPC shapes exactly. Furthermore, while many temperature selection studies focus on a single species, none to date have independently subjected multiple varied species to identical selection regimes as to test the cross-species generality of responses within one experimental protocol. Further, an understanding of the differences between species' ability to adapt their plastic response to increased temperature would aid in predicting the evolution of community composition under climate change, as well as the relative rates of extinctions in different environments.

Here, we empirically tested how TPC shapes respond to selection at six different temperatures across four life-history diverse protist species after 1 year of thermal selection.

Materials and Methods

Study Organisms

In (Ble): a large (200 µm) omnivore that feeds on bacteria and smaller ciliates (Giese, 1938;Saade et al., 2022;Tan et al., 2021).

These species were chosen due to their wide diversity in life-histories and their potential for studying biotic interactions among species in mixed species microcosms [START_REF] Carrara | Experimental evidence for strong stabilizing forces at high functional diversity of aquatic microbial communities[END_REF]. Populations were cultured on a standardised medium made from dehydrated organically grown salad and Volvic mineral water (1 g of salad to 1.6 L of water), autoclaved and then inoculated with the bacterium Serratia fonticola at 10% maximum density (tenfold dilution of one week old culture at 20℃) as a food source for the protist species.

Selection protocol

Temperature selection lines (20, 25, 30, 33, 36 and 39℃) were generated for each species/mating type using a ratchet protocol (modified from [START_REF] Huertas | Warming will affect phytoplankton differently: evidence through a mechanistic approach[END_REF]. Each selection temperature included three replicates that evolved independently. This method strikes a balance between strong selection, through the step-wise increase in temperature, and maintaining high population sizes, to maximise the number of spontaneous mutations conferring adaptation to the increase in temperature.

In brief, three biological replicate populations of each organism were established from clonal lines derived from laboratory stock cultures at 20℃. After six weeks, 10 mL samples were taken and established in 90 mL of 10% bacterialised salad medium at the next higher selection temperature. If a population showed positive growth after six weeks at a selection temperature, a sample was ratcheted to the next selection temperature (Fig. S1). If not, it was evaluated again after another six weeks. If an extinction occurred, a new population was established from the previous selection temperature; as all selection temperature lines were maintained in parallel. Selection lines were stored in temperature controlled incubators (randomised twice per week) with a 12:12 light:dark photoperiod. To maintain excess food and prevent population growth rates declining, 10 mL from each selection line was regularly transferred into 90 mL of 10% bacterialised salad medium (Tet I and Tet VII: 7 days, Par and Ble: 14 days, Eug: 21 days).

Reference Temperature

As a reference, we used the 20℃ selection line. We did this, as opposed to using ancestral measurements, to minimise time artefacts in the data and as to ensure that the only difference between the reference selection line and other selection lines was the selection temperature. The selection regime may have introduced other unintended selection pressures (e.g., during weekly transfers), and ensuring that these were identical across all lines, including the reference, allowed for direct conclusions regarding the effects of temperature to be drawn from the variation within and between selection lines.

Assay Protocol

The goal of the assay was to measure population density, as well as traits such as cell size, of each selection line at ten different temperatures (5, 10, 15, 20, 25, 30, 33, 36, 39 and 40℃) for a period of three At each time-point, we placed 350 µL samples from assay line vials into 24-well clear bottom microplates (Porvair Scieces, UK). We imaged each sample using a microscope plate reader (Cytation 5, BioTek) for 10 seconds (150 frames, 6177×6177 µm FOV, auto-focus enabled). The video files were then analysed using the 'BeMoVi' R package (Pennekamp et al., 2015) to extract density and cell size data (for exact settings and modifications see https://github.com/efronhofer/bemovi/tree/experimental).

Statistical Analysis

All statistical analysis were performed using R v4.1.0 and the packages 'rstan' v2.21.2 and 'brms' v2.15.0.

Data check and cleaning

In order to facilitate the statistical analysis of population time series data, we first proceeded to visually inspect and clean data to exclude potential outliers. Upon inspection of the video files and 'BeMoVi' overlays, we found that some outliers in population densities were caused by the plate reader having failed to auto-focus correctly. In order to remove such outliers systematically, we first fit LOESS splines using the loess() function in R to the data and removed any point that deviated too far (3 times greater or lesser) from the spline fit. We then excluded any populations with less than 7 data points in their time series, reducing the initial 830 populations to 766.

Population growth models

As to assess population growth dynamics and extract estimates of intrinsic growth rates (r 0 ), we fitted a modified continuous-time logistic growth model to the population density estimates collected during the assay. The model included two additional parameters that allow for population density (N ) to decay from the carrying capacity (K) after a critical time-point (t crit ) at a rate controlled by the decay parameter (d). The model is given by the equation

dN dt = r 0 1 - N K N (1) 
with K being conditional on the value of t and t crit . If t ≤ t crit then

K = K 0 (2)
and if t > t crit then

K = K 0 × exp -d (t -t crit ) (3) 
where d controls the rate of decay at times (t) after t crit .

We used Bayesian statistical models to estimate parameter values for r 0 , K, d and t crit using the 'rstan' R package (for stan code see Supplementary Code, also see McElreath 2020). We chose somewhat informative priors that were characterised by realistic mean estimates, but reasonably wide standard deviations on most estimates, only constraining values to the correct sign or, in the example of t crit , to lie within the range of measurements taken (for full information on the priors used, see Table S1). In order to facilitate fitting and avoid issues, such as the 'devil's funnel' (McElreath, 2020), we fitted parameters on a log scale using normal priors. For each population, we ran 4 Markov chain Monte Carlo (MCMC) chains with a warm-up phase of 1000 iterations and a sampling phase of 9000 iterations each. We visually inspected trace and density plots which showed good mixture of the chains. To verify adequate convergence, we checked that the between-and within-chain estimates agreed by ensuring R < 1.05 and that the estimated number of independent samples (N ef f ) was adequately large (Rosenbaum et al., 2019).

TPC fitting

As to explore how the TPC varies after selection for growth at increased temperatures, we fitted thermal performance curves to the r 0 estimates obtained as described above. We use a high temperature inactivation version of the Sharpe-Schoolfield equation (Schoolfield et al., 1981), a commonly used semimechanistic model that extends the Arrhenius equation to incorporate a decline in growth rates beyond an optimum value. The model is given by the equation

r 0 = r 0 T ref • exp -E k 1 T -1 T ref 1 + exp E h k 1 T h -1 T ( 4 
)
where T is temperature in Kelvin (K), k is the Boltzmann constant (8.617 × 10 -5 eV K -1 ), E is the average activation energy (eV), E h is the high temperature deactivation energy, T h is the temperature at which growth rates are 50% decreased due to high temperature and r 0ref is the r 0 value at a reference temperature (here, 20℃). The optimum value (T opt ) of Equation 4 is given by

T opt = E h T h E h + kT h ln E h E -1 (5) 
and the maximal growth rate (r max ) can be calculated by substituting T for the T opt value obtained from Equation 5 into Equation 4.

We again made use of a Bayesian statistical model to fit the niche function to the r 0 estimates, which allowed for the propagation of the error associated with r 0 estimates throughout the analysis. We estimated parameter values for r 0 T ref , E, E h and T h using the 'brms' and 'rstan' R packages (for stan code, see Supplementary Code). As before, we used priors that were informative, making use of published values to inform my mean and variance estimates of E and E h , and using realistic, but broad priors for

T h .
The assumption of a universal temperature dependence (i. e., that values of E are highly constrained by thermodynamics), is often called into question [START_REF] Clarke | Is there a universal temperature dependence of metabolism?[END_REF][START_REF] Clarke | Why does metabolism scale with temperature?[END_REF][START_REF] Clarke | Temperature and the metabolic theory of ecology[END_REF][START_REF] Gillooly | Response to clarke and fraser: effects of temperature on metabolic rate[END_REF], hence we used wider priors for E than those directly predicted from metabolic theory of ecology. The only prior that differed between species was r 0 T ref , and was informed using the range of r 0 estimates from the previous analysis (for full information on the priors used, see Table S2). We included a measure of the error on each r 0 estimate by including each estimate as a normal distribution with a mean and standard deviation taken from the posterior distribution of the previous analysis (normal distribution on the log scale). For each selection temperature of each species of each replicate, we ran 4

MCMC chains with a warm-up phase of 50000 iterations and a sampling phase of 50000 iterations each, with the adapt delta parameter set to 0.99 (this decreases the size of step the MCMC chain can take, which eliminated post-warmup divergent transitions at the cost of requiring more iterations, but this guarantees the validly of the results). We checked convergence using the same criteria and method as described previously.

Results

We found that after selection to increased temperatures, no strong signature of adaptation was present across all species (Fig. 1). Populations rarely showed adaptation to their selection temperature, with notable exceptions.

A single replicate of T. thermophila (Tet I) when selected for growth at 39°C maintained a posterior distribution of r max similar to that of the 20°C selection line (mean, 95% CI of difference distribution:

-0.008, -0.1161-0.1074 ) and showed a positive shift in the posterior distribution of T opt towards the selection temperature (2.422, -2.344-7.843 ) (Fig. 2). This shift of T opt and maintained r max was primarily driven by an increase in T h (0.4772, -4.987-7.618 ), the temperature at which growth rates decreased by 50% due to high temperature, but also by a reduction in e h (-0.6118, -3.578-2.345 ), which characterises the temperature induced decline in growth rates above T h (Fig. S8). Note that all these effects are tentative as the CIs of the differences are very wide.

In Blepharisma sp. (Ble), a weak signature of selection in the form of slight (>2°C) positive shift in the mean of the T opt could be seen at selection temperatures between 20 and 30°C (a: 1.508, -3.704-7.725 ; b: 1.211, -4.799-7.356 ; c: 1.267, -3.681-7.246 ) (Fig. 2), also driven by a slight increase in T h (a: 0.9980, -4.498-7.047 ; b: 0.6384, -5.543-6.817 ; c: 0.4741, -5.029-6.420 ), but this trend reversed at higher selection temperatures was then dominated by the deleterious effects of thermal stress (Fig. 2, S10).

Across both T. thermophila genotypes (I & VII) and P. caudatum (Par), there was a general trend of a reduction in maximum fitness (r max ) as selection temperature increased (Fig. 1, S8, S9, S12). However, in P. caudatum at higher selection temperatures, this trend was not universal across replicates, with replicate C showing signs of adaptation (increase in mean T opt and maintenance of r max ) to selection at 36°C (Fig. S12).

Figure 1: Thermal performance curves for r 0 (intrinsic rate of increase) estimates across ten assayed temperatures ranging from 5 to 40°C for four protist species subjected to six temperature selection regimes ranging from 20 to 39°C. Fitted curves and 95% credible intervals are derived from a Bayesian implementation of the modified Sharpe-Schoolfield equation (Equation 4) fitted to r 0 SD estimates derived from fitting the logistic growth model (Equation 1) to population density estimates recorded over a period of three weeks. While we found no signature of selection in cell size, we did find a plastic response in all selection lines, decreasing cell size as temperature increased (Fig. S7). 

Discussion

Climate change is the biggest threat to biodiversity worldwide (Urban et al., 2016), and has already had wide-ranging impacts on species, communities and ecosystems (Walther, 2010). A trend of warming global temperatures is already well established (Masson-Delmotte et al., 2021), and hence it is vital to understand if and how species can adapt to increased temperatures if we can hope to predict the impacts of climate change on species persistence, relative extinction rates and changes to community compositions.

In this experiment, we selected a diverse group of protists for population growth at a range of increased temperatures and compared the variation in thermal performance curves (temperature niche) of selection lines within and among species after selection.

A signature of adaptation was rare

In general, a signature of adaptation to increased temperatures was rare, with only weak signals in a handful of replicates. A tentative signature of selection was seen in some species, but this took the form of a decrease in fitness (r max ) as selection temperatures increased. This result was, in many ways, unexpected. The protist populations underwent selection for between 11 months, in a selection regime far more intense (in terms of consistency of selection pressure) than would be experienced in wild populations under the worst case scenarios for global warming (Masson-Delmotte et al., 2021). Wild populations are unlikely to experience such strong and persistent selection pressure (e. g., due to diurnal and seasonal cycles), and as the rate of evolution is expected to be higher when selection is stronger, the fact that we find very rare signatures of adaptation may have implication of how we might expect populations to respond to climate change.

Cell size showed an expected plastic response

During the experiment, we observed a plastic response to increased temperature in cell size, specifically that cell size decreased as assay temperature increased. However, we saw no signal of selection temperature having varied the nature of this plastic response at any selection temperature in any species, a result that contradicts previous work in T. thermophila (de Melo et al., 2020). These results confer with the statement Hotter is smaller [START_REF] Kingsolver | Size, temperature, and fitness:three rules[END_REF], the common trend for organisms to decrease their body size plastically at warmer temperatures.

Populations had sufficient evolutionary resources to adapt

No signature of adaptation was an unexpected result, especially so in T. thermophila. Population sizes in the selection lines were large (at equilibrium density approx 3.2 × 10 6 cells at 20℃ and 1.7 × 10 6 at 39℃), and were selected for at least 857 generations. Further, T. thermophila has an estimated macro-nuclear mutation rate (U = 0.0333 per haploid macronucleus genome per generation) that is orders of magnitudes higher than estimates for other protists, and eukaryotes in general [START_REF] Brito | Mutation accumulation in Tetrahymena[END_REF]. Hence, we do not believe it unrealistic to suggest that there was ample opportunity for adaptation (from de novo mutation)

to occur. Further, T. thermophila has been shown to successfully adapt to other selection pressures (e.

g., pH Moerman et al. 2020a;and dispersal: Fronhofer et al. 2017) and has shown evolutionary change in response to temperature (although in cell size, not fitness, see de Melo et al. 2020).

Adaptation to increased temperature is likely difficult

The lack of adaptation to increased temperature in this study, and signs of adaption to other stresses in other, may suggest that adaptation to thermal stress from de novo mutation is more difficult (for T.

thermophila at least) than, for example, adaptation to pH (Moerman et al., 2020a). While mechanistic targets of selection are less well defined for temperature, often observed methods of adaptation to temperature include the evolution of 'flexible' enzymes [START_REF] Marx | Cold-adapted enzymes from marine antarctic microorganisms[END_REF], paralogous isozymes (through duplication and mutation of genes) [START_REF] Somero | Proteins and temperature[END_REF], membrane composition [START_REF] Hazel | Thermal adaptation in biological membranes: Is homeoviscous adaptation the explanation?[END_REF] and mitochondrial density/capacity (H., 2001). Importantly, as temperature affects the folding of every protein and the kinetics of every reaction within a cell, it seems likely that a wide suite of adaptations would be needed to confer adaptation. This would fit thematically with the results from other taxa, for example in E. coli, where adaptation to extreme temperature was characterised by many epistatic interactions across the genome [START_REF] Tenaillon | The molecular diversity of adaptive convergence[END_REF]. Further, a study of the thermal limits of 2000 taxa found that ancestral adaption to cold temperatures happens far quicker than adaptation to warm temperatures [START_REF] Bennett | The evolution of critical thermal limits of life on earth[END_REF].

This result has potential implications for climate change

If populations cannot adapt to the changes occurring in their current environment, they may be forced to rely more heavily on dispersal to more favourable environments. This heavier reliance upon dispersal is not without associated costs [START_REF] Bonte | Costs of dispersal[END_REF]. First, there are many examples where species are unlikely to be able to disperse, such as habitat fragmentation where suitable habitats are separated by intermediate environments that are hostile to the dispersing organism [START_REF] Krosby | Ecological connectivity for a changing climate[END_REF][START_REF] Arribas | Evaluating drivers of vulnerability to climate change: a guide for insect conservation strategies[END_REF][START_REF] Fletcher | The negative effects of habitat fragmentation operate at the scale of dispersal[END_REF]. Second, even if a species is able to successfully disperse, theoretical work predicts that this may have a net negative effect on biodiversity as a whole, as dispersing species often hasten the decline of others through changes in species ranges, and introduce extinction and evolutionary debts that will decrease species richness, even after a temporary increase and once the environment has stabilised [START_REF] Norberg | Ecoevolutionary responses of biodiversity to climate change[END_REF]Thompson & Fronhofer, 2019). Finally, even when evolution favours dispersal, dispersal as a process itself can incurs costs (energetic, time and opportunity) and these must be associated with trade-offs with other life-history traits [START_REF] Bonte | Costs of dispersal[END_REF].

Our experimental design placed strong limitations upon evolution

It is important to contextualise these results with the severe limits placed upon evolution in our study.

Each replicate line was established from a clonal line with assumed no standing genetic variation, a scenario that is unlikely to be the norm during adaptation to increased climatic temperatures in wild populations. Standing genetic variation is expected to increase the speed of adaptation as 1) the pace of evolution is a function of the amount of variation present, 2) the variation already present is 'pre-tested' (i.e., it was not so deleterious as to be purged from the gene pool) and 3) there is a higher probability of fixation of weakly beneficial alleles as fixation probability is not only a function of the magnitude of the beneficial effect, but also the effective population size [START_REF] Barrett | Adaptation from standing genetic variation[END_REF]. Further, as only a single mating type was present in each selection line, no recombination could occur, which many ciliates do under stressful conditions (Collins, 2012), and could be expected to increase the speed of adaptation [START_REF] Cooper | Recombination speeds adaptation by reducing competition between beneficial mutations in populations of escherichia coli[END_REF][START_REF] Mcdonald | Sex speeds adaptation by altering the dynamics of molecular evolution[END_REF]. And finally, our selection regime also imposed (comparatively mild) regular bottlenecks (1:10) during transfers to new bacterialised medium, an often unavoidable feature of experimental evolution [START_REF] Wahl | Evaluating the impact of population bottlenecks in experimental evolution[END_REF], which would act to limit the effective population size of the populations and therefore increase the effect of drift, reducing the probability that a beneficial mutation will reach fixation [START_REF] Frankham | Do population size bottlenecks reduce evolutionary potential?[END_REF].

Conclusions

In this study, we have assayed the population growth of multiple protist species that have undergone selection for population growth at increased temperatures. In general, we found no signal of adaptation, and only a weak signal of selection in the form of a decrease in maximum population growth rates as selection temperature increases. We found cell size to respond plastically to assay temperature, but this response was not altered by the selection regime. This result has implications for how species may respond to climate change, specifically, adaptation to increased temperature appears to be difficult, and this may force a heavier reliance upon dispersal. 1) fitted with 95% credible interval.

Figure S3: Population densities of Tetrahymena thermophila VII populations with modified logistic growth models (Equation 1) fitted with 95% credible interval.

Figure S4: Population densities of Blepharisma sp. populations with modified logistic growth models (Equation 1) fitted with 95% credible interval.

Figure S5: Population densities of Euglena gracilis populations with modified logistic growth models (Equation 1) fitted with 95% credible interval.

Figure S6: Population densities of Paramecium caudatum populations with modified logistic growth models (Equation 1) fitted with 95% credible interval. 4) and terms calculated using Equation 5for Tetrahymena thermophila I. Colour denotes selection temperature.

Figure S9: Posterior distributions of model terms for the Sharpe-Schoolfield niche function (Equation 4) and terms calculated using Equation 5for Tetrahymena thermophila VII. Colour denotes selection temperature.

Figure S10: Posterior distributions of model terms for the Sharpe-Schoolfield niche function (Equation 4) and terms calculated using Equation 5for Blepharisma sp. Colour denotes selection temperature. 4) and terms calculated using Equation 5for Euglena gracilis. Colour denotes selection temperature. [START_REF] Parmesan | A globally coherent fingerprint of climate change impacts across natural systems[END_REF]. With persisting climate change, evolutionary strategies to persist in a given environment may thus change. These may affect the adaptation to local conditions along with the dispersal and distribution of a species across a landscape. Modelling approaches have stressed the importance of evolutionary processes during range expansion where Kubisch et al. (2013) show that when dispersing populations are not allowed to evolve, they follow the optimal environment or go extinct. As against this allowing the populations to evolve either leads to the complete occupation of the habitat or go extinct. Extinction can also be caused due to the synchrony and high dispersal rates present between the populations making them vulnerable to extinction [START_REF] Molofsky | Extinction dynamics in experimental metapopulations[END_REF]. Ronce ( 2007) also discusses how dispersal evolution helps populations to evade the disadvantages of ephemeral habitats subjected to constant changes. Indeed they discuss the evolution of increased dispersal in such scenarios [START_REF] Friedenberg | Experimental evolution of dispersal in spatiotemporally variable microcosms[END_REF].

According to the 2021 IPCC report, global temperatures have been projected to increase by 4.4°C by the end of this century (Masson-Delmotte et al., 2021). This global increase in temperature has been responsible for and projected to cause large-scale global extinctions of species worldwide (Sinervo et al., 2010), range distribution, seasonal shift (Parmesan, 2006;Root et al., 2003), changes in the composition and dynamics of biological communities (Walther et al., 2002). Indeed, a meta-analysis of available data [START_REF] Chen | Rapid Range Shifts of Species Associated with High Levels of Climate Warming[END_REF] and modelling approach [START_REF] Mchenry | Projecting marine species range shifts from only temperature can mask climate vulnerability[END_REF] provide evidence of the shift in the ranges of various organisms due to temperature change. The Northward shift of a wide variety of species (Osland et al., 2021) ranging from marine (Gregory et al., 2009;Kanamori et al., 2019) to terrestrial organisms (Kwon et al., 2014) is an excellent example of the shifts in the ranges of organisms. In this scenario, only a few options are left before a population of organisms evades extinction, such as, adapting to the changing temperatures, shifting their ranges for tracking the optimal temperatures for their growth, or both simultaneously. Now, the metabolic theory of ecology states that the temperature directly affects the metabolic rates of a given organism (Brown et al., 2004). The Van't Hoff-Arrhenius relation explains that within an acceptable range of temperatures, the metabolism of an organism is known to scale exponentially with an increase in temperature.
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This relationship in the temperature and the metabolic rate in turn is reflected by the organism's life history traits like the growth rate and developmental time (Gillooly et al., 2002(Gillooly et al., , 2001)). Accordingly, the fitness of an organism generally increases with an increase in temperature and reaches a maximum value, after which any further increase in the temperature generally causes a massive decline in fitness till fitness reaches zero at the critical thermal limit (Huey and Kingsolver, 1993). This plasticity in the metabolic rate of the organism, affecting the fitness, in turn, affects the organism's life history traits, its population dynamics, trophic interactions, and many other fitness-relevant properties as the basal individual metabolism gets altered with a change in temperature (Brown et al., 2004a;Uszko et al., 2017). These changes in the set of components an organism require from its environment along with the impact the organism exerts on its environment can be termed a change in the niche of the organism [START_REF] Clarke | Costs and consequences of evolutionary temperature adaptation[END_REF].

Rapid climate change due to anthropogenic drivers has made it crucial for us to predict reliably how distributions of organisms will change, for making decisions regarding their conservation and management (Blois et al., 2013;[START_REF] Gillson | Accommodating climate change contingencies in conservation strategy[END_REF]. Range expanding populations are affected by dispersal and adaptation to the environment faced by the range expanding populations [START_REF] Hampe | Bioclimate envelope models: what they detect and what they hide[END_REF][START_REF] Roux | Biotic interactions affect the elevational ranges of high-latitude plant species[END_REF][START_REF] Schloss | Dispersal will limit ability of mammals to track climate change in the Western Hemisphere[END_REF]. Being a heritable trait (Saastamoinen, 2008), the rate of dispersal is also known to evolve (Bowler and Benton, 2005;Ronce, 2007) as shown in the cane toad example (Alford et al., 2009;Brown et al., 2013;Phillips et al., 2010a) where it keeps increasing whereas dispersal rates may also reduce due to the genetic load of deleterious mutations coming from the core to the dispersing front populations (Garcia-Ramos and Kirkpatrick, 1997;[START_REF] Kirkpatrick | Evolution of a species' range[END_REF]. As it is known that dispersal affects the amount of genetic variation present in a given spatial region via the influx of new individuals (Gomulkiewicz et al., 1999;Kawecki, 2008), in populations at the range fronts facing continuous colonisation bottlenecks, some alleles which may or may not be deleterious may get established at high frequencies in a process termed gene surfing (Edmonds et al., 2004;Klopfstein et al., 2006;[START_REF] Peischl | On the accumulation of deleterious mutations during range expansions[END_REF] which may reduce the dispersal and population persistence at the range fronts. This may affect the adaptation to the local conditions in the new habitat. The dispersal rate can also evolve by the process of spatial sorting (Shine et al., 2011) which leads to the presence and selection of highly dispersive phenotypes from the population at the range fronts.

When faced with environmental changes, populations may adapt to the new environmental stress due to the sorting of phenotypes from denovo or standing genetic variation causing the frequency of that adapted

Materials and methods

Study organism

We used two mating types, I and VII of Tetrahymena thermophila as the model study system. Tetrahymena thermophila is a small (50 µm) freshwater ciliate and a bacterivore that is regularly used as a model organism in evolutionary and ecological microcosm experiments. (Altermatt et al., 2015;Collins, 2012;de Melo et al., 2020;Moerman et al., 2020). The cultures of Tetrahymena thermophila were cultured in a medium consisting of a mixture of 1 g organically grown and dehydrated salad powder and 1.6 L of volvic water. This mixture was autoclaved and inoculated with a 10 % by volume Serratia fonticola culture which was growing for around 3 days attaining saturation

Source of the populations

The Tetrahymena populations used in this experiment were sourced from an ongoing temperature selection experiment. Briefly, the temperature selection experiment consisted of Tetrahymena thermophila (mating types I and VII) (Altermatt et al., 2015;Collins, 2012;de Melo et al., 2020;Moerman et al., 2020), Paramecium caudatum (Magalon et al., 2010;Nidelet and Kaltz, 2007;Nørgaard et al., 2021;[START_REF] Wichterman | science & business media)[END_REF], Euglena gracilis (Altermatt et al., 2015;Harvey et al., 2017;[START_REF] Schwartzbach | Euglena: biochemistry, cell and molecular biology[END_REF], Blepharisma sp. (Giese, 1938;Saade et al., 2022;Tan et al., 2021)., and Serratia fonticola (Description of the model organisms used has been provided in Chapter 2) selected at six temperatures(°C): 20,25,30,33,36,39. With 3 replicates for each species, We had a total of 18 selection lines. We started all the 18 selection lines at 20°C. Every six weeks, all selection lines were established into a new higher temperature, maintaining their ancestors in the previous lower temperature. For details of the experiment please refer to chapter 2: materials and methods section. For this particular experiment, we mixed Tet I and Tet VII from all temperatures from the temperature selection experiment in equal proportions. We will call this mixture the ancestral mixture hereafter.

Temperature gradient interconnected landscape

We followed the description provided by [START_REF] Cocciardi | Adjustable temperature array for characterizing ecological and evolutionary effects on thermal physiology[END_REF] for constructing the temperature gradient interconnected landscape. Fig. 1 represents the temperature gradient interconnected landscape. We used 18 patches with 25 ml vials (Sarstedt) connected by 8 cm silicon tubing (inside diameter: 4 mm; VWR) and stopcocks (B. Braun Discofix) for controlling the connectivity between the vials. Each vial was kept in an aluminium holder which had been connected to a Peltier element used for heating the aluminium holder. A temperature sensor is also attached to the aluminium holder to monitor the maintained temperature. The heating of the Peltier element is controlled by the Arduino program which receives temperature measurement data as input provided by the temperature sensor. The Arduino code controls the elements of the Electronic controlling box represented in Fig. 1. For further information on the components of the electronic controlling box refer to [START_REF] Cocciardi | Adjustable temperature array for characterizing ecological and evolutionary effects on thermal physiology[END_REF]. In contrast to [START_REF] Cocciardi | Adjustable temperature array for characterizing ecological and evolutionary effects on thermal physiology[END_REF], we did not employ a water cooling system to control and reduce the temperature of the aluminium vials if it exceeds the designated value. Instead, we maintained the room temperature at 20°C with sufficient airflow (Small fans mounted onto the landscape) to allow excess heat to be dissipated. Each patch from the temperature gradient landscapes can be heated separately with an increment in temperature of 1.25°C from 20°C to 42.5 °C. Overheating of each patch outside its set temperature (temperature ± 0.5°C) was prevented by automatically shutting off the entire landscape. 

Treatment groups

We followed a fully factorial design wherein we tested for the effects of the presence of a temperature gradient in the Temperature gradient interconnected landscape, which had 2 levels (level 1: Control: temperature gradient absent, level 2: temperature gradient present) and Eco-evolutionary treatment, which again had 2 levels (level 1:

Ecology treatment, level 2: Evolution treatment). The four treatments due to the factorial design are:

1) Evolutionary control: No temperature gradient + Allows sorting of phenotypes 2) Evolutionary treatment: Allows sorting of phenotypes + temperature gradient present.

3) Ecological control: No temperature gradient + Avoids sorting of phenotypes 4) Ecological treatment: Avoids sorting of phenotypes + temperature gradient present

The experiment consisted of 5 replicates (1 replicate corresponds to one interconnected landscape) per treatment. Therefore, we had a total of 20 landscapes in our experiment. The ecological treatment with or without the presence of the temperature gradient.

In the evolutionary treatments, we allowed evolution to act on the available range of phenotypes mixed in the ancestral mixture derived from the temperature selection experiment. Evolution may act through the segregation of temperature-adapted phenotypes as populations expand their range into higher temperatures across the landscape, through the evolution of dispersal due to the spatial sorting of highly dispersive phenotypes which may be present at the range fronts, or through the emergence of denovo mutations (Fronhofer et al., 2017). Both these forms of evolutionary effects, affect the persistence of a population at a given temperature in the landscape and also the speed of range expansion.

In ecological treatments, we wanted to avoid the above-mentioned evolutionary consequences (Petegem et al., 2018). To do this, we re-established the populations from the ecological treatments at the same densities from mixed ancestral stock populations with proportions calculated from the video analysis using R. We used the 'BeMoVi' R package (Pennekamp et al., 2015) for analysis to extract density and cell size data (github.com/efronhofer/bemovi). To be able to access a large stock of the populations from the temperature selection experiment, we maintained multiple replicates established from each selection experiment population a week before they were used in the range expansion experiment. These replicate populations were then used to mix in equal proportions, and centrifuged for 3 minutes for obtaining a concentrated ancestral mixture used to reinoculate the ecological treatment landscapes in the same proportions obtained from the video analysis. The amount of inoculum to be inoculated back into the ecological treatment vials keeping the densities similar to what we obtained discarding the medium in the vials, we first calculated the ratio of the number of individuals (per ml) from the vials and the ancestral mixture. This proportion was then multiplied by 20 (the amount of medium present in each vial) to obtain the size of the inoculum to be inoculated back in the emptied vials of the ecological treatments. The remaining volume was filled up to the 20 ml mark on the vial with a 10 % bacterized medium.

Range expansion experiment protocol

We conducted the range expansion experiment for a duration of 5 weeks. We performed two cycles of range expansion per week. At the beginning of the experiment, we filled the first 4 vials in the landscape with a 10% bacterized medium. We filled the first vial with 20 ml of the ancestral mixture. The next day, to allow dispersal, we opened the clamps between vials 1,2, and 3 allowing populations to expand their range. We allowed the dispersal phase for a period of 3 hours. An extra vial filled with bacterized medium (here for example vial 4) was always maintained beyond the vial until dispersal was allowed. This helped us to avoid any introduction of air bubbles into the landscapes as we included subsequent vials in the experiment. This all-together consisted of the first range expansion cycle. Thereafter, every range expansion cycle consisted of sampling 350 µL culture in 24 well black plates (type; Krystal Microplate, producer; Porvair sciences) from each salad medium-filled vial in the interconnected landscapes. These samples were used for recording videos using the microscope plate reader (Cytation 5, BioTek FR) (170 frames, 6177×6177 μm FOV, auto-focus enabled). To avoid the formation of a meniscus over the culture samples in the plates which led to distortion in the video captures, we inoculated 1 μl of mineral oil (Sigma Aldrich) on the surface of the sample. This led to the flattening of the meniscus which allowed us to obtain better videos without distortion due to the curved liquid surface.

On the same day, 10% medium from each medium-filled vial was replaced with Serratia fonticola culture to maintain the number of prey bacteria in the Tetrahymena cultures. Fig. S8 represents the number of bacterial colonies (dilution ratio of 10 -4 ) obtained from plating the salad medium from the core and fronts obtained at the end of the range expansion experiment.

All the vials of the landscapes except those until which we allow dispersal, were kept empty. We added and filled two new subsequent patches after the sampling phase. On day two of a given cycle, ecological treatments were re-established according to the description provided in the previous paragraph. On the same day, after reinoculation of the ecological treatments, we allowed the populations to disperse for three hours by opening all clamps between the vials included in the previous dispersal cycle plus two new clamps to include two new patches in the interconnected landscape. A total of 10 such cycles were performed during the experiment allowing populations to disperse over 18 vials.

Final assay: Core vs front assay

To disentangle the differences between the core and front populations which may have emerged due to the sorting of phenotypes in the evolutionary treatment, after completion of the range expansion experiment we conducted a temperature niche assay. The assay was carried out for the range core and range front populations from the evolutionary treatment (All 10 landscapes) and the ecological treatment (used as a control as it consists only of ancestral mixture populations). The assay provided us with information about any differences that may have emerged in the temperature niche obtained by plotting the r 0 (intrinsic rate of increase) against the assay temperature of the core and front populations. The assays were carried out at 5, 10, 15, 20, 25, 30, 33, 36, 39, and 40°C for 3 weeks. Before the assays, to eliminate the impact of epigenetic parental effects and plastic responses, a common garden phase of 2 days (approximately 10 doubling periods) with a 10-fold dilution of the samples (Fronhofer and Altermatt, 2015) for all the populations was initiated to control for the plasticity of any response to the temperature gradient landscapes. For establishing the assay lines, we added 200 μL of the core or front populations to 25 ml vials (Sarstedt) containing 20 mL of 10% bacterized salad medium. These vials were incubated at the respective 10 assay temperatures mentioned above. We randomized the incubators weekly to avoid the specific effects of any incubator. For the first 5 days of the experiment, we sampled 350 μL culture in 24 well black plates (type; Krystal Microplate, producer; Porvair sciences) from each salad medium-filled vial.

These samples were used for recording videos using the microscope plate reader (Cytation 5, BioTek FR) (170 frames, 6177×6177 μm FOV, auto-focus enabled). To avoid the formation of a meniscus over the culture samples in the plates which led to distortion in the video captures, we inoculated 1 μl of mineral oil (Sigma Aldrich) on the surface of the sample. This led to the flattening of the meniscus which allowed us to obtain better videos without distortion due to the curved liquid surface. We replaced 2 ml of salad medium from the vials with Serratia culture to maintain in excess the number of food bacteria in the vials. This replacement step was performed every alternate day. For the first five days of the experiment, we sampled and took videos of the sample every day which was then converted to a frequency of three days per week corresponding to Monday, Wednesday, and Friday coinciding with medium replacement. The videos obtained were then analyzed using the 'BeMoVi' R package (Pennekamp et al., 2015) to extract density and cell size data (refer to github.com/efronhofer/bemovi).

Statistical analysis

The statistical analysis in this experiment was performed using R version 4. [START_REF] Bürkner | Advanced Bayesian multilevel modeling with the R package brms[END_REF][START_REF] Bürkner | Advanced Bayesian Multilevel Modeling with the R Package brms[END_REF].

Range front position analysis

We fitted the linear mixed models to the range front position as a function of the number of days the experiment was performed. Models consisted of additive and interaction models consisting of explanatory variables defined as Eco_Evo: Ecological or evolutionary treatment and Gradient: presence or absence of a temperature gradient.

The effect of the landscape associated with each data point was considered a random factor in the model. The table consisting of the model selection performed through the Watanabe-Akaike information criterion (WAIC) is shown in the supplementary materials (Table S1). We used an extremely constrained prior for the intercept as we essentially wanted to constrain it to the value of 1 as all populations in the range expansion experiment started from the first patch. The priors for the slopes were partially informative with normal distribution with a mean of 0 and standard deviation of 1. Trials with 4 Markov chain Monte Carlo (MCMC) chains, with a warm-up phase of 1000 iterations and a sampling phase of 3000 iterations resulted in the successful running of all the MCMC chains with no divergent transitions and an R hat value of 1 with the number of independent samples (N effective) adequately large (Rosenbaum et al., 2019;[START_REF] Vehtari | Rank-Normalization, Folding, and Localization: An Improved Rˆ for Assessing Convergence of MCMC (with Discussion)[END_REF], implying well-mixed chains which is a diagnostic of good sampling, fitting and estimation of parameters by the model. Finally, we fitted all the growth curve data from the temperature niche assay with 1 Markov chain Monte Carlo (MCMC) chain, with a warm-up phase of 1000 iterations and a sampling phase of 10000 iterations.

capacities, population densities may start declining due to accumulation of metabolic waste due to buildup of dead organisms in the medium) from the carrying capacity (K). The rate at which such decay occurs is defined by the decay rate parameter (d). The equations employed for extracting the population fitness parameters are mentioned in Chapter 2 in methods section: Population growth models.

With the use of the Bayesian statistical modelling approach using 'rstan' packages in R, we estimated the values of the parameters r 0 , K, T crit , and d. We chose partially informative priors constrained to positive values, with realistic mean estimates and reasonably wide standard deviations. The priors were assigned in the logarithmic scales to facilitate fitting and avoid divergent transitions due to issues like the 'devil's funnel' (McElreath, 2020). Trials with 4 Markov chain Monte Carlo (MCMC) chains, with a warm-up phase of 1000 iterations and a sampling phase of 3000 iterations resulted in the successful running of all the MCMC chains with no divergent transitions and an R hat value of 1 with the number of independent samples (N effective)

adequately large (Rosenbaum et al., 2019;[START_REF] Vehtari | Rank-Normalization, Folding, and Localization: An Improved Rˆ for Assessing Convergence of MCMC (with Discussion)[END_REF], implying well-mixed chains which is a diagnostic of good sampling, fitting and estimation of parameters by the model. Finally, we fitted all the growth curve data from the temperature niche assay with 1 Markov chain Monte Carlo (MCMC) chain, with a warm-up phase of 1000 iterations and a sampling phase of 10000 iterations.

Temperature niche fitting: We used the intrinsic rate of increase (r 0 ) and the associated standard deviation obtained from fitting the modified logistic growth curves to the data obtained from temperature niche assays, to explore how the temperature niches differ across core and fronts from the different treatments in the range expansion experiment. The temperature niche fitting was performed separately for each of the populations obtained from the fronts and the cores for the range expansion experiment. We used a high-temperature inactivation version of the Sharpe-Schoolfield equation (Schoolfield et al., 1981), an extension of the Arrhenius equation [START_REF] Boltzmann | Weitere Studien über das Wärmegleichgewicht unter Gasmolekülen[END_REF]Arrhenius 1889;Brown et al. 2004) (Arrhenius, 1889;Boltzmann, 1972;Brown et al., 2004), incorporating the decrease in the intrinsic rate of increase (r 0 ) beyond an optimal temperature associated with the respective population. The Sharpe-Schoolfield equation (Schoolfield et al., 1981) provides us with an advantageous situation where it allows for the modelling of the quasilinear reaction norm at intermediate temperatures and the non-linear reaction norms at low and higher temperatures (Wagner et al., 1984). The parameters used in this modelling approach also have thermodynamic understanding. We have used this equation for our analysis in this thesis. Again, with the use of the Bayesian statistical modelling approach to fit the Sharpe-Schoolfield equation niche function to the r 0 estimates obtained from the fitting of modified growth curves, we obtained the estimates of parameter values for the rate at the standardized temperature, T ref (r 0Tref ), activation energy in electron volts (E), high-temperature de-activation energy in electron volts (E h ), and temperature (ºC) at which enzyme is 1/2 suppressed due to high temperatures (T h ) using the 'brms' and 'rstan' R packages. We used partially informative, positively bound priors for the four parameters. The standard deviation associated with each r 0 value obtained from the posteriors from the fitting of the growth curves was also included as a normal distribution with a mean and standard deviation. This was particularly an important approach through which we could cascade the error estimates obtained from the fitting of the growth curves using the modified continuous time logistic growth model into the process of obtaining the temperature niches of the core and front populations. This is an essential step that refrains the analysis to provide any false representation of the temperature niches and forbids us to obtain any wrong interpretations from the analysis.

Trials with 4 Markov chain Monte Carlo (MCMC) chains, with a warm-up phase of 1000 iterations and a sampling phase of 3000 iterations resulted in the successful running of all the MCMC chains with no divergent transitions and an R hat value of 1 with the number of independent samples (N effective) adequately large (Rosenbaum et al., 2019;[START_REF] Vehtari | Rank-Normalization, Folding, and Localization: An Improved Rˆ for Assessing Convergence of MCMC (with Discussion)[END_REF], implying well-mixed chains which is a diagnostic of good sampling, fitting and estimation of parameters by the model. Finally, we fitted all the growth curve data from the temperature niche assay with 1 Markov chain Monte Carlo (MCMC) chain, with a warm-up phase of 1000 iterations and a sampling phase of 10000 iterations.

Results

Temperature gradient eliminates differences between ecological and evolutionary treatments

To evaluate whether there was an effect of the presence of a temperature gradient and whether evolutionary processes were allowed to occur during the range expansion process, we analyzed the position of the range border of the population involved as the experiment progressed. As in Fig. 2, we observed that overall treatments which experienced a temperature gradient expanded their range faster than treatments that did not encounter a temperature gradient. We did not observe differences in response between the ecological and evolutionary treatments which experienced the temperature gradient during range expansion. Surprisingly, when the temperature gradient was absent, we observed that the ecological treatment populations expanded their range faster than the evolutionary treatment.

The above result stems from the process of model selection (Table S1) using the WAIC criterion where the best model included the effect of the interaction between the presence or absence of a temperature gradient and the ecological versus the evolutionary treatments. S3, S4)for speed of movement for the cores and fronts of Evolution + Gradient, Evolution + No gradient population respectively after the 2-day common garden phase at 20°C. The cores and fronts are represented in blue and red respectively. Panels B and F represent the speed of movement for the ancestral mixture populations (Table S5). The shaded area and thick line are the overall 95% compatibility interval and mean of the posterior distributions of the simple Intercept model to assess movement speed differences between cores and the fronts.

Speed of movement

In the b-splines represented in Fig. 3, we observed that for landscapes with ecological treatments experiencing a temperature gradient, the core populations did not show large deviations over time, while the front populations increased their movement speeds until half of the initial duration of the experiment and then the movement speeds reduced as the populations encountered higher and higher temperatures in the temperature gradient landscape (Fig. 3). For the ecological treatments which did not experience a temperature gradient the core and the front did not show any major deviations from the initial value of movement speed. This re-ensures us that this treatment acts as a global control during our experiment as the core and front populations are essentially always established from the same ancestral mixture as per the description of this particular treatment. For both the evolutionary treatments we observed that the core populations exhibit a decrease in the movement speeds while the front populations exhibit an initial increase which finally culminates in movement speeds similar to the core populations over time. The differences in the speed of movement across the core and the fronts obtained during the range expansion experiment may also be partially a result of plastic responses due to the changes in the temperature experienced by the front population and genetic responses as they disperse into higher temperatures.

We also investigated if the above-observed differences have a genetic basis and are not merely the plastic response of range expanding populations to changes in the temperatures they experience. Accordingly, for evolutionary treatments facing temperature gradients, the front population exhibited higher speeds of movement than the control ancestral mixture populations. On the other hand, core populations evolved at lower speeds of movement than the control ancestral mixture populations.

For evolutionary treatments facing no temperature gradient, the front populations did not show a difference in the speeds of movement compared to the control ancestral mixture populations. On the other hand, core populations evolved at lower speeds of movement than the control ancestral mixture populations. The above result stems from the process of model selection using the WAIC criterion where the best model included is the intercept model which accounts for the core and the front separately (Table S3, S4, S5). S2). The ecology and Evolution treatments are represented in blue and red respectively. The shaded area and thick line are the overall 95% compatibility interval and mean of the posterior distributions of the best model addressing density differences between the four treatments in the range expansion experiment.

Core population densities are higher for ecological treatments at the end of the range expansion experiment

We also checked whether the population densities in the cores differed between the ecological and evolutionary treatments (Fig. 4). Indeed we found that the cores of the ecological treatments had higher population densities in comparison to the evolutionary treatments regardless of the presence or absence of temperature gradient treatment. The population densities in patches beyond the cores were also higher for the ecology treatments as seen in the population density trajectories across the patches at the end of the range expansion experiment in comparison to the evolutionary treatments. The above result stems from the process of model selection using the WAIC criterion where the best model included is the intercept model which accounts for the differences between ecological and evolutionary treatments (Table S2). The differences in the core population densities were independent of any differences in the amount of any bacterial food resource as can be inferred from Fig. S8 where cores of ecological treatments had less than or a comparable amount of bacteria in their medium. 

No visible differences in the temperature niches

We expected the evolutionary treatment with a temperature gradient to lead to a sorting of the phenotypes best suited for the respective available temperatures across the temperature gradient. To check this we performed an assay to obtain the temperature niche of the core and front populations (Fig. 5) which experienced the evolutionary treatment during the range expansion experiment. We did not obtain any major differences between the range core and range front populations from the evolutionary treatments with respect to the control ancestral mixture population. The T opt (Supplementary fig 4) and parameter values for activation energy in electron volts (E), high-temperature de-activation energy in electron volts (E h ), and temperature (ºC) at which enzyme 1/2 suppressed due to high temperatures (T h ) (Supplementary fig 5,6,7 respectively) obtained from fitting the high-temperature inactivation version of the Sharpe-Schoolfield equation did not show any major differences across the gradient versus no gradient treatments and associated cores and fronts. All this implies similarity between populations in terms of the intrinsic rates of increase across assay temperatures.

Discussion

We investigated the effects of eco-evolutionary processes during range expansion in the presence or absence of a temperature gradient across an interconnected linear landscape with a mixture of Tetrahymena phenotypes maintained at six temperatures in an ongoing temperature selection experiment. Our investigation presented an intriguing set of results. When temperature gradient was present across the range expansion landscapes, the ecological and evolutionary treatments exhibited similar patterns of range expansion. Surprisingly, in the absence of a temperature gradient, we observed that the ecological treatments expand their range faster than the evolutionary treatments which are exactly opposite to expectations from the existing work on topics of range expansion: theoretical reviewed in Kubisch et al. (2014) and comparative (e.g. [START_REF] Lombaert | Rapid increase in dispersal during range expansion in the invasive ladybird Harmonia axyridis[END_REF][START_REF] Phillips | Invasion and the evolution of speed in toads[END_REF], [START_REF] Thomas | Ecological and evolutionary processes at expanding range margins[END_REF]). In general, when a temperature gradient was present, both ecological and evolutionary treatments expanded their ranges faster than when a temperature gradient was absent.

No noteworthy difference in the shape of the temperature niche and the T opt associated with each evolutionary treatment

The results of chapter 1 (temperature niche review) effectively demonstrated the presence of a trade-off with maladaptation to low temperatures when adapted to higher temperatures. Accordingly, populations in the range fronts were expected to exhibit such a trade-off as they were able to persist in high temperatures. But we did not obtain any major differences between the range core and range front populations from the evolutionary treatments with respect to the control ancestral mixture population. The T opt (Supplementary fig 4) and parameter values for E, E h , T h (Supplementary fig 5, 6, 7 respectively) obtained from fitting the high-temperature inactivation version of the Sharpe-Schoolfield equation did not show any major differences across the gradient versus no gradient treatments, and associated cores and fronts. This could have been caused

due to multiple reasons. First of all, Tetrahymena thermophila maintained at 20°C, when grown at 40°C, does show non-zero growth which could have caused the populations in the range fronts to still have some individuals which had been historically maintained at 20°C in the temperature selection experiment. Second, a steeper temperature gradient, with a higher temperature than 42.5°C in the final patch would have been more

efficient to sort the available temperature-adapted phenotypes present in the range expanding population. Lastly, the ecological temperature scaling may have been stronger and overwhelmed the effect of evolutionary processes taking place in the evolutionary treatments. Also, this may have been the result of the use of a mixture of populations maintained at 6 temperatures as described in the temperature selection experiment as the ancestral mixture population. The temperature of 42.5°C would not have been a strong enough selection pressure as Tetrahymena populations growing at 20°C can still exhibit some growth at 40°C. A stronger temperature gradient with greater temperatures than 42.5°C and temperature niche assay at temperatures beyond 40°C would provide us with better results for differences in the niche of the cores and the fonts. Unlike the lack of differentiation in the niches in our experiment, [START_REF] Davies | Niche shift and resource supplementation facilitate an amphibian range expansion[END_REF] did observe a shift in the niche of painted reed frogs when they naturally expanded their range into drier habitats. Similar niche differences in the native and new ranges of the invasive species were observed by [START_REF] Broennimann | Evidence of climatic niche shift during biological invasion[END_REF].

The presence of a temperature gradient causes ecological and evolutionary treatments to exhibit similar patterns of range expansion

As shown in Fig. 2 we observed that ecological and evolutionary treatments in presence of a temperature gradient expanded their range in a similar pattern. This was an unexpected result as we expected the evolutionary lines which were allowed to sort phenotypes for populations exhibiting local adaptations from an ancestral mixture population, to expand their ranges faster than the ecological lines. We also expected these populations to exhibit an evolutionary increase in the speed of movement. As observed in Fig. 3, the front populations of the ecological treatment with a temperature gradient, exhibit an initial increase in speed of movement which drops rapidly as temperatures in the landscape increase as populations expand their range. As opposed to this, front populations in the evolutionary treatment with a temperature gradient exhibit a rapid increase in speed of movement with a slower decrease in speed of movement as populations encounter higher and higher temperatures as they expand their ranges.

Patterns for the densities of individuals (Fig. 4) present in both ecological and evolutionary treatments with temperature gradients show that ecological treatments had an overall higher density of individuals at the cores and the subsequent patches as compared to the evolutionary treatments. The results of the Bayesian linear model

show that the best model explaining differences in the core densities is the model with ecological versus evolutionary treatment. It shows that ecological treatments have higher densities at the cores than evolutionary treatments irrespective of the presence or absence of a temperature gradient. These contrasting differences between the ecological and evolutionary treatments face a temperature gradient, where even though the ecological treatments have a rapid decrease in the speed of movement as temperature increases. We speculate that the higher densities in the core and the subsequent patches could have "pushed" the expanding populations, leading to similar patterns of range expansion as the evolutionary treatments whose range expansion would be "pulled" due to higher speed of movements at higher temperatures and lower densities of individuals compared to the ecological treatments. A pulled wave of range expansion is where the range fronts are generally characterized by very few founding individuals which represent a limited set of phenotypes. This constrained availability of genetic variation may lead to higher probabilities of events of gene surfing (Hallatschek and Nelson, 2008;Klopfstein et al., 2006;Marculis et al., 2017). Also, such populations may experience r-selection with release from competition at the range fronts (Phillips et al., 2010).

As against this, pushed wave dynamics happen when the overall range expansion is driven by the populations dispersing from the high-density range cores consequently maintaining a supply of genetic diversity at the range fronts and enabling efficient local adaptation. As demonstrated in [START_REF] Dahirel | Landscape connectivity alters the evolution of density-dependent dispersal during pushed range expansions[END_REF][START_REF] Dahirel | Shifts from pulled to pushed range expansions caused by reduction of landscape connectivity[END_REF] the pushed and the pulled wave dynamics could also be affected by the degree of connectivity between the habitats during range expansions. These could be an interesting direction for further study of the range expansion experiments that have been presented in this thesis.

The presence of a temperature gradient leads to faster range expansion irrespective of the ecological or evolutionary treatments

The mere presence of a temperature gradient affected the response of both ecological and evolutionary treatments in the range expansion experiment. Both treatments exhibited an increase in the range expansion speed and extent in the presence of a temperature gradient. The effects of ecological temperature scaling exponentially affect the overall metabolism of an organism. The temperature increases may lead to an increase in the overall movement of an organism until the optimal temperature for movement associated with the respective organism is reached. Apart from this experiment, the temperature is known to affect the range expansion of organisms through numerous pathways which include affecting the life-history traits like survivorship [START_REF] Crozier | Warmer Winters Drive Butterfly Range Expansion by Increasing Survivorship[END_REF] or modifying the biotic interactions like predation [START_REF] Figueira | Can temperature-dependent predation rates regulate range expansion potential of tropical vagrant fishes?[END_REF] and herbivore-host relations [START_REF] Raffa | Temperature-driven range expansion of an irruptive insect heightened by weakly coevolved plant defenses[END_REF].

The absence of a temperature gradient causes ecological treatments to expand their ranges faster than evolutionary treatments

According to the present understanding, we expected the evolutionary treatments to expand their range faster than the ecological treatments. This expectation stems from the fact that dispersal speeds are in itself expected to evolve (Bowler and Benton, 2005;Ronce, 2007) as shown in the cane toad example (Alford et al., 2009;Brown et al., 2013). With spatial sorting, organisms that disperse faster, reach new unoccupied patches in the landscapes, providing them an advantage to establish their population as they escape the disadvantages of intense competition as experienced in the cores. This subsequently leads to an increase in the dispersal speed as the organisms expand their ranges. Indeed, we observed that the movement speed increases rapidly as populations increase their range (Fig. 3 G). But then the speed decreases rapidly after approximately the 10 th day of the range expansion experiment. At the end of the experiment, the speed of the front and the core is approximately similar and both exhibit a reduction in the speed of movement as compared to the ecological treatment with no temperature gradient whose core and fronts both have similar patterns of the speed of movement over the experiment establishing it as a global control as core and fronts are compositionally same in these treatments. This reduction in the speed of range fronts for the evolutionary treatments may be the effect of the accumulation of deleterious mutations at the range front due to the process of gene surfing. With smaller populations at the range fronts (Fig. 4) compared to ecological treatment, populations at the front may maladapt and consequently reduce dispersal speed due to random genetic drift. But the speed of movement data from the common garden phase exhibits that front populations still maintain a higher speed than core populations hinting toward the genetic basis for these differences. Therefore the reduction in the speed of range fronts for the evolutionary treatments probably is the result of negative plastic response towards high temperatures beyond the preferred temperature niche of the range expanding organisms.

Along with that, the population densities as present at the last measurement show that ecological treatments have considerably high densities at the cores and the subsequent patches as compared to the evolutionary treatments. This potentially implies a pushed wave for range expansion. The presence of a pushed wave in ecological treatments along with an eventual reduction in the speed of movement in the evolutionary treatments after 10 days of range expansion overall may have led the ecological treatments to expand their ranges faster than the evolutionary treatments. The amount of genetic variation present at the range fronts may also depend on whether the range expanding population is a part of a pulled or a pushed wave of range expansion. If populations expand their range via a pulled wave, then the range fronts are generally characterized by very few founding individuals which represent a limited set of phenotypes.

Fig. 4 effectively captures the phenomena where evolutionary treatments eventually develop range cores that have lower densities than the cores of the ecological treatments as seen in Fronhofer and Altermatt (2015). This highlights the importance of evolutionary processes during range expansions. We demonstrated here that the results obtained by Fronhofer and Altermatt (2015) still hold even in the presence of increasing temperature gradients.

One important difference which needs to be addressed is the methodical differences between the experiment currently described and the experiments performed by Fronhofer et al. (2017). Fronhofer et al. (2017) used a two-patch system, where they allowed populations to disperse. Then the core and the front were established into respective two patch systems and then allowed again to disperse. In the system in which core populations were established, they only selected the core populations from that system to be further propagated in the same manner. Front populations were treated in a similar fashion where only the fronts of each two patch systems were used to establish the next two patch system populations. This allowed them to keep track of the core and the front populations. In contrast to this, in our experiment, we used a linear interconnected landscape with 18 patches which allowed the cores and the subsequent populations to at least indirectly interact with the range expanding front populations. This allowed for a continuous possibility of deleterious phenotypes to surf randomly to the range fronts as may have been the case in evolution treatment with no temperature gradient. Also, the effects of higher densities in the cores and subsequent patches had a possibility of exerting pressure toward the range fronts as may have been the case in ecological treatment with no temperature gradient.

Conclusions

We performed a range expansion experiment using Tetrahymena thermophila derived from a temperature selection experiment. We intended to disentangle the eco-evolutionary effects of range expansion across a temperature gradient. After performing the experiment, we obtained similar patterns of range expansion for both the ecological and evolutionary treatments when the temperature gradient was present. In treatments where there was no temperature gradient, ecological treatments expanded their range faster than the evolutionary treatments which contradict the generally accepted notion that evolution accelerates the pace of range expansion. The mere presence of an increasing temperature gradient led to rapid range expansion as compared to treatments that did not face the temperature gradient. The underlying mechanisms for the patterns observed may be attributed to the interplay between the plastic and evolutionary changes in the speed of movement and the population densities of the range front and the core populations. We also addressed whether the front populations which expanded their range into higher temperatures in the gradient had differences in their temperature niche as compared to the core population. We did not obtain noteworthy differences in the shape of the temperature niche and the T opt associated with each evolutionary treatment. The experiment overall emphasized the important role of temperature in affecting range expansions along with providing a perspective that evolution does not always favor an acceleration in the range expansion when compared to the ecological control treatments. 

Importance of biotic interactions

The experiments I performed addressed the main questions from the point of view of only the effect of abiotic factors like temperature. An important factor that is essential to be considered is the effect of biotic interactions which may affect the results I present in the thesis. In nature, no organism is present in a state of isolation which makes it extremely fundamental for studying the effects of biotic interactions in ecological and experimental studies. Blois et al. (2013) discuss how past episodes of climate change over the earth's history have affected contemporary biotic interactions via changes in the abundances or changes in the ranges of interacting species.

With the current populations of the extant species facing anthropogenic climate change, it is inevitable that they also are confronted by such changes in the biotic interactions in their niche. In chapter 1, I discussed how the overall adaptation to a given environment is affected by biotic interactions wherein biotic interactions modulate how the environmental stress is perceived by the organisms. Modelling approaches tell us that an increasing strength of antagonistic interactions like predation along with a decrease in the strength of mutualistic interactions like mutualism is predicted to cause an initial deceleration and then acceleration in the intensity at which selection takes place [START_REF] Benkman | Biotic interaction strength and the intensity of selection[END_REF]. Experimental approaches like [START_REF] Becker | Biotic interactions govern genetic adaptation to toxicants[END_REF] test how biotic stresses can delay or accelerate adaptation. They found that intraspecific competition stress leads to an accelerated adaptation while a release from the intraspecific competition by predation or interspecific competition leads to a delay in the adaptation. Accordingly, adaptation to an environment is also affected by the presence or absence of interactors and the type of interaction. [START_REF] Jacob | Habitat choice meets thermal specialization: Competition with specialists may drive suboptimal habitat preferences in generalists[END_REF] also discuss how intraspecific competition and the presence of generalists and specialists in a given population may affect the habitat choices of the organism where specialists occupied their preferred optimal habitats while generalists occupied suboptimal habitats.

During events of range expansions where organisms may get introduced into new habitats, they may encounter new biotic interactions which may be facilitative, competitive, and mutualistic [START_REF] Elton | The ecology of invasions by animals and plants[END_REF]. In such a case the outcome of the range expansion and subsequently its effects on the already present native organisms would be dependent on the type of the new interaction [START_REF] Brooker | Modelling species' range shifts in a changing climate: The impacts of biotic interactions, dispersal distance and the rate of climate change[END_REF]Kubisch et al., 2014;[START_REF] Van Der Putten | Predicting species distribution and abundance responses to climate change: why it is essential to include biotic interactions across trophic levels[END_REF]. This has been highlighted in [START_REF] Fronhofer | Bottom-up and top-down control of dispersal across major organismal groups[END_REF], where they discuss how the resource availability (bottom-up) and predation (top-down) affect the emigration of organisms during dispersal. Another factor that disrupts the present biotic interactions is the differences in the speed and lag experienced by the organisms when they expand or shift their ranges [START_REF] Alexander | Lags in the response of mountain plant communities to climate change[END_REF]. This results in the breaking of old biotic communities and the making of new biotic communities. Besides the interspecific interactions, intraspecific interactions also experience a dynamic change as organisms expand their ranges. As discussed in [START_REF] Burton | Trade-offs and the evolution of life-histories during range expansion[END_REF] life history evolution of the populations which are present in the core and fronts in a range expansion scenario, are extremely different where front populations experience a selection to increase their speed of population growth (r-selection) while core populations experience selection for competitive ability (K-selection). In Fronhofer and Altermatt (2015), when they allowed evolutionary process during range expansion, they obtained lower densities at the range cores than at range fronts which were also reflected in my range expansion experiment. Apart from this, populations at the range fronts experience Allee effects [START_REF] Miller | Sex and stochasticity affect range expansion of experimental invasions[END_REF] which lead to slowing the speed of range expansion. In this case, a pulled wave of expansion may get converted into a pushed wave as leading edge populations experience allee effects.

Environmental fluctuations

Chapter 

Trade-offs observed

In the introduction of the thesis, I discussed how trade-offs are a part and parcel of life and how they may or may not be evident depending on numerous life history factors and evolutionary factors. In line with that, I also explored in our meta-analysis and experiments the existence and the nature of trade-offs. In chapter 1, a very prominent trade-off was observed in the case of the adaptation to high temperatures leading to a maladaptation to a lower temperature. This is at odds with the "hotter is wider" hypothesis which means an absence of a generalist specialist trade-off leads to no trade-off at low temperatures for populations adapting to higher temperatures. In chapter 2, I failed to observe any significant patterns for trade-offs during temperature adaptation. This may be due to a large set of reasons which have been mentioned in the introduction. There could be an altogether absence of trade-offs or the threshold of generations required for the temperature adaptation trade-off to become apparent could not have been crossed. This selection experiment has been continued after the assay results which have been presented in chapter 2 from which I expect to observe further trends in the temperature adaptation. I also expected a differentiation between the temperature niches of the organisms from the range core and the range fronts. As populations expanded their range into a higher temperature environment, populations persisting at range fronts were expected to exhibit a trade-off in growth at lower temperatures as was the result of the temperature niche meta-analysis. But this was not the case which could be attributed to a lot of reasons like the need for a steeper temperature gradient exerting stronger selection pressure (Kubisch et al., 2014) or potentially very wide temperature niches of Tetrahymena thermophila.

Hotter is better not always the case

Another important phenomenon that I need to address is the "Hotter is better" hypothesis. Several contrasting results have tried to resolve the debate of whether populations adapted to higher temperatures have higher fitness at their respective optimal temperature than the populations adapted to lower temperatures. Papers like Knies et al. (2009) address and attempt to establish this phenomenon by assaying the temperature niche of viruses collected from nature. Angilletta et al. (2010) discuss the thermodynamic modelling approaches and conclude that comparative and experimental studies support this hypothesis. As a counter to that Mesas et al.

(2021), and [START_REF] Montagnes | Evaluating thermal performance of closely related taxa: Support for hotter is not better, but for unexpected reasons[END_REF] do not find empirical support for the considered hypothesis. [START_REF] Montagnes | Evaluating thermal performance of closely related taxa: Support for hotter is not better, but for unexpected reasons[END_REF] argue that even though the hypothesis may be applicable at the level of biochemical reactions in controlled experimental conditions, it may not work at the whole organism level [START_REF] Clarke | Costs and consequences of evolutionary temperature adaptation[END_REF][START_REF] Phillips | Do evolutionary constraints on thermal performance manifest at different organizational scales?[END_REF][START_REF] Rezende | Thermal performance across levels of biological organization[END_REF]. The reason could be the lack of Symmorphosis [START_REF] Weibel | Symmorphosis: on form and function in shaping life[END_REF] which essentially means that all the functionings of the body are functionally and structurally tuned with each other. This may become particularly important in invasive species like Lythrum salicaria which are an excellent example of adapting to the local climatic conditions for establishing the populations along with expanding their range through adaptation. Apart from the climatic and temperature gradients formed due to natural reasons, another concerning issue is the formation of temperature gradients due to the urban heat islands. It is expected that with increasing human population sizes, the urban heat islands will increase in size and intensity [START_REF] Huang | Projecting global urban land expansion and heat island intensification through 2050[END_REF]. This proposes in front of the organisms struggling to survive a far intense challenge as temperature gradients formed by these heat islands may be steeper than temperature gradients formed naturally via latitudinal and altitudinal gradients. With such a steep gradient, it is an extremely important question as to how organisms would adapt to it and thrive. With safe refuge areas for organisms under protected status, constantly decreasing due to increasing human impacts, these organisms are forced to disperse into new areas with unknown climatic conditions. Therefore studying the interaction between adaptation, dispersal and human impact has also gained conservational importance.

Temperature gradients are ubiquitous

Along with temperature gradient, organisms may face separately or parallelly, other gradients like humidity or drought stress, or pH gradients (Moerman et al., 2020b). Studying the effects of the interaction of these multiple gradients would be of utmost importance in terms of the effects of climate change on agriculture (Prasad et al., 2011).

the core. This may lead to a total decline in the range core populations and a complete shift of the spatial structure of the populations towards the range front.

The experiments in this thesis were performed using asexually growing populations of Tetrahymena thermophila. As established from a clonally growing population, the experiments depended on the denovo mutations arising during the experiments for evolutionary changes. It is well known that sexual selection increases the amount of genetic variability by recombination (Otto and Lenormand, 2002). Moerman et al. (2020b) demonstrated that the presence of sexual reproduction facilitated local adaptation when gene flow was controlled. In terms of the experiments presented in this thesis, temperature adaptation may thus be facilitated by the presence of sexual selection but it does not emerge to be one of the major contributing factors in our temperature niche meta-analysis. In the range expansion experiment, the presence of sexual reproduction may affect positively the range expansion and establishment of populations adapted to local conditions.

Another interesting point that merits discussion is the effect of gene swamping (García-Ramos and Kirkpatrick, 1997;[START_REF] Haldane | The Relation between Density Regulation and Natural Selection[END_REF] which may lead to limiting the range expansion due to the inflow of maladapted phenotypes from the core to the range front. In my experiments, such inflow of temperature maladapted phenotypes would certainly have caused a reduction in the range expansion speed of the evolutionary treatments as obtained by Moerman et al. (2020b). As against this, [START_REF] Kottler | Draining the Swamping Hypothesis: Little Evidence that Gene Flow Reduces Fitness at Range Edges[END_REF] in their review of the available molecular and experimental studies found evidence with meager support for the gene swamping and concluded neutral to positive effects of dispersal of individuals from core to the range fronts.

The discussion above especially highlights the various factors which may be at play individually but often in an interactive way when natural populations expand or shift their ranges in response to the change in their optimal environmental growth requirements. One important task which is necessary at present is the synthesis of a common understanding of the available modelling, experimental and comparative data through reviews and meta-analysis. This would provide us with a better understanding to exercise the role of science in policy-making for the conservation of the biotic world.

Ecological studies dominate

During the literature search performed for chapter 1, I also noticed the predominance of research related to only the ecological aspects of temperature adaptation on an organism. These ecological studies mostly included a comparative approach where traits of the study species were compared across latitudinal or altitudinal temperature gradients. Though these approaches are extremely useful for large organisms which may have large

Shortcomings

Along with the appropriate methods used to address questions related to temperature adaptation and range expansion in this thesis I also need to take note of the shortcomings and limitations that I encountered during the experiments. First of all, in the temperature selection experiment, I did not obtain any major distinguishable pattern in response to the temperature selection. This could be due to a variety of reasons. It could be due to the temperatures which I used in our experiment may not be far apart enough to exert strong selective stress on the populations to obtain robust patterns of selection. As I have observed in chapter 2, Tetrahymena thermophila did in general show growth at higher temperatures during the duration of the assays performed. This indicates that even higher temperatures that compromise Tetrahymena growth may be required to obtain any patterns in the temperature niche evolution. Secondly, the presence of multiple trophic levels in the microcosm: bacterial food source, and protist predators makes it difficult to understand the underlying population dynamics at short time scales.

Other results that I need to introspect are from the range expansion experiment. I did not obtain discernable statistically significant differences in the niche parameters for the range core and front populations in this experiment. This could be due to the use of a mixture of the phenotypes which were sourced from the temperature selection experiment. With Tetrahymena populations maintained at 20 °C, and also able to maintain some growth at 40°C, efficient separation of phenotypes across the temperature gradients may not have been possible in the experiment. Therefore, using steeper temperature gradients with higher temperatures may be required to discern niche differentiation during range expansion (Kubisch et al., 2014) as they exert a strong selective force.

Even though the laboratory experiment provides us with precise control over all the treatments and controls in the experiment, we need to also take into account the stochasticity of natural environments, the interactions organisms have with other organisms, and also the scale at which the natural system operates. Modelling approaches that make use of experimental data, therefore, become an essential approach that can overcome laboratory limitations

Outstanding questions

Several outstanding questions need to be addressed to resolve and understand the general patterns which may be obtained from the temperature selection and range expansion experiments. In chapter 1, I highlighted the scarcity of temperature adaptation papers that contain plants as the focal organism. I require plant temperature adaptation papers for a comprehensive understanding of the response to climate change. Along with that, temperature adaptations are mostly studied in terms of evolution in ectotherms. A need to study endotherms that have a different mechanism for coping with temperature changes is required. They show adaptation in the thermoregulation to adjust to the changes in the climate (Boyles et al., 2011) making the evolution trajectories they may follow to adapt to climate change differ from that of the ectotherms. Along with that, any response to temperature selection or the range expansion experiment may depend on the exact trait measured [START_REF] Kellermann | Terrestrial insects and climate change: adaptiveresponses in key traits[END_REF]. For example fecundity, development time, photosynthesis, respiration, etc. Therefore, more comprehensive studies considering a larger selection of evolutionary traits would make understanding temperature adaptation more valuable.

In all the laboratory experiments here I used asexual organisms as the model systems. In natural systems, that may not be the case most of the time. This makes it extremely imperative to test the effects of sex in both the temperature selection experiment as well as the range expansion experiment. Range expansion experiments with other types of gradients like pH gradients, salinity gradients, etc could also help to establish the generalities of the effects of gradients in environmental conditions during range expansions.

Conclusion

I investigated how the temperature niche of organisms evolves when selected for a particular temperature. I obtained very interesting results from the meta-analysis where I show that overall temperature adaptation is obtained while adaptation to higher temperatures is traded off with adaptation to lower temperatures. I did not obtain overall support for the much-discussed "Hotter is better" hypothesis. In terms of the temperature selection experiment, unfortunately, I did not obtain any significant patterns or deviations in the temperature niches of the protist model organisms concerned. An extensive temperature niche assay further in the timeline of the experiment may help us to resolve any temperature adaptation patterns that I failed to capture. Lastly, the range expansion experiment presented an important result where I obtained results contrary to our expectations.

I highlighted that evolutionary processes do not always need to increase the speed of range expansions. I emphasize the need to also include a wider variety of organisms as model systems and real-life scenarios like biotic interactions and fluctuations while studying temperature adaptation and range expansion.

VII French Summary

Résumé

Avec l'avènement de l'anthropocène, l'impact de l'homme sur notre planète a augmenté de manière Dans le premier chapitre, j'ai cherché à savoir si la niche thermique évolue en réponse à une sélection thermique expérimentale. Pour explorer le caractère général de l'adaptation à la niche de température, j'ai effectué une recherche systématique de la littérature et une méta-analyse statistique portant sur des études d'évolution expérimentale et de sélection artificielle. En calculant les réponses de fitness relatives à la sélection thermique via les différences de fitness entre les courbes de performance thermique (TPC) des populations ancestrales et dérivées après la sélection thermique, j'ai effectivement démontré une réponse positive à la sélection thermique et j'ai également montré qu'il y avait un compromis évolutif entre l'adaptation à des températures élevées versus des températures plus bassespar rapport à la température de sélection. Je n'ai pas obtenu de soutien statistique pour l'hypothèse "hotter is better".

Dans le deuxième chapitre, j'ai testé expérimentalement les résultats obtenus dans mon premier chapitre en réalisant une expérience de sélection de température à six températures de sélection avec quatre espèces de

Introduction

L'Anthropocène se caractérise par l'impact humain toujours plus important sur notre planète [START_REF] Crutzen | Geology of mankind[END_REF][START_REF] Crutzen | The" Anthropocene[END_REF][START_REF] Waters | The Anthropocene is functionally and stratigraphically distinct from the Holocene[END_REF]. Avec l'augmentation rapide de la taille de population humaine et de la consommation, et donc de l'empreinte humaine sur la terre [START_REF] Venter | Sixteen years of change in the global terrestrial human footprint and implications for biodiversity conservation[END_REF], la pression totale exercée par les humains sur les ressources a augmenté de manière exponentielle. Cette croissance de la demande en ressources naturelles a entraîné une surexploitation des ressources et une augmentation de l'utilisation des combustibles fossiles. Cela a conduit à une augmentation exponentielle des émissions de gaz à effet de serre comme le dioxyde de carbone. Ce phénomène a à son tour entraîné une augmentation de la vitesse à laquelle la température atmosphérique augmente. Le siècle dernier a été marqué par une augmentation de la température de 0,85 °C, une acidification des océans de 26 % et une élévation du niveau de la mer de 0,2 mètre. Les études portant sur les tendances de la température dues à des causes humaines prévoient une augmentation de la température de 1,3°C d'ici la fin du siècle même si nous contrôlons les émissions de gaz à effet de serre d'ici 2025, tandis que si nous ne contrôlons pas le taux d'émission de gaz à effet de serre, une double augmentation de la température est attendue [START_REF] Friedlingstein | Contributions of past and present human generations to committed warming caused by carbon dioxide[END_REF]. Les récents rapports du GIEC prévoient une augmentation encore plus importante de la température, de 4,4°C, jusqu'à la fin du siècle (Masson-Delmotte et al., 2021). Ces études soulignent aussi que la crise climatique actuelle pourrait être irréversible pour au moins les 1000 prochaines années.

Cette crise provoquée par l'homme a fait payer un lourd tribut au fonctionnement des écosystèmes naturels, tant à l'échelle locale que mondiale. Le taux d'extinction a atteint un tel niveau qu'il a été qualifié de sixième période d'extinction massive dans l'histoire de notre planète [START_REF] Barnosky | Has the Earth's sixth mass extinction already arrived?[END_REF]. Par conséquent, les organismes contemporains ont le choix entre s'adapter aux conditions actuelles, se déplacer, donc disperser vers un habitat optimal, ou mourir. Les pressions de sélection auxquelles sont confrontés les organismes ont également été modifiées par l'activité humaine. [START_REF] Otto | Adaptation, speciation and extinction in the Anthropocene[END_REF] fournit un compte rendu complet des pressions de sélection modifiées dans le fonctionnement des écosystèmes contemporains. L'auteur mentionne des pressions de sélection artificielles comme la sélection pour la survie dans les paysages créés par l'homme, l'évitement de la chasse et de la récolte par les humains, et la survie dans les communautés naturelles qui ont été modifiées par les activités humaines. Un autre facteur important est la modification des possibilitiés de mouvement des organismes d'un patch d'habitat à un autre en raison des changements de connectivité, de fragmentation et de dégradation des conditions locales dus aux activités humaines. Les travaux théoriques prédisent une réduction des mouvements entre les habitats fragmentés [START_REF] Liberman | The reduction principle for genetic modifiers of the migration rate[END_REF]. Mais cette réduction des déplacements constitue une menace lorsque de nouveaux habitats ou des habitats ayant subi des extinctions doivent être re-colonisés.

Parallèlement aux changements globaux des profils de température de la terre, des zones locales de chaleur extrême et de fluctuations de température sont également apparues en raison de l'urbanisation et de l'industrialisation. Ces zones sont appelées "îlots de chaleur urbains" [START_REF] Kim | Urban heat island[END_REF]. On s'attend à ce que les Effets en cascade la de température à travers les niveaux trophiques À plus petite échelle, selon la théorie métabolique de l'écologie (Brown et al., 2004b), la température affecte directement les taux métaboliques des organismes. Dans une gamme moyenne de températures spécifiques à un organisme donné, on sait que le métabolisme augmente de façon exponentielle avec l'augmentation de la température, ce qui s'explique par la relation de Van't Hoff-Arrhenius. À son tour, les caractéristiques du cycle de vie d'un organisme, comme le taux de croissance et le temps de développement, présentent une dépendance à la température similaire à celle du taux métabolique (Gillooly et al., 2002(Gillooly et al., , 2001)). Cela impacte la dynamique de la population, les interactions trophiques et de nombreuses autres propriétés liées à la condition physique, car le métabolisme individuel de base est modifié par un changement de température (Brown et al., 2004a ;Uszko et al., 2017). Ces changements dans la niche de l'organisme, qui est définie comme un ensemble de composants dont un organisme a besoin dans son environnement, ainsi que l'impact que l'organisme exerce sur son environnement, entraînent des effets en cascade sur tous les niveaux trophiques [START_REF] Clarke | Costs and consequences of evolutionary temperature adaptation[END_REF].

Historique de l'intérêt pour l'étude des effets de la température sur les organismes

La nature multi-trophique des effets des changements de température a fait de l'adaptation à la température un sujet extrêmement important en biologie. L'intérêt pour l'étude de la réaction des organismes à un changement de température par rapport à leur température optimale remonte à l'année 1887, lorsque Dallinger a tenté et réussi à cultiver des infusoires (température optimale 18°C) à 70°C, une température bien supérieure à celle à laquelle les infusoires meurent. Par la suite, l'adaptation à la température a été étudiée à partir d'approches de modélisation, expérimentales, comparatives et génétiques [START_REF] Huey | Evolution of thermal sensitivity of ectotherm performance[END_REF]. Les approches de modélisation décrites dans Huey et Kingsolver (1993) utilisant le modèle de [START_REF] Lynch | Evolution and extinction in response to environ mental change[END_REF], expliquent comment les formes de la courbe de performance peuvent changer lorsque la température environnementale change progressivement. Les approches expérimentales avec des études bactériennes comprennent celles de Bennett et al. (1992) et les expériences ultérieures avec des populations bactériennes maintenues par Lenski et al. Les expériences sur la drosophile [START_REF] Bochdanovits | Experimental evolution in Drosophila melanogaster: Interaction of temperature and food quality selection regimes[END_REF]Gilchrist et al., 1997) et la daphnie [START_REF] Cavalheri | Rapid evolution of thermal plasticity in mountain lake Daphnia populations[END_REF]Tseng et al., 2019) ne représentent qu'un petit sous-ensemble de la variété des systèmes modèles et des questions telles que les compromis, l'interaction biotique, etc. abordées par ces études.

Les compromis évolutifs comme partie intégrante de la vie

Un phénomène important et intéressant auquel sont confrontés les chercheurs en écologie et en biologie évolutive est la présence ou l'absence de compromis évolutifs et la forme de ces compromis. Les compromis évolutifs qui impliquent un coût sont définis comme des scénarios dans lesquels les populations concernées gagnent en fitness dans un environnement mais sont mal adaptées lorsque leur fitness est évalué dans des environnements alternatifs [START_REF] Bono | The emergence of performance trade-offs during local adaptation: insights from experimental evolution[END_REF]. Or, la présence ou l'absence d'un compromis évolutif dépend de facteurs variés. Tout d'abord, elle dépend de la stabilité des conditions environnementales. La sélection dans des environnements homogènes est plus susceptible de donner lieu à des compromis évolutifs que dans des environnements hétérogènes, car la sélection est aveugle aux conditions environnementales alternatives auxquelles les organismes ne sont pas confrontés [START_REF] Bono | The emergence of performance trade-offs during local adaptation: insights from experimental evolution[END_REF]. Un autre facteur important impactant les compromis évolutifs est la taille des populations d'organismes sous sélection. [START_REF] Chavhan | Larger bacterial populations evolve heavier fitness trade-offs and undergo greater ecological specialization[END_REF] ont démontré dans des populations bactériennes que les populations de grande taille présentaient une plus grande spécialisation écologique avec un compromis associé plus important dans des environnements alternatifs que les populations de petite taille. En revanche, dans un environnement hétérogène fluctuant, les grandes populations échappent complètement aux compromis évolutifs et présentent une fitness plus importante que les petites populations dans tous les environnements [START_REF] Chavhan | Interplay of population size and environmental fluctuations: A new explanation for fitness cost rarity in asexuals[END_REF]. Même si les compromis évolutifs sont censés être omniprésents et constituent une hypothèse essentielle de diverses approches de modélisation [START_REF] Fry | The Evolution of Host Specialization: Are Trade-Offs Overrated?[END_REF]Futuyma et Moreno, 1988 ;[START_REF] Levins | Evolution in Changing Environments: Some Theoretical Explorations[END_REF] en raison de la présence attendue d'une pléiotropie antagoniste dans des environnements homogènes constants, la détection des compromis évolutifs s'est avérée extrêmement difficile. [START_REF] Coustau | Resistance to xenobiotics and parasites: can we count the cost?[END_REF], [START_REF] Friman | Effects of predation on real-time host-parasite coevolutionary dynamics[END_REF], [START_REF] Rausher | Tradeoffs in Performance on Different Hosts: Evidence from Within-and Between-Site Variation in the Beetle Deloyala guttata[END_REF], [START_REF] Vasilakis | Mosquitoes put the brake on arbovirus evolution: experimental evolution reveals slower mutation accumulation in mosquito than vertebrate cells[END_REF] 

Concept de la niche

La niche d'un organisme est définie par le rôle qu'un organisme joue dans un environnement donné qui comprend les conditions environnementales dont il a besoin pour se développer ainsi que l'impact de l'organisme sur son environnement (Chase et Leibold, 2003). Comme l'a défini GE Hutchinson, la niche peut également être considérée comme un hypervolume multidimensionnel où chaque dimension est une représentation d'une ressource ou d'une condition dont l'organisme a besoin pour se développer. La température optimale d'un organisme peut être considérée à la fois comme une ressource et comme une condition environnementale. La température est donc l'un des facteurs environnementaux essentiels qui régissent la distribution des organismes. [START_REF] Magnuson | Temperature as an Ecological Resource[END_REF] décrivent comment les organismes sont en compétition pour les habitats à température optimale afin de maximiser leur fitness. Ceci est similaire à la compétition des organismes pour des ressources où les phénotypes très dispersifs sont sélectionnés en raison du simple avantage d'atteindre l'espace inoccupé avant les autres phénotypes. Il est désormais bien connu que les processus évolutifs peuvent se dérouler à un rythme rapide et à des échelles de temps similaires à celles des processus écologiques tels que les changements démographiques [START_REF] Hairston | Rapid evolution and the convergence of ecological and evolutionary time[END_REF][START_REF] Hendry | Perspective: The Pace of Modern Life: Measuring Rates of Contemporary Microevolution[END_REF]. Les changements microévolutifs peuvent impacter la dynamique d'une population [START_REF] Coulson | Estimating individual contributions to population growth: evolutionary fitness in ecological time[END_REF][START_REF] Pelletier | The evolutionary demography of ecological change: linking trait variation and population growth[END_REF].

Il est connu que la dispersion affecte la variation génétique d'un patch via l'immigration de nouveaux individus (Gomulkiewicz et al., 1999 ;Kawecki, 2008). Comme les populations situées aux fronts de répartition sont confrontées à des goulots d'étranglement continus, certains allèles, qui peuvent être ou non délétères, peuvent s'établir à des fréquences élevées dans un processus appelé "gene surfing" (Edmonds et al., 2004 ;Klopfstein et al., 2006). La variation génétique présente aux fronts de l'aire de répartition peut également dépendre du fait que la population en expansion fait partie d'une vague d'expansion de l'aire de répartition tirée ou poussée. Dans le cas d'une vague d'expansion tirée, les fronts de l'aire de répartition sont généralement caractérisés par un très petit nombre d'individus fondateurs qui représentent un ensemble limité de génotypes.

Cette disponibilité limitée de la variation génétique peut conduire à des probabilités plus élevées d'événements de "gene surfing" (Hallatschek et Nelson, 2008 ;Klopfstein et al., 2006 ;Marculis et al., 2017). De plus, de telles populations peuvent être sélectionnées pour une croissance plus rapide dû au manque de compétiteurs (Phillips et al., 2010).

En revanche, une dynamique de vague poussée est fortement impactée par la dispersion d'individus provenant du centre de la distribution, ce qui maintient une diversité génétique élevée aux fronts de l'aire de répartition.

Structure de la thèse

Pour comprendre si les niches thermiques des organismes peuvent évoluer, nous avons effectué une recherche bibliographique systématique et une méta-analyse statistique en nous concentrant sur les études d'évolution expérimentale (chapitre 1). Nous avons passé en revue 7561 publications et trouvé des études correspondant à nos critères de recherche, représentant des taxons de l'ensemble de l'arbre de vie, des bactéries aux plantes et vertébrés. Nous avons quantifié la réponse de fitness relative à la sélection thermique en calculant les différences de fitness entre la courbe de performance thermique évaluée pour les populations ancestrales et les populations dérivées. Nous avons ensuite évalué si les populations sélectionnées présentent une réponse globale à la sélection. Nous avons également étudié si et comment la forme entière de la courbe de performance thermique a évolué. Nous avons trouvé une réponse positive globale à la sélection par la température lorsque les populations ont été testées à la même température que celle de la sélection. Lorsque l'on considère l'ensemble de la courbe de performance thermique, l'adaptation à une température plus élevée présente un compromis évolutif avec l'adaptation à une température plus basse, ce qui reflète des changements dans l'ensemble de la niche avant et après la sélection. Nous avons également cherché à savoir si l'hypothèse souvent discutée selon laquelle "hotter is better" s'applique généralement lorsque les organismes s'adaptent à des températures élevées.Nous n'avons pas obtenu de soutien statistique pour cette hypothèse.

Nous avons également réalisé une expérience de sélection thermique (chapitre 2). L'objectif de cette expérience était double: Cette expérience de sélection nous a donné l'occasion de tester les résultats que nous avons obtenus à partir de la méta-analyse avec un contrôle précis sur un ensemble de quatre espèces de ciliés. Le deuxième avantage de cette expérience est qu'elle nous a fourni un ensemble de souches préadaptées de

Tetrahymena thermophila à des températures allant de 20 à 39 degrés, que j'ai utilisées pour mon travail décrit dans le chapitre 3. Dans l'expérience de sélection thermique, nous avons sélectionné quatre espèces de ciliés et une espèce de bactérie pour six températures de sélection allant de 20 à 39 degrés. Avec 3 réplicats pour chaque espèce, nous avions un total de 18 lignes de sélection. Nous avons commencé toutes les 18 lignes de sélection à 20°C. Toutes les six semaines, toutes les lignées de sélection ont été établies à une nouvelle température plus élevée en maintenant leurs ancêtres à la température inférieure précédente. Un goulot d'étranglement de 1/10 a été maintenu pendant l'expérience. Des mesures de la niche thermique ont été effectuées pour les populations ancestrales et ensuite tous les trois mois, nous fournissant des informations sur les changements dans la niche de température des organismes étudiés. Les tests ont été réalisés à 5, 10, 15, 20, 25, 30, 33, 36, 39 et 40°C. Une version d'inactivation à haute température de l'équation de Sharpe-Schoolfield (Schoolfield et al. 1981) a été ajustée sur les valeurs du taux de croissance intrinsèque en fonction des températures testées. Cela nous a permis d'obtenir les valeurs de T opt et la forme de la niche. Toute l'analyse a été réalisée en utilisant la modélisation bayésienne afin de pouvoir propager l'erreur des mesures de taux de croissance à travers toute l'analyse. Nous n'avons pas obtenu de signal fort de sélection pour une augmentation de la température pour toutes les espèces utilisées dans l'expérience. Quelques exceptions incluent la présence de quelques réplicats de Tetrahymena qui ont pu maintenir une croissance positive lorsqu'ils ont été sélectionnés à 39°C.

Avec les populations issues de l'expérience de sélection thermique, nous avons réalisé une expérience d'expansion de l'aire de répartition pour comprendre les dynamique éco-évolutives de l'expansion de l'aire de répartition à travers un gradient de température (chapitre 3).Nous avons suivi l'expansion de Tetrahymena thermophila dans un gradient de température de 20 à 42,5°C. Il s'agissait d'une expérience éco-évolutive où nous avions l'intention de démêler les processus écologiques et évolutifs agissant pendant la dispersion des populations de Tetrahymena à travers les paysages. Nous avions prévu d'étudier des caractéristiques telles que le taux de dispersion et le changement évolutif de la niche de température, dans une combinaison d'expériences qui permettent ou non l'évolution (Petegem et al., 2018). Nous avons observé qu'en présence d'un gradient de température, les populations confrontées aux traitements écologique et évolutif étendent leur aire de répartition selon un schéma similaire, bien que plus rapidement que les traitements écologique et évolutif ne faisant face à aucun gradient de température. Etonnamment, les traitements écologiques étendent leur aire de répartition plus rapidement que les traitements évolutifs sans gradient de température. À la fin de l'expérience, les traitements écologiques présentaient des densités de population plus élevées au centre qu'en marge de répartition, par rapport aux traitements évolutifs, quel que soit le gradient de température. Les traitements évolutifs sont caractérisés par des vitesses de mouvement plus élevées pour les fronts de l'aire de répartition. Nous n'avons pas obtenu de différenciation dans les niches de température des populations. Globalement, nous montrons que l'effet de la température écrase les différences entre les traitements écologiques et évolutifs. Nous soulignons également que les processus évolutifs n'ont pas toujours besoin d'augmenter la vitesse d'expansion de l'aire de répartition.

Conclusion

J'ai étudié comment la niche thermale des organismes évolue lorsqu'ils sont sélectionnés pour une température particulière. J'ai obtenu des résultats très intéressants de ma méta-analyse où je montre que globalement l'adaptation à un changement de températures est possible. En même temps, l'adaptation à des températures plus élevées semble réduire la fitness aux températures plus basses via un compromis évolutif. . Je n'ai pas obtenu de soutien global pour l'hypothèse très discutée du "hotter is better". En ce qui concerne l'expérience de sélection thermale, je n'ai pas obtenu de réponse claire à la sélection après un an d'expérimentation. Une analyse approfondie des niches de température plus tard dans la chronologie de l'expérience pourrait nous aider à résoudre cette question. Enfin, dans l'expérience d'expansion de l'aire de répartition j'ai obtenu en partie des résultats contraires à nos attentes. J'ai mis en évidence que les processus évolutifs n'ont pas toujours besoin d'augmenter la vitesse d'expansion de l'aire de répartition. J'insiste sur la nécessité d'inclure une plus grande variété d'organismes comme systèmes modèles et des scénarios réels comme les interactions et les fluctuations biotiques dans l'étude de l'adaptation à la température et de l'expansion de l'aire de répartition.
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Figure 1 :

 1 Figure 1: Average surface temperature estimation by IPCC as a function of carbon dioxide. The figure represents carbon dioxide emission scenarios and the associated increase in Global surface warming. Source: Modified from Solomon (2007)

Figure 2 :

 2 Figure 2: Depiction of urban heat island showing an increase in the temperature around a city (A) Source: https://www.ennomotive.com/urban-heat-islands/, a Heat map of Paris city (B) Source: https://www.urban-climate.eu/c/urbanheatisland/

Figure 3 :

 3 Figure 3: Model organisms used in the experiments in this thesis. Tetrahymena thermophila (A) Source: Robinson (2006), Paramecium caudatum (B)Source: https://www.sciencephoto.com/media/365156/view/paramecium-caudatum, Euglena gracilis (C) Source: https://www.sciencephoto.fr/image/13404320-Euglena-gracilis-protozoan-algae-light-micrograph, and Blepharisma sp (D) Source: http://www.mikro-foto.de

Figure 4 :

 4 Figure 4: Illustrative diagram representing the temperature niche of an organism. The y-axis represents the fitness parameter considered and the x-axis represents the temperature in degree celsius. R max (maximum fitness), T opt (Temperature at R max ), and T crit (the temperature at which fitness reaches zero beyond T opt ).

Figure 7 :

 7 Figure 7: Illustration representing the Range expansion experiment. Populations obtained from the temperature selection were used to generate the ancestral mixture. The Ancestral mixture was then used to establish the range of expanding populations in an experiment with a factorial design of Ecological / Evolutionary and temperature gradient / no gradient treatments.

Figure 1 :

 1 Figure1: Simplified alternative hypotheses for evolutionary changes in TPCs when faced with temperature change (here only increase in temperature for simplicity; blue: ancestors; red: derived populations adapted to increased temperatures). (A) The "Hotter is Better" hypothesis(Angilletta et al., 2010) predicts that the maximal thermal performance of a genotype increases with temperature. (B) Alternatively, TPCs could simply shift without a change in shape. (C) Increased maximal fitness from the "Hotter is better" scenario could trade off with TPC width (generalist-specialist trade-off). Finally, (D) shows the extreme case of "Hotter is wider"(Knies et al., 2009) which implies a lack of constrains or trade-offs on TPC shape. Figure adapted fromKnies et al. (2009).

Figure 2 :

 2 Figure2: Flowchart representing the total number of papers obtained after the systematic search, along with criteria used for selecting relevant papers for the meta-analysis. The search covered all papers available in ISI Web of Science with our search criteria up to and including the year 2021 (the last update to the search was conducted in April 2022 but excluded entries from 2022).

Figure 3 :

 3 Figure 3: Overview of all the organisms included in the meta-analysis represented by different colours. The stacked bars represent the number of studies and the number of TPCs associated with each organism.Quantitative information can be found in TableS2.

Figure 4 :

 4 Figure 4: Overall response to thermal selection. (A) Relative fitness, that is, fitness of the selection lines relative to the corresponding control or ancestor assayed at the same temperature as experienced during selection (relative assay temperature of zero). Each point corresponds to one experimental populations (data subset with 230 relative fitness estimates; 40 papers and 28 species) and the error bars represent the associated standard error. Different colours correspond to different species as shown in Fig. 3. Horizontal lines visualize median posterior model predictions and shaded areas are 95% compatibility intervals.Here, the best model (TableS8) retains an effect of the type of genetic variation used in the experiments: relative fitness is higher for studies that relied on de novo mutations (red) than those that relied on selection from standing genetic variation (blue). (B) Visualisation of the 'species ID' random effect.

Figure 5 :

 5 Figure 5: Response to selection in experiments with two assay temperatures (data subset with 122 data points in 61 TPCs from 18 papers and 15 species).The plot shows relative fitness as a function of absolute relative assay temperature, that is, the absolute difference between selection and assay temperature. Each combination of two points connected by a dashed line corresponds to one TPC (reaction norm) and the error bars represent the associated standard error. Different colours correspond to different species as shown in Fig.3. The horizontal lines visualizes the median posterior model prediction and the shaded area is the 95% compatibility interval. Here, the best model (TableS10) is the null model and the prediction interval overlaps consistently with 0, indicating no effect of selection.

Figure 7 :

 7 Figure7: Evaluation of the "Hotter is better" hypothesis (data subset with 27 data points from 11 papers and 13 species). The plot shows relative fitness taking the maximal fitness value of the selected and ancestor/ control lines. Each points corresponds to one comparison and the error bars represent the associated standard error. Different colours correspond to different species as shown in Fig.3. The solid line visualizes the median posterior model prediction and the shaded area is the 95% compatibility interval.

  [START_REF] Arribas | Adaptation to Fluctuating Temperatures in an RNA Virus Is Driven by the Most Stringent Selective Pressure[END_REF], for example, observed convergent evolution across different temperature selection regimes. In fluctuating temperature selection regimes, these authors report that adaptation occurs to the most stressful temperature in the range of selection temperatures. At the same time,Hao et al. 

Figure S6 :

 S6 FigureS6: Evolution of the TPC. The plot shows relative fitness as a function of relative assay temperature, that is, the difference between selection and assay temperature, for studies that assayed selected lines at three and more temperatures allowing us to infer changes in TPC shape. Each combination of points connected by a dashed line corresponds to one TPC and the error bars represent the associated standard error. Different colours correspond to different species as shown in Fig.3. The solid lines visualize the median model predictions and the shaded areas are the 95% compatibility interval. Here, the best model (TablesS12 and S13) is a cubic model model that includes an effect of the type of genetic variation used in the experiments (standing genetic variation vs. de novo mutations; represented in blue and red, respectively) and relative selection temperature ('Sign'), that is, whether selection happened at lower (A), equal (B) or higher (C) temperatures compared to the control treatment. The insets show only the statistical model prediction for better visibility of the compatibility intervals.

  weeks. The three replicates were measured in three temporal blocks. Prior to beginning the temperature assay, we kept samples of selection lines in a 20℃ common garden phase to minimise epigenetic parental effects, adjusting approximately the time proportional to each species' generation times (Tet I and Tet VII : three days, Par and Ble: five days, Eug: seven days). To establish the assay lines, we added 200 µL (20 µL for Tet I and Tet VII ) of selection line protist culture to sterile plastic vials containing 20 mL of 10% bacterized salad medium and stored them in temperature controlled incubators (randomised twice per week) with a 12:12 light:dark photoperiod. Three times per week, we adjusted the volumes of each assay line vial to 18 mL and added 2 mL of 10% bacterialised salad medium to ensure sufficient food availability.

  Figure1: Thermal performance curves for r 0 (intrinsic rate of increase) estimates across ten assayed temperatures ranging from 5 to 40°C for four protist species subjected to six temperature selection regimes ranging from 20 to 39°C. Fitted curves and 95% credible intervals are derived from a Bayesian implementation of the modified Sharpe-Schoolfield equation (Equation4) fitted to r 0 SD estimates derived from fitting the logistic growth model (Equation1) to population density estimates recorded over a period of three weeks. Biological replicates are denoted by colour (a = red, b = green, c = blue). Ble is an unknown Blepharisma sp., Eug is Euglena gracilis, Par is Paramecium caudatum and Tet I and VII are two mating types of Tetrahymena thermophila.

Figure 2 :

 2 Figure 2: Posterior distributions of optimum values (T opt ) of the thermal performance curves for Tetrahymena thermophila I and Blepharisma sp. selected for growth at increased temperatures. Replicate a (red) in Tet I showed a signature of adaptation in an increase in T opt . All Ble replicates showed a tentative signature of selection (positive shift) between 20 and 30°C. Dots are means, with 50% and 95% credible intervals shown by the thick and thin bar, respectively. Biological replicates are denoted by colour (a = red, b = green, c = blue). The dotted line represents the 1:1 line, one possible prediction of where selection may be driving T opt .

Figure S2 :

 S2 Figure S2: Population densities of Tetrahymena thermophila I populations with modified logistic growth models (Equation1) fitted with 95% credible interval.

Figure S7 :

 S7 Figure S7: Mean population major axis length (µm) for all protist populations. Cell size showed a plastic response to assay temperature, but no signal of selection having changed with relationship.

Figure S8 :

 S8 Figure S8: Posterior distributions of model terms for the Sharpe-Schoolfield niche function (Equation4) and terms calculated using Equation5for Tetrahymena thermophila I. Colour denotes selection temperature.

Figure S11 :

 S11 Figure S11: Posterior distributions of model terms for the Sharpe-Schoolfield niche function (Equation4) and terms calculated using Equation5for Euglena gracilis. Colour denotes selection temperature.

Figure S12 :

 S12 Figure S12: Posterior distributions of model terms for the Sharpe-Schoolfield niche function (Equation4) and terms calculated using Equation5for Paramecium caudatum. Colour denotes selection temperature.

Figure 1 :

 1 Figure 1: Interconnected linear uniform temperature landscape with the visible electrical circuit. A temperature gradient is present from left to right represented by the shades of red. A light shade of red represents low temperature while darker shades of red represent increasing temperatures.

Figure 2 :

 2 Figure 2: Range front position, that is the patch number of the dispersing front across the progression of the range expansion experiment. The model predictions (refer to Table S1 for model selection results) for the four treatments: Ecology + Gradient, Evolution + Gradient, Ecology + No gradient, and Evolution + No gradient are represented in red, grey, blue, and green respectively. The shaded area and thick line are the overall 95% compatibility interval and mean of the posterior distributions of the best model.

Figure 3 :

 3 Figure 3: (1) Panel A, C, E, and G represent data for the speed of movement across the progression of the range expansion experiment. The speed of movement of the cores and the fronts from the range expansion experiment are represented in blue and red respectively. The curves represent B-splines to visualize the general pattern for the change in speed of movement as the experiment progressed. Panel A, C, E, and G represent Ecology + Gradient, Evolution + Gradient, Ecology + No gradient, and Evolution + No gradient respectively. The shaded area and thick line are the overall 97% compatibility interval and mean of the posterior distributions for the B-spline. (2) Panels D and H represent the results of the bayesian linear mixed model (TableS3, S4)for speed of movement for the cores and fronts of Evolution + Gradient, Evolution + No gradient population respectively after the 2-day common garden phase at 20°C. The cores and fronts are represented in blue and red respectively. Panels B and F represent the speed of movement for the ancestral mixture populations (TableS5). The shaded area and thick line are the overall 95% compatibility interval and mean of the posterior distributions of the simple Intercept model to assess movement speed differences between cores and the fronts.

Figure 4 :

 4 Figure 4: Population density in terms of individuals per mL across the landscape for the ecology and evolution treatments. Panel A: Ecology + Gradient, B: Evolution + Gradient, C: Ecology + No gradient, D: Evolution + No gradient. The population densities are represented as per the replicate landscapes with respective colors per landscape. The population densities at the core are also represented as a result of the Bayesian linear model with results of the best model representing ecology versus evolution treatments (TableS2). The ecology and Evolution treatments are represented in blue and red respectively. The shaded area and thick line are the overall 95% compatibility interval and mean of the posterior distributions of the best model addressing density differences between the four treatments in the range expansion experiment.

Figure 5 :

 5 Figure 5: Temperature Niche for estimates of the intrinsic rate of increase (r 0 ) across ten assay temperatures ranging from 5 to 40°C for the Ancestral mixture (A), Evolution+gradient (B) core and (C) front, Evolution+no gradient (D) core and (E) front from the range expansion experiment. Fitted curves with mean and 95% credible intervals are derived from a Bayesian implementation of the modified Sharpe-Schoolfield equation fitted to r 0 and SD estimates derived from fitting the logistic growth model with decay rate.

Figure S2 :

 S2 Figure S2: Decay rate obtained from fitting the modified continuous time logistic growth model in terms of individuals per mL across the assay temperatures for A: Ancestral mixture, B: Gradient treatment core, C: Gradient treatment front, D: No Gradient treatment core, E: No Gradient treatment front. The carrying capacities are represented as per the replicate landscapes with respective colors per landscape

Figure S3 :

 S3 Figure S3: Tcrit (critical time of decay after reaching carrying capacity) obtained by fitting a modified continuous time logistic growth model across the assay temperatures for A: Ancestral mixture, B: Gradient treatment core, C: Gradient treatment front, D: No Gradient treatment core, E: No Gradient treatment front. The carrying capacities are represented as per the replicate landscapes with respective colors per landscape

Figure S5 :

 S5 Figure S5: Activation energy (e) for the Ancestral mixture (A), Evolution + gradient (B) core and ( C) front, Evolution + no gradient (D) core and (E) front across the replicate landscapes. Points represent means with 95% credible intervals derived from a Bayesian implementation of the modified Sharpe-Schoolfield equation fitted to r0 and SD estimates derived from fitting the logistic growth model with decay rate.

Figure S6 :

 S6 Figure S6: Deactivation energy(E h ) for the Ancestral mixture (A), Evolution + gradient (B) core and ( C) front, Evolution + no gradient (D) core and (E) front across the replicate landscapes. Points represent means with 95% credible intervals derived from a Bayesian implementation of the modified Sharpe-Schoolfield equation fitted to r0 and SD estimates derived from fitting the logistic growth model with decay rate.

Figure S7 :

 S7 Figure S7: Temperature at which enzymes are half inactivated (T h ) for the Ancestral mixture (A), Evolution + gradient (B) core and ( C) front, Evolution + no gradient (D) core and (E) front across the replicate landscapes. Points represent means with 95% credible intervals derived from a Bayesian implementation of the modified Sharpe-Schoolfield equation fitted to r0 and SD estimates derived from fitting the logistic growth model with decay rate.

Figure S8 :

 S8 Figure S8: Number of bacterial colonies (dilution ratio of 10 -4 ) obtained from plating the salad medium from the core and fronts obtained at the end of the range expansion experiment. Ecology + gradient (A), Evolution + gradient (B), Ecology + no gradient (C), Evolution + no gradient (D).

  1 consisted of a section where I discussed the evolutionary effects of fluctuations in the selection temperature. Selecting for a fluctuating temperature has a varied evolutionary response where superior generalists, generalists with broader niche width than constant temperature selection lines but lower fitness than constant selection lines, or a no response of fluctuation treatment due to compensation of fitness losses by other intracellular mechanisms have been observed. The important insight from that section was the implementation of a flawed approach while measuring the evolutionary response of fluctuation temperature selection(Ketola and Saarinen, 2015).Range expanding populations are also affected by the presence of environmental fluctuations which may be spatial or temporal in nature.[START_REF] Giometto | Demographic stochasticity and resource autocorrelation control biological invasions in heterogeneous landscapes[END_REF] performed a range expansion experiment where they exposed range expanding populations to spatially stochastic fluctuation in the light resource which is required for photosynthesis. They obtained an overall decrease in the speed of the range expansion with the presence of spatial fluctuation of the light resource. Modelling approaches like[START_REF] Neubert | Invasion speeds in fluctuating environments[END_REF] address the effects of temporally periodic and stochastic fluctuations on range expansion. They conclude a reduction in the range expansion speed for both types of fluctuations. Even though fluctuations reduce range expansion speeds, the environmental heterogeneity hypothesis[START_REF] Melbourne | Invasion in a heterogeneous world: resistance, coexistence or hostile takeover?[END_REF] presents an advantage of the presence of environmental fluctuations. They argue that fluctuations lead to an increase in invasion success and also an increase in diversity in the invaded area.Méndeza et al. (2011) argue an opposite point of view where they modeled an increase in the invasion speeds in density-independent populations with an increase in the amplitude of fluctuations. They also conclude that the type of fluctuation intrinsic (range expansion slowed down) and external (range expansion speed increases) affects the speed of range expansion. Another important effect of fluctuations could be seen in the persistence of metapopulations which is demonstrated by modelling marine organism populations[START_REF] Aiken | Environmental fluctuations and asymmetrical dispersal: generalized stability theory for studying metapopulation persistence and marine protected areas[END_REF].

  Temperature gradients are a common occurrence across latitudes and altitudes. De[START_REF] De Frenne | Latitudinal gradients as natural laboratories to infer species' responses to temperature[END_REF] provide a synthesis as to how the temperature gradients present naturally can be used as natural experimental setups.Temperature gradients are extremely useful as they provide us with an opportunity to study local adaptation simultaneously to evolution to new temperatures in the gradient as populations expand their range. A temperature gradient provides us a very simple approach to studying a range expansion where populations face changing environments as they disperse allowing us to study the effects of local adaptation along their range.

  exponentielle. La surexploitation des ressources et l'utilisation intensive des combustibles fossiles mène à une augmentation exponentielle d'émissions de gaz à effet de serre comme le dioxyde de carbone. Cela a entraîné une augmentation sans précédent de la température de notre planète. Ces changements de température ne laissant que peu d'options aux organismes vulnérables : s'éteindre, s'adapter aux changements climatiques, ou déplacer leur habitat à la recherche de conditions climatiques optimales. Les défis auxquels sont confrontés ces organismes et la façon dont ils surmontent ces facteurs tout en luttant pour persister par l'adaptation ou par un déplacement de leur aire de répartition sont un sujet de grand intérêt en écologie et en biologie évolutive. Dans cette thèse, j'étudie comment les organismes exposés à certaines températures expérimentales, évoluent et persistent à ces températures et comment la présence de températures élevées impacte la capacité d'expansion de l'aire de répartition lorsque l'évolution des traits de dispersion et l'adaptation locale à la température sont autorisées ou non. Je me concentre particulièrement sur la façon dont la niche de température de l'organisme soumis à une sélection de température évolue avant et après la sélection et après l'expansion de son aire de répartition vers des températures plus élevées.

  températures dans ces îlots de chaleur urbains soient plus élevées en raison d'une plus grande absorption de la chaleur par la présence de surfaces comme les routes, les sols nus et les bâtiments, d'une absence d'arbres et de couverture végétale ainsi que des émissions de chaleur par les automobiles et les installations industrielles . Un exemple concret sont les températures mesurées dans la ville de Paris. En s'approchant du centre de la ville, on remonte un gradient de température. Cela représente un îlot de chaleur urbain classique. Ce stress thermique peut exercer une pression de sélection sur les organismes qui vivent dans ces îlots urbains. En effet, McLean et al. (2005) ont démontré un changement de température optimale pour le champignon Trichoderma koningii, que l'on trouve à la fois dans les zones urbaines et rurales environnantes. Les champignons adaptés aux zones urbaines se développent mieux à des températures plus élevées que les isolats ruraux, tandis que les isolats ruraux se développent mieux que les isolats urbains à des températures plus basses. Cela représente une pression de sélection induite par la température exercée sur les organismes présents et s'efforçant de prospérer dans les environnements d'îlots de chaleur urbains.

  , et[START_REF] Vila-Aiub | Fitness costs associated with evolved herbicide resistance alleles in plants[END_REF] représentent un ensemble d'études sur l'évolution qui ont essentiellement échoué à trouver la présence de compromis évolutifs dans leurs systèmes d'étude. Plusieurs raisons peuvent être à l'origine d'un tel constat. Il peut y avoir une absence totale de compromis[START_REF] Coustau | Resistance to xenobiotics and parasites: can we count the cost?[END_REF], comme l'expliquent[START_REF] Sane | Antagonistic pleiotropy for carbon use is rare in new mutations[END_REF], où les auteurs soulignent le fait que la pléiotropie antagoniste peut être rare parmi les nouvelles mutations.La discussion sur la présence ou l'absence de compromis évolutifs devient extrêmement intéressante dans deux des chapitres suivants, plus précisément dans ma méta-analyse de l'évolution des niches de température (chapitre 1) et dans mon chapitre sur l'évolution expérimentale des niches thermiques (chapitre 2) . Dans le chapitre 1, par exemple, je trouve un signal d'une réponse positive au stress thermique, c'est-à-dire une adaptation à des températures plus élevées au prix d'une maladaptation à des températures plus basses. Cette présence d'un compromis évolutif est importante pour l'adaptation à la température dans un contexte de changements climatiques.

  

  

  

  

  

  

  Zhang, Q.G. & Buckling, A. 2011. Antagonistic coevolution limits population persistence of a virus in a thermally deteriorating environment. Ecol. Lett. 14: 282-288. Zhou, N., Ishchuk, O.P., Knecht, W., Compagno, C. & Piskur, J. 2019. Improvement of thermotolerance in Lachancea thermotolerans using a bacterial selection pressure. J. Ind. Microbiol. Biotechnol. 46:

	S1 Web of Science search algorithm S2 Criteria for rejection of papers
	ts = (temperature OR thermal) 1. Ecological papers with transplant experiments, i.e., no selection experiment or experimental evolu-
	AND	tion performed.
	ts = (experimental evolution OR artificial selection OR selection experiment OR laboratory selection OR
	133-145. adaptation) 2. Ecological papers measuring the TPC without a selection experiment.
	AND	
	ts = (microcosm* OR mesocosm* OR chemostat* OR experiment* OR evolutionary rescue)
	NOT 3. Ecological papers in which study organisms have to actively select a thermal environment in a
	ts=(cancer* OR cardio* OR surg* OR carcin* OR medic* OR drug*) choice experiment, e.g. along a thermal gradient arena, in order to study for example, matching
	AND	habitat choice.
	wc = (Behavioral Sciences OR Ecology OR Evolutionary Biology OR Limnology OR Marine & Freshwater
	Biology OR Microbiology OR Multidisciplinary Sciences OR Plant Sciences OR Zoology OR Biochemical
	Research Methods OR Environmental Sciences OR Genetics & Heredity OR Biochemistry & Molecular
	Biology OR Life Sciences & Biomedicine -Other Topics)
	AND	
	py = 1900-2021
	ISI WoS field tag explanation: ts (Topic), wc (Web of Science Categories), py (Year Published)

. Comprehensively understanding adaptation to multiple stressors is therefore an important challenge, especially given the complexities involved already in a purely ecological context (see e.g.

[START_REF] Jackson | The temporal dynamics of multiple stressor effects: From individuals to ecosystems[END_REF]

. We found only one paper which contained a temperature selection experiment with plants which aligns well with the conclusion of

[START_REF] Lancaster | Global variation in the thermal tolerances of plants[END_REF] 

that knowledge about TPCs in plants remains very limited. This raises the question whether the general patterns of temperature adaptation discussed above hold in vascular plants other than algae and unicellular photosynthesizing organisms that are represented here. Along similar lines, experiments on larger organisms and ecologically impactful taxa such as marine plankton

[START_REF] Collins | Evolution, microbes, and changing ocean conditions[END_REF] 

remain a minority which critically reduces our ability to infer responses to global warming (see also

[START_REF] Sinclair | Can we predict ectotherm responses to climate change usingthermal performance curves and body temperatures?[END_REF]

. While our work shows that the existing observed responses to thermal selection are encouraging, it is also clear that a larger taxonomic diversity needs to be included in temperature selection experiments in the future.

4. Ecological papers with parental effects of temperature treatment on the offspring and their response which are generally measured over only one generation. 5. Experimental evolution papers with only life-history traits like body size, developmental time, and no direct fitness measure reported. 6. Experimental evolution papers with a direct fitness measure present but the assay temperatures for the selection and the control/ ancestor lines do not correspond making it impossible to calculate relative fitness at a particular assay temperature. 7. Experimental evolution experiments where a control or an ancestor are absent and only the fitness trajectory of the selection line is studied with increasing temperature. 8. Experimental evolution experiments that did not report standard errors or other error estimates.

Table S2 :

 S2 Number of studies and the number of TPCs associated with each organism for all selected studies of the meta-analysis.

	Species	No. of studies No. of TPCs
	Daphnia magna	3	5
	Daphnia pulex	3	4
	Simocephalus vetulus	1	2
	Acartia tonsa	1	3
	Drosophila subobscura	3	8
	Drosophila melanogaster	4	9
	Sepsis punctum	1	1
	Chironomus riparius	1	2
	Tribolium castaneum	1	1
	Callosobruchus maculatus	1	1
	Rhizoglyphus robini	1	2
	Caenorhabditis remanei	1	2
	Poecilia reticulata	1	1
	Cryptococcus neoformans	1	2
	Neurospora discreta	1	2
	Ostreococcus tauri	1	2
	Chlamydomonas reinhardtii	1	1
	Brassica napus	1	1
	Chaetoceros simplex	1	4
	Thalassiosira pseudonana	3	5
	Phytophthora infestans	1	2
	Tetrahymena thermophila	1	6
	Paramecium caudatum	2	4
	Symbiodinium sp.	1	1
	Emiliania huxleyi	2	6
	Microcystis aeruginosa	1	3
	Synechococcus sp.	1	2
	Pseudomonas pseudoalcaligenes	1	3
	Escherichia coli	9	164

Table S3 :

 S3 Model selection table for analysis of the overall effect of selection funnel plot (fitness data measured at the same temperature as experienced during selection). We report WAIC, the standard error of WAIC ('SE'), the WAIC different to the bets model (dWAIC) as well as the WAIC weights.

	Model	WAIC	SE	dWAIC weight
	intercept	1940.3	37.52	0	0.59
	intercept + slope	1941.0	37.52	0.7	0.41

Table S4 :

 S4 Model selection table for two-point analysis funnel plot. We report WAIC, the standard error of WAIC ('SE'), the WAIC different to the bets model (dWAIC) as well as the WAIC weights.

	Model	WAIC	SE	dWAIC weight
	intercept + slope	1287.9	65.56	0.0	0.56
	intercept	1288.4	65.37	0.5	0.44

Table S5 :

 S5 Model selection table for multi-point analysis funnel plot. We report WAIC, the standard error of WAIC ('SE'), the WAIC different to the bets model (dWAIC) as well as the WAIC weights.

	Model	WAIC	SE	dWAIC weight
	intercept + slope	7534.4	284.39	0.0	0.53
	intercept	7534.6	284.38	0.2	0.47

Table S6 :

 S6 Model selection table for the funnel plot representing all data pooled. We report WAIC, the standard error of WAIC ('SE'), the WAIC different to the bets model (dWAIC) as well as the WAIC weights.

	Model	WAIC	SE	dWAIC weight
	intercept	9278.1	328.62	0.0	0.52
	intercept + slope	9278.3	329.05	0.2	0.48

Table S7 :

 S7 Model selection table for the "Hotter is better" analysis. We report WAIC, the standard error of WAIC ('SE'), the WAIC different to the bets model (dWAIC) as well as the WAIC weights.

	Model	WAIC	SE	dWAIC weight
	intercept	250.4	23.92	0.0	0.51
	intercept + slope	250.4	23.96	0.1	0.49

Table S8 :

 S8 Model selection table for the overall response to thermal selection. Explanatory variables are 'Type of genetic variation' (standing genetic variation vs. de novo variation based on mutations; 'Var') and 'Relative selection temperature' (higher, lower or equal compared to the control treatment; 'Sign'). In the table '+' indicates an additive effect. We report WAIC, the standard error of WAIC ('SE'), the WAIC different to the bets model (dWAIC) as well as the WAIC weights.

	Model	WAIC	SE	dWAIC	weight
	Var	1623663799 485755802	0	1
	Var + Sign 1714151640 513056393	90487841	0
	Intercept	1782783610 534129409 159119811	0
	Sign	1930577420 578697354 306913621	0

Table S9 :

 S9 Model selection table for the overall response to thermal selection using the reduced data set to included number of generations in the analysis. Explanatory variables are 'Type of genetic variation' (standing genetic variation vs. de novo variation based on mutations; 'Var'), 'Relative selection temperature' (higher, lower or equal compared to the control treatment; 'Sign') and number of generations in the experiment ('Gen'; standardized). In the table '+' indicates an additive effect and ':' an interactive effect. We report WAIC, the standard error of WAIC ('SE'), the WAIC different to the bets model (dWAIC) as well as the WAIC weights.

	Model	WAIC	SE	dWAIC	weight
	Var	1711459014 523308177	0	1
	Gen + Var:Gen	1737972889 531378488	26513874	0
	Var + Gen	1741041679 532422388	29582665	0
	Intercept	1776068393 543640762	64609379	0
	Var + Gen + Var:Gen	1792392991 548092410	80933976	0
	Var + Sign	1819269616 556466483 107810601	0
	Var + Gen + Var:Gen + Sign 1844078940 564070080 132619926	0
	Gen	1858258633 568885469 146799619	0
	Gen + Var:Gen + Sign	1861953281 569617448 150494267	0
	Sign	1886799538 577675125 175340524	0
	Var + Gen + Sign	1895395580 579802412 183936565	0
	Sign + Gen	1925653718 589701442 214194704	0

Table S10 :

 S10 Model selection table for the two-point response to thermal selection analysis. Explanatory variables are absolute relative assay temperature (abbreviated as 'Temp' in the table

Table S11 :

 S11 

	Model	WAIC	SE	dWAIC	weight
	Intercept	23614381787 15324934662	0	1
	Temp + Var:Temp	23717825649 15392349383	103443862	0
	Temp	23757133779 15417003258	142751992	0
	Var	24145184487 15671246974	530802700	0
	Temp + Var	24194571950 15702742522	580190163	0
	Sign	24558076629 15939269068	943694842	0
	Var + Sign	24590169935 15961464453	975788148	0
	Temp + Sign	24724264320 16046580988 1109882532	0
	Temp + Var + Var:Temp	24884526473 16152985021 1270144686	0
	Temp + Sign + Var:Temp	25003952581 16229373382 1389570794	0
	Temp + Var + Var:Temp + Sign 25275487420 16406777226 1661105632	0
	Temp + Var + Sign	25543644950 16580953259 1929263162	0
	Model	WAIC	SE	dWAIC	weight
	Intercept	6354484583 4121821808	0	1
	Gen	6391495482 4144758709	37010899	0
	Gen + Temp	6394900591 4146133403	40416008	0
	Temp	6401329257 4151651200	46844674	0
	Temp + Temp:Var	6445826040 4180753202	91341457	0
	Sign	6466283750 4194914902 111799167	0
	Gen + Temp + Temp:Var	6470951669 4196199910 116467086	0
	Var	6518247622 4230464961 163763039	0
	Temp + Var	6590587951 4276767932 236103368	0
	Temp + Var + Gen	6605700412 4285507555 251215829	0
	Temp + Temp:Var + Sign	6610511656 4288613918 256027073	0
	Temp + Sign	6616766453 4292732031 262281870	0
	Var + Gen	6654040956 4318228947 299556373	0
	Var + Sign	6663301132 4325674689 308816549	0
	Var + Temp + Temp:Var	6687473314 4340281054 332988731	0
	Var + Temp + Temp:Var + Gen	6691804412 4341784043 337319829	0
	Temp + Var + Sign	6770683578 4394652256 416198995	0
	Temp + Var + Temp:Var + Sign 6826309994 4430331707 471825411	0

Model selection table for the two-point response to thermal selection analysis with additional explanatory variables including number of generations (reduced data set). Explanatory variables are absolute relative assay temperature (abbreviated as 'Temp' in the table), Type of genetic variation ('Var'), sign of the assay temperature, that is, whether the second assay was carried out above, at, or below the selection temperature (abbreviated as 'Sign' in the table) and the number of generations the experiment lasted ('Gen'; standardized). In the table '+' indicates an additive effect and ':' an interactive effect. We report WAIC, the standard error of WAIC ('SE'), the WAIC different to the bets model (dWAIC) as well as the WAIC weights.

Table S12 :

 S12 Model selection table for the multi-point response to thermal selection analysis. Explanatory variables are absolute relative assay temperature (abbreviated as 'Temp' in the table), Type of genetic variation ('Var') and 'Relative selection temperature' (higher, lower or equal compared to the control treatment; 'Sign'). In the table '+' indicates an additive effect and ':' an interactive effect. We report WAIC, the standard error of WAIC ('SE'), the WAIC different to the bets model (dWAIC) as well as the WAIC weights.

	Model	WAIC	SE	dWAIC	weight
	Temp + Temp + Temp 3 + Var + Sign 5.202676e+12 2.676116e+12	0	1
	Temp + Temp + Temp 3 + Sign	5.224529e+12 2.687450e+12 2.185324e+10	0
	Temp + Temp + Temp 3	5.290472e+12 2.721611e+12 8.779641e+10	0
	Temp + Temp + Temp 3 + Var	5.305165e+12 2.728286e+12 1.024890e+11	0
	Temp + Temp + Sign	5.621206e+12 2.893259e+12 4.185308e+11	0
	Temp + Sign	5.653209e+12 2.909017e+12 4.505335e+11	0
	Temp + Temp + Var	5.683915e+12 2.926735e+12 4.812390e+11	0
	Temp + Var + Sign	5.706087e+12 2.937974e+12 5.034112e+11	0
	Temp + Temp + Var + Sign	5.710847e+12 2.939725e+12 5.081711e+11	0
	Temp + Temp	5.745498e+12 2.956929e+12 5.428220e+11	0
	Temp	5.821055e+12 2.995173e+12 6.183796e+11	0
	Temp + Var	5.888742e+12 3.031702e+12 6.860665e+11	0
	Intercept	7.447238e+12 3.806424e+12 2.244562e+12	0
	Var + Sign	7.528571e+12 3.847949e+12 2.325895e+12	0
	Sign	7.543139e+12 3.856617e+12 2.340464e+12	0
	Var	7.553221e+12 3.861681e+12 2.350545e+12	0

Table S13 :

 S13 Model selection table for the multi-point response to thermal selection analysis with additional explanatory variables including the number of generations (reduced data set). Explanatory variables are absolute relative assay temperature (abbreviated as 'Temp' in the table), Type of genetic variation ('Var'), 'Relative selection temperature' (higher, lower or equal compared to the control treatment; 'Sign') and the number of generations the experiment lasted ('Gen'; standardized). In the table '+' indicates an additive effect and ':' an interactive effect. We report WAIC, the standard error of WAIC ('SE'), the WAIC different to the bets model (dWAIC) as well as the WAIC weights.

	Model	WAIC	SE	dWAIC	weight
	Temp + Temp 2 + Temp 3 + Var + Sign	5.088572e+12 2.615790e+12	0	
	Temp + Temp 2 + Temp 3 + Var + Sign + Gen 5.115694e+12 2.627099e+12 2.712214e+10	
	Temp + Temp 2 + Temp 3	5.127109e+12 2.633056e+12 3.853778e+10	
	Temp + Temp 2 + Temp 3 + Sign	5.132144e+12 2.637492e+12 4.357262e+10	
	Temp + Temp 2 + Temp 3 + Sign + Gen	5.170180e+12 2.656259e+12 8.160809e+10	
	Temp + Temp 2 + Temp 3 + Var + Gen	5.208339e+12 2.676779e+12 1.197676e+11	
	Temp + Temp 2 + Temp 3 + Gen	5.218445e+12 2.680827e+12 1.298730e+11	
	Temp + Temp 2 + Temp 3 + Var	5.229531e+12 2.687119e+12 1.409589e+11	
	Temp + Sign	5.466533e+12 2.810131e+12 3.779613e+11	
	Temp + Temp 2 + Sign	5.487874e+12 2.821809e+12 3.993027e+11	
	Temp + Temp 2 + Var + Sign	5.506660e+12 2.831523e+12 4.180887e+11	
	Temp + Temp 2 + Gen	5.513372e+12 2.834466e+12 4.248003e+11	
	Temp + Var + Sign	5.519486e+12 2.838140e+12 4.309148e+11	
	Temp + Sign + Gen	5.524629e+12 2.841323e+12 4.360570e+11	
	Temp + Gen	5.544125e+12 2.850432e+12 4.555530e+11	
	Temp + Temp 2 + Sign + Gen	5.545664e+12 2.850498e+12 4.570923e+11	
	Temp	5.566529e+12 2.862299e+12 4.779578e+11	
	Temp + Temp 2 + Var	5.583444e+12 2.869222e+12 4.948724e+11	
	Temp + Var + Sign + Gen	5.595266e+12 2.875681e+12 5.066942e+11	
	Temp + Var + Gen	5.596104e+12 2.877852e+12 5.075325e+11	
	Temp + Var	5.611074e+12 2.886170e+12 5.225020e+11	
	Temp + Temp 2 + Var + Sign + Gen	5.617917e+12 2.886741e+12 5.293456e+11	
	Temp + Temp 2	5.621897e+12 2.888791e+12 5.333249e+11	
	Temp + Temp 2 + Var + Gen	5.623710e+12 2.890134e+12 5.351387e+11	
	Var	7.316852e+12 3.736721e+12 2.228280e+12	
	Sign	7.349525e+12 3.752395e+12 2.260953e+12	
	Intercept	7.365263e+12 3.758234e+12 2.276691e+12	
	Gen	7.393232e+12 3.774242e+12 2.304660e+12	
	Var + Sign	7.438562e+12 3.797575e+12 2.349991e+12	
	Sign + Gen	7.445837e+12 3.801358e+12 2.357266e+12	
	Var + Gen	7.488237e+12 3.823640e+12 2.399665e+12	
	Var + Sign + Gen	7.598070e+12 3.880620e+12 2.509498e+12	

Table S14 :

 S14 Model selection table for the "hotter is better" analysis. Explanatory variables are 'Type of genetic variation' (standing genetic variation vs. de novo variation based on mutations) and 'Relative selection temperature' (higher, lower or equal compared to the control treatment). In the table '+' indicates an additive effect. We report WAIC, the standard error of WAIC ('SE'), the WAIC different to the bets model (dWAIC) as well as the WAIC weights.

	Model	WAIC	SE	dWAIC	weight
	Intercept	8660144	4963707	0	1
	Sign	9131870	5239167	471726.2	0
	Var	10781844 6203460 2121700.4	0
	Var + Sign 10785915 6205959 2125770.9	0

Table S15 :

 S15 Model selection table for the "hotter is better" analysis using the reduced data set to included number of generations in the analysis. Explanatory variables are 'Type of genetic variation' (standing genetic variation vs. de novo variation based on mutations), 'Relative selection temperature' (higher, lower or equal compared to the control treatment) and the number of generations the experiment lasted ('Gen'; standardized). In the table '+' indicates an additive effect and ':' an interactive effect. We report WAIC, the standard error of WAIC ('SE'), the WAIC different to the bets model (dWAIC) as well as the WAIC weights.

	III Chapter 2: Experimental	
	Evolution of the Thermal	
	Performance Curve			
	Model	WAIC	SE	dWAIC	weight
	Intercept	9814054	5627564	0	1
	Sign	10399067 5969854	585012.6	0
	Var	12218321 7032109 2404267.5	0
	Var + Sign	12414274 7146141 2600220.1	0
	Gen	14198806 8196894 4384751.6	0
	Gen + Sign	14539062 8395046 4725008.6	0
	Gen + Gen:Var	15499399 8957579 5685344.6	0
	Gen + Gen:Var + Sign	15659298 9053435 5845243.5	0
	Var + Gen	15703762 9078577 5889707.6	0
	Var + Gen + Sign	15727338 9093349 5913283.9	0
	Var + Gen + Var:Gen	16018136 9262200 6204082.3	0
	Var + Gen + Var:Gen + Sign 16169460 9349567 6355405.5	0
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  this experiment we used four freshwater protist species, spanning a broad range of body sizes and trophic diversity: two genotypes (MT I and VII) of Tetrahymena thermophila (Tet I and Tet VII ): a small (50 µm) bacterivore ciliate commonly used in evolutionary and ecological microcosm experiments

(Collins, 2012; Altermatt et al., 2015; de Melo et al., 2020; Moerman et al., 2020a,b)

, Paramecium caudatum (Par ): a large (330 µm) widely studied bacterivorous ciliate

(Nidelet & Kaltz, 2007; Magalon et al., 2010; Nørgaard et al., 2021)

, Euglena gracilis (Eug): a small (20-100 µm) mixotroph capable of both photosynthesis and phagocytosis

(Altermatt et al., 2015; Harvey et al., 2017)

, and Blepharisma sp.

  Walther, G.R. 2010. Community and ecosystem responses to recent climate change. Philos. Trans. R. Soc. B-Biol. Sci. 365: 2019-2024. Wiens, J.J., Graham, C.H., Moen, D.S., Smith, S.A. & Reeder, T.W. 2006. Evolutionary and ecological causes of the latitudinal diversity gradient in hylid frogs: Treefrog trees unearth the roots of high tropical diversity. Am. Nat. 168: 579-596.
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/ / Stan code used t o f i t Equation 1/ / f u n c t i o n t h a t c a c l u l a t e s r-a l p h a l o g i s t i c p o p u l a t i o n growth f u n c t i o n s { r e a l [ ] odemodel ( r e a l t , r e a l [ ] N, r e a l [ ] p , r e a l [ ] x r , i n t [ ] x i ) { / / p [START_REF] Chakravarti | Experimental evolution in coral photosymbionts as a tool to increase thermal tolerance[END_REF] = r0 , p [ 2 ] = K0 , p [ 3 ] = t c r i t , p [ 4 ] = d r e a l dNdt [START_REF] Chakravarti | Experimental evolution in coral photosymbionts as a tool to increase thermal tolerance[END_REF] ; " g e n e r a t e d q u a n t i t i e s {} " S3 Supplementary Tables Table S1: Priors for fitting the modified logistic growth model in Equation 1. N denotes a Gaussian distribution. 

Species

Abstract

The study of the spatial distribution of organisms from an eco-evolutionary perspective has gained utmost importance in the era of persistent climate change. With rapid changes in temperatures and climate patterns due to anthropogenic causes, we need to understand and predict with certainty, how organisms persist via processes of adaptation or a shift in their range. With the use of Tetrahymena thermophila as a model organism and a temperature gradient as an abiotic stress, we performed a range expansion experiment to disentangle the role of ecological and evolutionary processes underlying the range expansion patterns. We make use of a factorial design with ecological treatments where sorting of temperature-adapted phenotypes is prohibited, an evolutionary treatment where sorting of temperature-adapted phenotypes is allowed freely, and the presence or absence of a temperature gradient. With Tetrahymena allowed to expand their ranges in 18-patch interconnected linear landscapes, we observed that, in the presence of a temperature gradient, populations facing the ecological and evolutionary treatments expand their ranges in a similar pattern although faster than ecological and evolutionary treatments facing no temperature gradient. In the latter treatments with a temperature gradient, surprisingly ecological treatments expanded their ranges faster than evolutionary treatments. At the end of the experiment, ecological treatments had higher population densities in the cores and subsequent patches in comparison to evolutionary treatments irrespective of the temperature gradient. Evolutionary treatments evolved higher movement speeds for range fronts and lower movement speeds for cores compared to the ancestral populations. We did not obtain a differentiation in the temperature niches of the populations from the core and the fronts of the evolutionary treatments. Overall, we show that the effect of temperature overwhelmed differences between ecological and evolutionary treatments. We also highlight that evolutionary processes do not always need to increase the speed of range expansions.

phenotype to increase, leading to a change in the population composition. As the amplitude of the environmental stress increases, the population composition keeps on changing depending on the availability of adapted phenotypes, which in turn affects the probability of survival and persistence of that population in the given environment. A temperature gradient provides us a very simple approach to studying a range expansion where populations face changing environments as they disperse allowing us to study the effects of local adaptation along their range. Dispersal across temperature gradients has been studied in insects as in [START_REF] Hagstrum | Temperature Gradient on Tribolium castaneum (Coleoptera: Tenebrionidae) Adult Dispersal in Stored Wheat[END_REF].

The presence of intermediate to high dispersal rates has been shown to enhance dispersal through various modelling approaches. [START_REF] Bengtsson | Modelling Dispersal Distances in a Soil Gradient: The Influence of Metal Resistance, Competition, and Experience[END_REF]Gomulkiewicz et al., 1999). This basically ensures the supply of new genetic material via the influx of new individuals (Gomulkiewicz et al., 1999;Kawecki, 2008).

The presence of an environmental stress gradient along with a supply of genetic variation due to the process of dispersal provides an excellent recipe for the evolution of local adaptation and the sorting of adapted phenotypes taking place during the dispersal process. [START_REF] Jacob | Gene flow favours local adaptation under habitat choice in ciliate microcosms[END_REF] have demonstrated that Tetrahymena thermophila can actively occupy habitats with their preferred temperatures showing local adaptation. This may lead to differences in niche shape between the core and the dispersing front populations as populations adapt to different local environments across the gradient across which range expansion is taking place. To address these scenarios, we performed a range expansion experiment which included dispersal of Tetrahymena across an interconnected linear uniform temperature landscape (control). A temperature gradient from 20 to 42.5 was introduced into the linear landscape to study the dispersal and range dynamics of Tetrahymena. The goal of our experiment was to study how dispersal is affected by the presence of a temperature gradient along with the change in temperature niche due to dispersal, in a combination of range expansion experiments that either allow evolution to occur along with ecological processes or not.

We address the following questions:

1. How do ecological and evolutionary processes affect range expansions? We expected treatments where evolution was allowed to occur to have higher range expansion speed simply due to the spatial sorting process and denove dispersive mutants that may arise in the populations.

2. How does the presence of stress/ environmental challenges like temperature shape the response of the ecological and evolutionary processes to the outcomes of range expansion? The presence of a temperature gradient may lead to the differentiation in the temperature niches of the range core and fronts. This stems from the expectation that populations need to adapt to the local temperature conditions to establish and expand their range further into the increasing temperature gradient. As populations encounter higher temperatures, their niche should then evolve to persist.

Speed of movement analysis

The speed of movement can be considered an important measure of the rate at which the dispersal process takes place [START_REF] Pennekamp | The interplay between movement, morphology and dispersal in Tetrahymena ciliates[END_REF]. We fitted B-splines (McElreath, 2020) with 4 knots and a normal prior distribution for weight with a mean of 0 and a standard deviation of 100. The intercept also had a normal prior distribution for weight with a mean of 250 and a standard deviation of 50. The b splines were fitted over the speed of movement plotted for the cores and the fronts, throughout the experiment (Fig. 2).

We performed a Bayesian linear mixed model analysis to address the differences in the speed of movement between the core and fronts ("Core_front" treatment) after the common garden phase. The effect of the landscape associated with each data point was considered a random factor in the model. The table consisting of the model selection performed through the Watanabe-Akaike information criterion (WAIC) is shown in the supplementary materials (Table S3, S4, S5). Details regarding Markov chain Monte Carlo (MCMC) chains were similar to the Range front position analysis.

Population density analysis

We performed a Bayesian linear model analysis to address the differences in the population densities for the 4 treatments in our experiment on the last day of the range expansion experiment. The explanatory variable consisted of Eco_Evo: Ecological or evolutionary treatment and Gradient: presence or absence of a temperature gradient and interaction between the explanatory variables. The table consisting of the model selection performed through the Watanabe-Akaike information criterion (WAIC) is shown in the supplementary materials (Table S2). Details regarding Markov chain Monte Carlo (MCMC) chains were similar to the Range front position analysis.

Population growth models to extract population fitness parameters

To estimate the population growth parameters like intrinsic rate of increase (r 0 ), we fitted a modified continuous time logistic growth model to the population density data obtained as individuals per mL from temperature niche assay. The modified logistic model also consists of two additional parameters namely, critical time-point (t crit) defined as the time point after which the population density starts to decay (after reaching the carrying 
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V General Discussion

Summary of the main results

I investigated how the niche of an organism evolves when exposed to a given temperature and also explored how the presence of temperature gradients affects range-expanding populations when evolution is allowed to occur or not.

Chapter 1 consisted of a temperature niche meta-analysis in which I investigated if there exists any general pattern or trend in the adaptation of populations when selected for a given temperature. I observed that, in general, populations adapt to a selection temperature irrespective of the identity of the species. I also discerned that adaptation to higher temperatures traded off with a loss in fitness at a lower temperature. Along with that, I did not obtain any substantial statistical support for the " Hotter is better hypothesis".

Chapter 2 included a temperature selection experiment where I selected 4 species of protists and 1 species of bacteria in six selection temperatures. This experiment served a dual purpose of testing the evolutionary patterns obtained from the temperature niche metaanalysis with a higher resolution of temperature niche and also provided the raw material (ancestral control populations) for the range expansion experiment. I did not obtain a major indication of temperature selection in this experiment.

Chapter 3 again consisted of an experimental investigation of the role of evolution and temperature gradients during range expansions. I demonstrated that the presence of an increasing temperature gradient leads to faster range expansion as compared to scenarios where temperatures were constant. The presence of temperature overwhelmed any difference which may be present in the range of expanding populations that were allowed to evolve or were prevented to evolve. In absence of a temperature gradient, surprisingly the populations in which evolution was prevented as they expanded their range, expanded their range faster than populations allowed to evolve. This was contradictory to the generally accepted outcome that evolution will accelerate the overall dispersal and range expansion process over time.

Integrating the temperature niche evolution and range expansions across a temperature gradient When organisms encounter a new environment like a new temperature beyond their T opt during their phase of range expansion, they experience a decline in their population densities and growth rates which may lead to extinction. During this phase, if populations successfully evolve to overcome these new conditions, their population densities/growth rates may increase and stabilize. An increase in the growth rate would be expected at the front in the initial stages of encountering a new environment as is expected when populations enter a new space, which then would be followed by the increase in the population size leading to an increase in the population densities and lead to the evolution of competitive growth i.e. K selection. In an increasing temperature scenario, the evolution of dispersal through spatial selection (Shine et al., 2011) in itself would be enough for front populations to keep encountering higher and higher temperatures. If such populations are able to adapt, maintain and increase growth, then the expanding wave would have a pulled wave dynamic [START_REF] Miller | Eco-evolutionary dynamics of range expansion[END_REF]. These may still show an unstable population dynamic as populations at range fronts would be extremely small and are prone to random drift [START_REF] Masel | Genetic drift[END_REF] and gene surfing (Edmonds et al., 2004;Klopfstein et al., 2006). In this case, dispersal would evolve, but may still show an unpredictable population dynamic. If these populations which have evolved high dispersal fail to adapt to the high temperature they encounter in the new space, then the population fails to establish itself in the new space. This could lead to a pushed wave dynamic where the expanding front has a lot more individuals, with higher genetic variation but potentially a high degree of maladaptation. In this case, the populations will expand their range slower as dispersal is selected against but stand a higher chance to establish in higher temperature patches. I would be extremely interested to test these predictions, especially considering the results obtained by Kubisch et al. (2014) where the steepness of the gradient affected the evolution of dispersal and the degree of local adaptation. They obtained reduced dispersal with higher adaptation to local conditions with reduced genetic variability.

One important point which needs to be discussed is the effect of the trade-off I observed in the adaptation to high temperature on the range expansions into a temperature gradient. Events of back dispersal i.e. organisms at the range fronts which may be adapted to higher temperatures, dispersing back toward the core, would increase the number of low-temperature maladapted individuals in these populations. [START_REF] Kottler | Draining the Swamping Hypothesis: Little Evidence that Gene Flow Reduces Fitness at Range Edges[END_REF] in their review

show the presence of considerable backflow of individuals (genetic material) from front to core. This inflow of maladapted phenotypes, if high in number may destabilize these populations behind the range fronts and toward generation times, they do not provide us an experimentally examined causal link between the trait exhibited and the temperature experienced by the species. Our approach in both chapter 2 and chapter 3 attempt at understanding the evolutionary processes involved in the process of temperature adaptation and its effects on range expansion.

Insights into invasion biology

The range expansion experiment I carried out with temperature gradients represents an ability and the process by which organisms may invade new previously unoccupied habitats outside their normal temperature niche range. This natural invasion along with the advent of the Anthropocene and increased connectivity between natural habitats causes the introduction of organisms into a new habitat beyond their native range. The success of an organism in establishing in this new range depends on a suite of factors ranging from the availability of genetic variation (Dlugosch and Parker, 2008) to the new biotic interactions (Mitchell et al., 2006) it encounters.

A large number of organisms that get introduced into new habitats may eventually become disruptive in nature, disturbing the evolutionary trajectories of the native flora and fauna (Mooney and Cleland, 2001). Such invasive species for example weeds harbor a large potential for rapid adaptation and their evolutionary potential has to be taken into consideration while making plans for their management (Clements and Ditommaso, 2011). One such species is Parthenium hysterophorus (Ahmad et al., 2019), a grass called Congress grass that had been introduced in India and has ever since spread rapidly. Such invasives may therefore also pose a threat to agriculture (Paini et al., 2016) by growing on farmlands. The invasiveness can also interact with the changing climatic conditions (Mainka and Howard, 2010) compromising the overall management efforts (Hellmann et al., 2008) to control destruction by the invasive species.

Importance of the research strategy followed

The research strategy applied in the thesis is worth discussing. We first carried out a synthesis of known information to predict temperature evolution in chapter 1. This provided us with an overview of the results obtained through previous research and helped us to pitch our hypothesis for our experiments. In chapter 2 we then explored the results obtained from chapter 1 through our own experiments. In chapter 3 we checked the large-scale consequences of temperature change on phenomena like range expansion. This a synthesis of known information to predict temperature evolution, then exploring the outputs along with checking the large-scale consequences makes it a reliable and a robust approach to understand temperature adaptation