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Biodiversity is a multifaceted concept that includes three main components, namely taxonomic, phylogenetic and functional diversity. Biogeographical studies have paid more attention to the first two facets while the patterns and drivers of functional diversity and their changes because of global change remains largely unknown at the global scale. These knowledge gaps are especially large for freshwater fishes, because they not only account for a quarter of vertebrates and support the functioning and stability of ecosystems, but are also one the most threatened vertebrates groups in the world. Thus this thesis aims to improve the understanding of the functional diversity of global freshwater fishes and bridge the gap between taxonomic, functional and phylogenetic facets to evaluate the impacts of human activities on the multifaceted biodiversity of global fishes.

Towards this aim, we first built a trait database describing the morphology of 10 600 species occurring in over 2 400 river basins all over the six terrestrial realms.

First, we assessed the distributions of the morphological traits within the fauna of each realm. We revealed that fish morphological traits are different between realms and that morphologically extreme species are distributed in all realms. Second, using a multi-traits approach at the basin scale we found that the historical functional diversities have been shaped by habitat, energy and history-related variables. Third, we demonstrated that morphology differs between species that have never been introduced species and those that were introduced and those that were even established. Last, using a novel cumulative index combining changes in six facets of biodiversity we found that human activities have markedly affected fish biodiversity in more than half of the world river (52.8%, 1 297 rivers). Those biodiversity changes were primarily due to alterations of water connectivity and introductions of non-native species.

This work underlined the potential of morphological features in the study of global freshwater fish functional diversity, and the combination of functional phylogenetic and taxonomic features in a novel multifaceted biodiversity change index will constitute a useful tool for biological conservation.
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RESUME

La biodiversité est un concept à multiples facettes qui comprend trois composantes principales, à savoir la diversité taxonomique, phylogénétique et fonctionnelle. Les études biogéographiques ont jusqu'à présent accordé plus d'attention aux deux premières facettes tandis que les déterminants de la diversité fonctionnelle et ses changements sous l'effet de l'anthropisation restent largement inconnus à l'échelle du globe. Ces lacunes sont particulièrement importantes pour les poissons d'eau douce, car ils représentent non seulement un quart des vertébrés et soutiennent le fonctionnement et la stabilité des écosystèmes, mais sont également l'un des groupes de vertébrés les plus menacés au monde. Ainsi, l'objectif de cette thèse est d'améliorer la compréhension de la diversité fonctionnelle des poissons d'eau douce du globe et de combler le fossé entre les facettes taxonomiques, fonctionnelles et phylogénétiques pour évaluer les impacts des activités humaines sur la biodiversité des poissons d'eau douce.

Dans ce but, nous avons d'abord construit une base de données de traits décrivant la morphologie de 10 600 espèces présentes dans plus de 2 400 bassins fluviaux dans les six royaumes terrestres.

Nous avons d'abord testé les distributions des traits morphologiques des poissons dans chaque zone biogéographique Nous avons montré que les traits morphologiques des poissons sont i) très variés à travers le globe et ii) que la distribution de ces traits est diffère entre zones biogéographiques. Cependant, les espèces morphologiquement extrêmes occupent la plus grande partie de l'espace morphologique dans toutes les zones biogéographiques. De plus, en utilisant une approche multi-traits à l'échelle du bassin versant, nous avons constaté que la diversité fonctionnelle historique a été façonnée par des variables liées à l'habitat, à l'énergie et à l'histoire. Nous avons également démontré que la morphologie diffère entre les espèces qui n'ont jamais été introduites et celles qui ont été introduites et celles qui se sont même établies. Enfin, nous avons réalisé une approche holistique en proposant un nouvel indice cumulatif combinant les changements dans les six principales facettes de la biodiversité pour évaluer les impacts des activités humaines sur la biodiversité des poissons. Nous avons constaté que les activités humaines ont considérablement affecté la biodiversité des poissons dans plus de la moitié des fleuves mondiaux (52,8%, 1 297 bassins versants). Parmi ces cours d'eau, les zones tempérées sont les plus affectées par les changements de biodiversité, et les changements de biodiversité sont principalement dus à des altérations de la connectivité de l'eau et à l'introduction d'espèces non indigènes.

Ce travail a souligné le potentiel des caractéristiques morphologiques dans l'étude de la diversité fonctionnelle mondiale des poissons d'eau douce, et le indice de changement de la biodiversité à multiples facettes donnera ici ouvre de nouvelles implications pour la conservation de la biodiversité.

Chapter I: General introduction I.1.1 Biodiversity and biogeography

Taxonomic experts estimated that the number of species on Earth is as high as 100 million, including some 8.7 million eukaryotic species [START_REF] May | Tropical arthropod species, more or less?[END_REF], Mora et al. 2011a). Together with the abiotic materials, this tremendous number of species support the Earth's biodiversity and ecosystems and their contribution to human societies. The term 'biological diversity' was firstly used in 1916 by Arthur Harris then commonly used from the beginning of the 1980s (Soule 1980) to describe the variety of life. The term biodiversity was proposed as an abbreviation of biological diversity in the mid-1980s in a scientific Forum [START_REF] Wilson | Biodiversity[END_REF][START_REF] Sarkar | Defining "biodiversity"; assessing biodiversity[END_REF][START_REF] Stork | Chapter 21 -Biodiversity[END_REF]. In 1992 the definition of biological diversity was adapted by the Convention of Biological Diversity: "variability among living organisms from all sources including, inter alia, terrestrial, marine and other aquatic ecosystems and the ecological complexes of which they are part; this includes diversity within species, between species and of ecosystems" (Convention on Biological Diversity 1992). Biodiversity supports ecosystem functioning and sustainability, species evolutionary processes, and stores and cycles nutrients essential for life, such as carbon, nitrogen, and oxygen [START_REF] Stork | Chapter 21 -Biodiversity[END_REF]. Biodiversity is the foundation of ecosystem services, which is now called "nature contribution to people" (Diaz et al. 2018), closely related to human wellbeing. It is crucial to human's survival because it serves people food, construction material, raw material for industry, and medicine, as well as the basis for all improvements to domesticated plants and animals. These ecosystem services not only deliver the basic materials for survival, but also contain other aspects of a good life, including health, security, good social relations and freedom of choice (CBD 2006, Fig. 1).

Meanwhile, the study of biogeography that began in the 19th century has been increasing dramatically since the 1990s [START_REF] Kent | Biogeography and macroecology[END_REF][START_REF] Cox | Biogeography: an ecological and evolutionary approach[END_REF]. Biogeography aims to identify the distributions of species at temporal and spatial scales and to explore the underlying biotic and abiotic factors, mechanisms, and processes [START_REF] Brown | Biogeography Sinauer[END_REF][START_REF] Violle | The emergence and promise of functional biogeography[END_REF].

Biogeography studies at large scale commonly only use the species composition data without considering their abundance. It can be studied with a focus on ecological factors that shape the distribution of species, or with a focus on the historical factors that have shaped the current distributions. Historically, biogeography is built on species concept, but recently a branch of biogeography based on the species functional traits and analyzing the patterns, causes, and consequences of the geographic distribution has been rapidly developed, namely functional biogeography [START_REF] Violle | The emergence and promise of functional biogeography[END_REF]. Functional biogeography builds a bridge between speciesbased biogeography and earth sciences to provide ideas and tools to explain patterns of multifaceted diversity (including species, functional and phylogenetic diversity), and predict global ecosystem functioning and services [START_REF] Violle | The emergence and promise of functional biogeography[END_REF]. 

I.1.2 The multiple dimensions and scales of biodiversity

Biodiversity is a multi-dimensional concept that embraces many aspects of biological variation. Much of our current understanding of biodiversity patterns initials from the analyses of species richness and abundance, which is called taxonomic diversity (TD). TD accounts for the number of species and is the most commonly considered component of diversity. However, TD treats all species as functionally equivalent and evolutionarily independent, thereby ignoring the fact that species belonging to different phylogenetic trees or with distinct functional traits play different roles in the ecosystem process (e.g. umbrella species, prey or predator). To address these limitations, new biodiversity estimates have been proposed for the last 2 decades to describe the functional [START_REF] Petchey | Functional diversity: back to basics and looking forward[END_REF] and phylogenetic (Webb et al. 2002[START_REF] Faith | Phylogenetic diversity and conservation[END_REF]) variations of the species assemblages. Functional diversity (FD), reflects the diversity of morphological, physiological and/or ecological traits within biological assemblages [START_REF] Petchey | Functional diversity: back to basics and looking forward[END_REF]; and Phylogenetic diversity (PD) accounts for phylogenetic relationships between the organisms (Webb et al. 2002, Devictor et al. 2010).

Furthermore, besides evaluation of the three complementary components of diversity within a given community (alpha diversity), the term beta diversity was also applied to compares the composition of different communities in space or through time [START_REF] Lande | Statistics and partitioning of species diversity, and similarity among multiple communities[END_REF][START_REF] Dornelas | Assemblage time series reveal biodiversity change but not systematic loss[END_REF].

I.2 Global biodiversity under anthropogenic pressures

We are currently living in an age of extinction due to multiple human direct and indirect activities on the ecosystems [START_REF] Barnosky | Has the Earth/'s sixth mass extinction already arrived[END_REF][START_REF] Naeem | The functions of biological diversity in an age of extinction[END_REF]. Diverse indirect and direct drivers of change affect ecosystem functions by altering biodiversity, thereby jeopardizing the welfare of human well-being (Fig. 1). Climate change, habitat degradation, overexploitation, pollution and invasive alien species have been recognized as the most important and widespread direct anthropogenic drivers of biodiversity change [START_REF] Bowler | Mapping human pressures on biodiversity across the planet uncovers anthropogenic threat complexes[END_REF], Diaz et al. 2019[START_REF] Pereira | Global biodiversity change: the bad, the good, and the unknown[END_REF]. These drivers interactively affect biodiversity change and attribute unequally among different taxa across the world. For instance, [START_REF] Wilcove | Quantifying threats to imperiled species in the United States[END_REF] quantifies the threats by major human activities to biodiversity loss for many different species taxa (fishes, birds, mammals, invertebrates, plants, etc.) across the United States. They ranked the threats and found that habitat loss and alien species were the two top-ranked threats, which affected 85% and 49% of the species they analyzed. They also found that alien species affected a higher proportion of imperiled plants (57%) than animals (39%), while for many aquatic animal groups (amphibians, fish, dragonflies and damselflies, freshwater mussels, and crayfish), pollution being the second important threat after habitat loss.

I.3 Freshwater ecosystems

Freshwater ecosystems cover less than 1% of the Earth's surface, while support huge and unique biodiversity, including more than 13 000 fish species and speciose amphibians, aquatic reptiles (crocodiles, turtles) and mammals (otters, river dolphins, platypus), which in total represent one-third of global vertebrates [START_REF] Allen | Global extent of rivers and streams[END_REF][START_REF] Dudgeon | Freshwater biodiversity: importance, threats, status and conservation challenges[END_REF].

Freshwater ecosystems also host numerous invertebrates and microbes, especially in tropical regions that support most of the world's species [START_REF] Dudgeon | Freshwater biodiversity: importance, threats, status and conservation challenges[END_REF]. Thus, freshwater ecosystems provide a broad variety of valuable goods and services for human beings [START_REF] Olden | There's more to Fish than Just Food: Exploring the Diverse Ways that Fish Contribute to Human Society[END_REF], some of which are irreplaceable. For instance, fish can be served as food and source of protein [START_REF] Tidwell | Fish as food: aquaculture's contribution[END_REF], and also can be used as a biological control agent and leisure pets. However, the uncontrolled use of natural resources from freshwater ecosystems by humans also makes them among the most threatened ecosystems comparing to their terrestrial or marine counterparts [START_REF] Dudgeon | Freshwater biodiversity: importance, threats, status and conservation challenges[END_REF]. Living Planet Index (LPI) is a measure of the state of the world's biological diversity based on population trends of vertebrate species from terrestrial, freshwater and marine habitats biomes. Living Planet Report in 2018 from WWF showed that the living planet index for freshwater species is declining the most among all the ecosystems [START_REF] Grooten | Living planet report-2018: aiming higher[END_REF]. Both fish and freshwater are resources humans need and they have been heavily impacted by human usage and regulation. The increasing threats from dams, flow regulation, pollution, invasive species, land-use change, and overexploitation make freshwater ecosystems more vulnerable than the terrestrial and marine ecosystems [START_REF] Abell | Freshwater ecoregions of the world: a new map of biogeographic units for freshwater biodiversity conservation[END_REF][START_REF] Dudgeon | Multiple threats imperil freshwater biodiversity in the Anthropocene[END_REF]. Freshwater fishes also become one of the most threatened groups of vertebrates due to the various threats of human activities [START_REF] Arthington | Fish conservation in freshwater and marine realms: status, threats and management[END_REF]. [START_REF] Sala | Global biodiversity scenarios for the year 2100[END_REF] developed the scenarios of changes in biodiversity for the year 2100 based on the current knowledge about the impact of human activities on biodiversity change. They expected that freshwater ecosystems would be substantially affected by land use, biotic exchange, and climate change in the future. They also emphasized that biotic exchange would be relatively more important for aquatic (especially lakes) than for terrestrial ecosystems because of both extensive intentional (e.g. fish stocking) and unintentional (e.g. ballast water releases) releases of organisms.

I.4 Natural and anthropic drivers of fish taxonomic diversity

Fishes are the most diverse group of vertebrates, with more than 33 000 species described to date (Froese & Pauly 2018). 40% of the fish species are permanently inhabiting freshwater systems, which occupies only 0.8% of the Earth's surface [START_REF] Tedesco | A global database on freshwater fish species occurrence in drainage basins[END_REF]. Such a striking richness is due to the geographic isolation between freshwater habitats and the low dispersal abilities of fish across landmasses [START_REF] Hugueny | West African rivers as biogeographic islands: species richness of fish communities[END_REF], leading to distinct speciation directions and markedly different fish faunas between the different geographic realms and river basins (Leveque et al. 2008[START_REF] Tedesco | Patterns and processes of global riverine fish endemism[END_REF], Villeger et al. 2011, 2015). Indeed, nearly 40% of the fishes are endemic species that inhabits only one drainage river basin [START_REF] Tedesco | Patterns and processes of global riverine fish endemism[END_REF][START_REF] Tedesco | A global database on freshwater fish species occurrence in drainage basins[END_REF]. The over 13 000 freshwater fish species belong to 170 families and most species occur in relatively few orders: Characiformes, Cypriniformes, Siluriformes, Gymnotiformes, Perciformes, and Cyprinodontiformes (Nelson 2006, Leveque et al. 2008). The number of fish species is unequal among the six biogeographic realms (i.e. the Afrotropical, Australian, Nearctic, Neotropical, Oriental, and Palearctic realms). Indeed, the two tropical realms (i.e.

Neotropical and Afrotropical realms) host the most species, 4 035 and 2 938, respectively, followed by the Oriental (2 345). In contrast, the two arctic realms (i.e. Palearctic and Nearctic realms) host fewer species, 1 844 and 1 411, respectively, even less for the Australian with only 261 species (Leveque et al. 2008). Oberdorff et al. (2011) reviewed the patterns and determinants of riverine fish species richness at the global, regional and local scales by dividing the six biogeographic continents into 926 river basins (Fig. 2). A few large river basins in tropical areas have a very high species richness, with Amazon, Congo and Mekong hosting roughly one-third of the world's freshwater fish species [START_REF] Winemiller | Balancing hydropower and biodiversity in the Amazon, Congo, and Mekong[END_REF]. Species richness at the river basin scale is directly influenced by evolutionary and geographical processes operating at regional or even continental scales (Gaston 2000[START_REF] Ricklefs | Community diversity: relative roles of local and regional processes[END_REF]). Various processes that shape the species richness patterns make a single mechanism not adequate to explain the variability of riverine fish species richness throughout the world.

Current patterns of species richness are the result of the interactions between speciation, extinction, colonization and ecological processes (e.g. long-term environmental oscillations) [START_REF] Jansson | Global variation in diversification rates of flowering plants: energy vs. climate change[END_REF]). Thus, three major hypotheses were proposed to explain the global patterns of the fish species richness (Oberdorff et al. 2011).

-The species-area hypothesis [START_REF] Macarthur | An equilibrium theory of insular zoogeography[END_REF], 2001) predicts that the number of species in a given area is positively related to the size of the area. This hypothesis is mainly based on the three mechanisms which are the size-dependent extinction rate, the size-dependent extinction rate, and the diversity of the habitat.

-The species-energy hypothesis [START_REF] Wright | Species-energy theory: an extension of species-area theory[END_REF] predicts that the number of species in a given area is positively related to the energy available within the system. Energy can influence species richness through two very different processes. Some consider energy to be a productivity factor that determines resources available for a given biological community [START_REF] Wright | Species-energy theory: an extension of species-area theory[END_REF]. In this process, variables such as net primary productivity would be expected as important determinants of species richness (Hawkins et al. 2003). Others consider energy to be a factor that determines the physiological limits of the species [START_REF] Turner | Does solar energy control organic diversity? Butterflies, moths and the British climate[END_REF], Currie 1991).

In this process, variables such as temperature would be expected more important for species richness (Hawkins et al. 2003).

-The historical hypothesis [START_REF] Whittaker | Evolution of species diversity in land communities[END_REF], which combines the historical environmental conditions and geographic contingencies (e.g. emergence of geographical barriers), tries to explain the relationship between the species richness and the climate oscillations since the last major climate change (i.e. Last Glacial Maximum, circa 21 thousand years ago) [START_REF] Dynesius | Evolutionary consequences of changes in species' geographical distributions driven by Milankovitch climate oscillations[END_REF]. Results from Oberdorff et al. (2011) showed that the three hypotheses well explained (77% explanation by a spatial autoregressive model, SAR) the patterns of fish species richness with interaction effects between them (Fig. 3). The area and energy hypotheses make a major contribution to richness patterns whereas the climate hypothesis makes a minor contribution, but the past climatic changes and geographic isolation of drainage basins still have a significant impact on the species richness patterns at the global scale. In contrast, Leprieur et al. (2011) found that past climate changes play an important role in shaping the present global patterns of freshwater fish beta diversity. By decomposing the taxonomic beta diversity into species turnover (i.e. species replacement between communities) and species nestedness-resultant (i.e. that reflect the difference in the number of species among communities), they found the Quaternary climate changes have contrastingly influence on the two components, resulting in their different geographic contributions to beta diversity. For instance, the nestedness component has greater contributions to the beta diversity of the fish faunas in the previously glaciated drainage basins of the Northern Hemisphere, which experienced a larger amplitude of Quaternary climate oscillations. Besides, these northern previously glaciated basins are also dominated by the widespread species with large geographic range sizes (Griffiths 2006). These patterns can attribute to two nonexclusive mechanisms. On one hand, species with small range size distributions were selectively extinct due to the successive glaciations during the Quaternary period [START_REF] Hocutt | The zoogeography of North American freshwater fishes[END_REF], Griffiths 2006). On the other hand, species with strong dispersal abilities from southern refuge areas (e.g. the Mississippi and Danube drainage basins in North America and Europe respectively) selectively colonized to the northern basins during intermittent connections among them [START_REF] Hocutt | The zoogeography of North American freshwater fishes[END_REF], Leprieur et al. 2011).

All the above studies focused on the historical patterns of the global freshwater fishes.

However, the patterns have been marked changed due to the various human activities.

Freshwater ecosystems among the most highly invaded ecosystems in the world [START_REF] Moyle | Predicting invasion success: freshwater fishes in California as a model[END_REF]. Base on the most recent fish occurrence database by [START_REF] Tedesco | A global database on freshwater fish species occurrence in drainage basins[END_REF], over 600 non-native fish species have been introduced and established in other habitats. Under this circumstance, patterns and drivers of change in fish taxonomic diversity were also well explored during the past two decades. Change in fish biodiversity is always drove by a variety of human disturbances (e.g. exploitation, introduction, fishery), which lead to two main consequences, species extinctions and species introductions (the initial stage of the invasive process). Compared to the large number of introduced non-native fish species among the world river basins, the species extinctions were less frequent among the world's fish faunas (Villeger et al. 2011), therefore, the main driver of fish biodiversity change is species introduction. [START_REF] Leprieur | Fish invasions in the world's river systems: when natural processes are blurred by human activities[END_REF] reported the global patterns of fish invasion in 1 055 river basins and identified the major human drivers of the fish invasive processes. The process of species invasion consists of three main stages: introduction (initial dispersal), establishment (build selfsustaining populations), and expansion (spread into the recipient habitat) [START_REF] Puth | Studying invasion: have we missed the boat?[END_REF].

Once the invasion passes through the second stage (establishment), it is difficult to reverse [START_REF] Vitule | Introduction of non-native freshwater fish can certainly be bad[END_REF]. Three major hypotheses that are human activity [START_REF] Taylor | Linking economic activities to the distribution of exotic plants[END_REF], and biotic acceptance (Levin 2000), biotic resistance (Maron & Vila 2001), have been put forward to disentangle the invasion patterns. The human activity hypothesis argues that human activities facilitate the establishment of nonnative species by disturbing natural habitats and increasing the number of individuals released and the frequency of introductions in a given habitat. The biotic acceptance predicts that if the biotic factors are appropriate for the nonnative species, the species is prone to successfully established in the new area. In contrast, the biotic resistance predicts that strong biotic interactions with native species will reduce the establishment of the nonnative species (Maron & Vila 2001). By testing these three hypotheses on the global freshwater fish invasion, [START_REF] Leprieur | Fish invasions in the world's river systems: when natural processes are blurred by human activities[END_REF] found that human activity indicators account for most of the global variation in non-native fish species richness, which is highly consistent with the human activity hypothesis. Their results indicated that the spatial patterns of fish invasions matched the spatial patterns of human impact at the global scale, which means that human activities are the major drivers of fish invasions in the world's river systems. In contrast, there were no obvious clues to support either the biotic acceptance or the biotic resistance at the river basin scale. They also inferred that due to the growing economy in developing countries, the next fish invasion wave could occur in these countries [START_REF] Leprieur | Fish invasions in the world's river systems: when natural processes are blurred by human activities[END_REF].

As a consequence, non-native species introduction and native species extinction will lead to taxonomic homogenization, which is a biodiversity change that increases the similarity among species assemblages. This process has been reported in many taxa [START_REF] Gossner | Land-use intensification causes multitrophic homogenization of grassland communities[END_REF][START_REF] Winter | Plant extinctions and introductions lead to phylogenetic and taxonomic homogenization of the European flora[END_REF]) and was also observed in freshwater fish faunas, which mainly results from the introduction of non-native fish species throughout the world (Villeger et al. 2011, Toussaint et al. 2016a). In contrast, the native fish species extinction does not play a strong role in this homogenization process at the river basin scale. For instance, Villeger et al. (2011) revealed slight taxonomic homogenization patterns of the world freshwater fish faunas by using a global database on historical and current freshwater fish occurrences over 1 054 river basins (same database as [START_REF] Leprieur | Fish invasions in the world's river systems: when natural processes are blurred by human activities[END_REF]. The results showed that the average homogenization degree of the freshwater fish faunas was still low at the world scale (0.5%) but reached very high levels (up to 10%) in some highly invaded river basins from the Nearctic and Palearctic realms. It thus indicated that the non-native species introductions rather than native species extinctions play a dominant role in the taxonomic homogenization process in the global freshwater fish faunas (Villeger et al. 2011). Moreover, Toussaint et al. (2016a) highlighted that the global taxonomic homogenization pattern was driven by a few widespread non-native species, whereas most introduced species slightly contribute to the global change in dissimilarity. They also found that the effect of species on change in dissimilarity was influenced by whether introduced species were translocated (i.e. introduced to other basins within their biogeographic realm) or exotic (i.e. introduced from other biogeographic realms). They concluded that taxonomic homogenization in freshwater fish faunas was dominated by the species translocated within a realm and only by few widespread exotic species whereas the majority of exotics contribute to a differentiation effect.

I.5 Fish functional diversity

Functional traits are defined as biological attributes measurable at the individual level which impact organism performance in the ecosystems [START_REF] Mcgill | Rebuilding community ecology from functional traits[END_REF][START_REF] Violle | Let the concept of trait be functional![END_REF], thus functional traits can reflect the contributions of species to ecosystem functioning. During the last two decades, functional traits have been widely used in plants (Diaz et al. 2016[START_REF] Butler | Mapping local and global variability in plant trait distributions[END_REF], mammals [START_REF] Safi | Understanding global patterns of mammalian functional and phylogenetic diversity[END_REF], birds [START_REF] Ricklefs | Species richness and morphological diversity of passerine birds[END_REF], Barnagaud et al. 2019), insects (Poff et al. 2006) and fish [START_REF] Mouillot | Functional over-redundancy and high functional vulnerability in global fish faunas on tropical reefs[END_REF] to assess the functional diversity of species assemblages and the ecosystems functioning they support. Functional diversity can help us better understand the response of communities to disturbance and the implications for ecosystem functioning (Villeger et al. 2017). However, the studies of the functional diversity for animals are much less developed than for plants, mostly because plant traits are easy to encode functions and have fixed meanings while the same trait for animals can encode for several distinct functions. For example, it has been proved in plants that specific leaf area, leaf N content, and leaf area ratio affect primary productivity while phenology and litter quality affect nutrient cycling rates [START_REF] Funk | Restoration through reassembly: plant traits and invasion resistance[END_REF][START_REF] Drenovsky | A functional trait perspective on plant invasion[END_REF]. In contrast, functional traits for animals can encode several distinct functions. Nevertheless, there are still some studies focusing on the functional diversity of freshwater fish faunas at the regional and global scale [START_REF] Azzurro | External morphology explains the success of biological invasions[END_REF][START_REF] Cilleros | Taxonomic and functional diversity patterns reveal different processes shaping European and Amazonian stream fish assemblages[END_REF][START_REF] Toussaint | Global functional diversity of freshwater fish is concentrated in the Neotropics while functional vulnerability is widespread[END_REF], 2018, Villeger et al. 2013, 2014). Indeed, freshwater fish display a remarkable range and variance in functional traits, such as morphological, behavioral, physiological, trophic and life-history traits (Mims et al. 2010).

For instance, freshwater fish exhibit an unequaled range of morphologies, spanning from tiny killifish and mosquitofish (Rivulus, Gambusia) to giant species (e.g. sturgeons, wells catfish), from deep-bodied Cichlids to elongated snake eel, from blind cavefish to big-eye Poeciliidae, from suckermouth catfish to long jaw needlefish (Su et al. 2019). Fish play a key role in the nutritional dynamics of freshwater ecosystems by participating in energy flow and material circulation. Thus, understanding how fish control other organisms through predation was one of the main issues for fish ecologists during the last decades. Although the relationship between morphology and the role a species play in the ecosystem is still unclear, many morphological traits have been proved to relate to fish certain functions (Villeger et al. 2017). This benefits from a long history, since the seminal work of [START_REF] Gatz | Community organization in fishes as indicated by morphological features[END_REF], improved by [START_REF] Winemiller | Ecomorphological diversification in lowland freshwater fish assemblages from five biotic regions[END_REF] and [START_REF] Douglas | Does morphology predict ecology? Hypothesis testing within a freshwater stream fish assemblage[END_REF] leading to propose many morphological traits to describe fish functions. For instance, body size, which has been used in most studies to assess the functional diversity of fish assemblages, is suggested to indicate food acquisition, trophic level and more generally to all other functions [START_REF] Romanuk | Trophic level scales positively with body size in fishes[END_REF], Villeger et al. 2017). More precisely, relative eye diameter has been often used as a proxy of visual acuity and/or light sensitivity to assess the prey detection capacity before the food acquisition starts [START_REF] Winemiller | Ecomorphological diversification in lowland freshwater fish assemblages from five biotic regions[END_REF], Bellwood et al. 2014). And the eye vertical position often indicates fish position in the water column relative to relative to that of its prey (Villeger et al. 2017). Locomotion (i.e. swimming performance) is another key function for fish surviving in the aquatic habitats. Morphological traits have been also used as proxies to assess the fish swimming capacity. For instance, body size is a basic trait related to the swimming capacity, larger fishes can swim faster and have greater endurance than small ones, while small fishes have better manoeuvrability and can thus move in topographically complex environments such as aquatic plants, tree branches, or roots in rivers (Villeger et al. 2017). Other traits, including body shape (elongation), fins size and position have also often been measured to indicate the fish's locomotion function [START_REF] Blake | Fish locomotion[END_REF][START_REF] Ward | Axial elongation in fishes: using morphological approaches to elucidate developmental mechanisms in studying body shape[END_REF]. Furthermore, morphological traits are more accessible than other functional traits (e.g. life-history, physiology), especially for studies on large number of species, the benefits are obvious. Thus, studies on fish functional diversity always focused on the fish morphological traits.

Based on ten morphological traits of global fishes, [START_REF] Toussaint | Global functional diversity of freshwater fish is concentrated in the Neotropics while functional vulnerability is widespread[END_REF] compared the functional diversity and taxonomic diversity patterns of the global fish faunas at the realm scale (Fig. 4). They found that the global functional diversity of freshwater fish was concentrated in the Neotropical realm while the functional vulnerability of freshwater fish existed in every biogeographic realm. They concluded that conservation of the Neotropical fish diversity was a key target to maintain world fish functional diversity. However, one of their conclusions that Neotropical freshwater fishes had the highest functional diversity, but low vulnerability given high levels of functional redundancy drew controversy [START_REF] Vitule | We need better understanding about functional diversity and vulnerability of tropical freshwater fishes[END_REF]. [START_REF] Vitule | We need better understanding about functional diversity and vulnerability of tropical freshwater fishes[END_REF] argued that this conclusion underestimates the threat to biodiversity in the tropics freshwater fish faunas and will mislead policymakers in developing countries in tropical areas. More recently, [START_REF] Toussaint | Non-native species led to marked shifts in functional diversity of the world freshwater fish faunas[END_REF] assessed how non-native fish species changed the functional diversity of global freshwater fish faunas by using the same ten morphological traits. They found that the non-native species not only increased the local functional richness on average but also caused shifts in functional identity toward higher body sized and less elongated species for most of the assemblages, which would potentially modify ecosystem functioning throughout the world [START_REF] Toussaint | Non-native species led to marked shifts in functional diversity of the world freshwater fish faunas[END_REF]. In addition, based on morphological and ecological traits, Villeger et al. (2014) found functional homogenization exceeds taxonomic homogenization among 137 European fish assemblages. Their results showed that translocated species (i.e. non-native species originating from Europe) played a stronger role than exotic species (i.e. those coming from outside Europe) in this homogenization process, while extirpation did not play a significant role. They also proved that change in taxonomic diversity could not be used to predict changes in functional diversity and the latter should be a better indicator of ecosystem functioning and stability (Villeger et al. 2014). 

I.6 Fish phylogenetic diversity

Phylogenetic diversity is another key component of the biodiversity, which measures the evolutionary breadth of assemblages. Many previous studies assessed the fish phylogenetic diversity at the regional scale (e.g. Strecker et al. 2010[START_REF] Sternberg | Phylogenetic effects on functional traits and life history strategies of Australian freshwater fish[END_REF][START_REF] Hasnain | Phylogeny influences the relationships linking key ecological thermal metrics for North American freshwater fish species[END_REF], Kuczynski et al. 2018). Nevertheless, due to the insufficiency of the complete phylogenetic information, few studies were exploring the patterns, changes and determinants of the phylogenetic diversity of the global freshwater fishes. However, recently [START_REF] Betancur-R | Phylogenetic classification of bony fishes[END_REF] built and updated the first time the phylogenetic tree for nearly 2 000 bony fishes based on phylogenies inferred using molecular and genomic data, which covered 72 orders (410 families). Then Rabosky et al. (2018) assembled a time-calibrated phylogeny of all ray-finned fishes (31 526 species). Their work on the global fish phylogenies makes it possible to conduct the phylogenetic analysis for freshwater fish on a global scale.

I.7 Thesis conduct and structure

From the introduction in the first chapter, we know that questions about the taxonomic diversity of the global freshwater fishes have been thorough studied during the last decades, in contrast, the study related to functional diversity and other facets has just started and remains lots of questions to be answered. Thus, based on the above four main databases, we aim to fill the knowledge blank in the study of global freshwater fish functional diversity. We investigate the biodiversity of the global freshwater fish faunas, from the patterns of functional diversity towards a holistic map of multifaceted biodiversity change. Specifically, surrounding the biodiversity of global freshwater fish, my Ph.D. project consists of four main points, the former two parts focused on the historical patterns of the native species, while the latter two parts focused on the dynamic change patterns from historical to the current period (Fig. 5).

1) Do the morphological traits differ between realm fish faunas?

In this chapter, I first compared the distribution of morphological traits between realms and evaluated the possibility that makes the morphological differences. Then I identified the morphologically extreme species and analyzed their contribution to the morphological space in the world and realms. (Chapter III)

2) How do the historical and environmental variables shape the patterns of freshwater fish functional diversity?

In this chapter, I showed the patterns for three complementary functional diversity indices (i.e. functional identity, functional richness, functional dispersal), which represent the mean, range and variance of functional diversity. Then I tested the area/energy/historical hypotheses on the patterns of each of the functional diversity by using the relevant environmental variables.

(Chapter IV)

3) Do the introduced fish species have morphological preferences?

In this chapter, I divided the introduced species into several groups by the invasive stage they reached and the region they were introduced. Then I compared the morphological traits between them and the non-introduced species. (Chapter V)

4) How do various human activities affect the multi-faceted biodiversity of the global freshwater fishes?

In this chapter, I developed a synthetic index to evaluate the cumulative change in the multifaceted biodiversity of the global freshwater fish fauna. The index encompasses the changes in alpha and beta diversity from taxonomic, functional and phylogenetic facets, thus considering six independent diversity values. Then I assessed the impact of human activities on the multifaceted biodiversity change. (Chapter VI) 

Chapter II: Databases and methodology

Previous studies on global freshwater fish have thoroughly explored the mechanisms of natural processes shaping the historical species richness, the species richness and dissimilarity changes under species invasions and expirations led by various environmental drivers and anthropogenic pressures. Nevertheless, our knowledge about the functional and phylogenetic diversity of freshwater fish faunas remains scarce. Thus to complement the research on biodiversity of global freshwater fish, I combined information on 4 main databases: fish occurrence data in basins (historical and current), fish functional (morphological) and phylogenetic data, drivers including anthropogenic and environmental variables for each river basin.

II.1 Taxonomic data: fish occurrence status in the world river basins

To access the fish species spatial distribution and taxonomic diversity across the world, we used the fish occurrence database from [START_REF] Tedesco | A global database on freshwater fish species occurrence in drainage basins[END_REF], which contains the occurrence status (i.e. whether a fish present or absent in a basin) of 14 953 species (more than 90% of the freshwater fish species) in 3 119 river basins, covering more than 80% of the earth surface [START_REF] Tedesco | A global database on freshwater fish species occurrence in drainage basins[END_REF]. Compared with the database used in the papers of [START_REF] Toussaint | Global functional diversity of freshwater fish is concentrated in the Neotropics while functional vulnerability is widespread[END_REF][START_REF] Toussaint | Non-native species led to marked shifts in functional diversity of the world freshwater fish faunas[END_REF], this updated database contains many more river basins, as well as fish species. And these river basins span six biogeographic realms (except Antarctica) and 143 countries, and cover a huge diversity of attributes in terms of altitude (0 -4 200m), latitude (55°S -83°N), size (1.7 km 2 -5.9M km 2 ), etc.

Each occurrence is also paired with a status, either native or non-native established if the species was not historically present in the river basin. Each river basin is assigned to one of the six terrestrial biogeographic realms (i.e. Afrotropical, Australian, Nearctic, Neotropical, Oriental and Palearctic) according to Lévêque et al. (2008) and Brosse et al. (2013). Historical fish assemblages composition in the river basins refers to only native species, and thus roughly corresponds to the preindustrial period (i.e. before the 18th century), from when industrialization began and fish introductions for aquaculture, fishing, and ornamental purposes sharply increased (Blanchet et al. 2010[START_REF] Leprieur | Fish invasions in the world's river systems: when natural processes are blurred by human activities[END_REF], Villeger et al. 2011). Current fish assemblage's composition refers to the non-native species (established) and excludes the local extirpated or extinct native ones. To do this, we combined the extirpated/extinct fish species information from Brosse et al. (2013) and IUCN Red lists (IUCN 2018) with the occurrence database. In addition, we collected the fish species of interest to humans (e.g. aquaculture, pest control, game fishing) from FishBase (Froese & Pauly, 2018) and Blanchet et al. (2010) and assigned this information to the species list in the occurrence database, which would be used in chapter V as an alternative of the species that have been introduced but failed to establish.

To be noted, since the species extinction and introduction is a continuous process and even more severe now, the current number of these species should exceed our estimation.

II.2 Functional data: fish morphological measures and functional traits

To access the functional facet of the fish faunas, we measured 11 fish morphological traits related to food acquisition and locomotion. 11 morphological measures were assessed on side view pictures (Fig. 6; Table 1a) collected during an extensive literature review from more than 200 scientific literature sources including peer-reviewed articles, books and scientific websites.

We collected at least one picture (validated photograph or scientific drawing) per species. Only good quality pictures and scientific side view drawings of entire adult animals were kept. For species with a marked sexual dimorphism, we considered male morphology, as female pictures are scarce for most species (especially for Perciformes and Cyprinodontiformes).

Morphological

measures were achieved using ImageJ software (http://rsb.info.nih.gov/ij/index.html). These 11 morphological measures were used to compute 9 unitless traits describing the size, shape and/or position of the fish head (including mouth and eye), body, pectoral and caudal fins (Table 1b). For species with unusual morphologies (species without tails, flatfishes) that prevent from measuring some morphological traits, we defined rules for these few exceptions as in [START_REF] Villéger | Contrasting changes in taxonomic vs. functional diversity of tropical fish communities after habitat degradation[END_REF] and [START_REF] Toussaint | Global functional diversity of freshwater fish is concentrated in the Neotropics while functional vulnerability is widespread[END_REF]. For instance, for species with no visible caudal fin (e.g. Sternopygidae, Anguillidae), caudal peduncle throttling (CFd/CPd) was set to 0. Then the maximum body length extracted from FishBase (http://www.fishbase.org/) were added to this morphological trait database. Since some of the values in FishBase were irrelevant, we checked this database and corrected the irrelevant measures based on other appropriate data sources. In addition, because intraspecific variation is unknown for most of the species, as a check, we measured 10 individuals per species for a subset with 55 fish species covering most of the orders and found the intraspecific variation is much lower than the interspecific variation. I updated the database built by Nicolas Charpin and Aurèle Toussaint, which includes 10 morphological traits for 9 170 species. After checking and correcting the database (e.g. merging species with the synonymous names, excluding wrong recording), I got the revised trait database for 9 150 species in more than 1 000 river basins. This database was applied to the analyses in chapter III and chapter V. To further extend the coverage of the trait database I collected and measured nearly 2 000 more species that were not included in the initial database.

After updating and matching with the occurrence database, our fish functional trait database has been expanded to 10 682 species, which was matched with the fish occurrence database in 3 094 river basins. This updated database was applied to the analyses in chapter IV and chapter VI.

II.3 Phylogenetic data: build the whole phylogenetic tree of fish by genetic data

Phylogenetic data was extracted from Rabosky et al. (2018), which is currently the most comprehensive and complete phylogenetic data for the global freshwater fish. This database includes 31 526 ray-finned fishes, which is based on 11 638 species whose position was estimated from genetic data. The remaining 19 888 species were placed in the tree using stochastic polytomy resolution (Rabosky et al. 2018).

I matched this dataset to the taxonomic and functional datasets and eventually got the phylogenetic relatedness for the 10 682 species with taxonomic and functional information.

These triple matched datasets were applied to the analyses in chapter V to access the multifaceted change in global fish biodiversity.

II.4 Drivers data: anthropogenic factors and environmental variables selection

Drivers data was used to explored the determinants of two kinds of patterns: the patterns of functional diversity of the global native fish faunas (chapter IV) and the patterns of multifaceted change in global fish biodiversity (integrated taxonomic, functional and phylogenetic facets) (chapter VI). The diversity patterns of native species were mainly caused by the natural processes thus the environmental variables were selected in this part to test the three main ecological hypotheses (i.e. area, energy, historical). To test these hypotheses and propose more specific ones, we collected the related variables from various data sources, which included net primary productivity, temperature, runoff, evapotranspiration, surface area, basin's altitude range, basin's median latitude, habitat diversity, ecoregion, endorheic, temperature anomaly of since the last glacial maximum, etc. However, biodiversity changes were mainly caused by human activities, thus we collected several human-related variables to explore the determinants of the patterns of multifaceted change in global fish biodiversity. The variables include the river connectivity status index, human footprint, travel to the nearest city and gross domestic product (see the methods in chapter VI for details). 

Major taxa studied: Freshwater fish

Location: Global

Time period: 1960s-2000s

Methods: We combined the spatial occurrences over 2 400 river basins worldwide and the functional traits measured on 10 682 freshwater fish species to quantify the relative role of the habitat, climate and historical processes on the current global fish functional diversity. To avoid any correlation between taxonomic diversity and functional diversity, we controlled for differences in the number of species (species richness) between rivers. Functional diversity was considered through three complementary facets, functional richness (FRic), functional identity (FIde) and functional dispersion (FDis).

Results:

The habitat size/diversity hypothesis contributes the most to the FRic due to its strong dependency on species richness, whereas the history/geography legacy markedly imprinted the FDis and FIde patterns, leading to a balanced influence of the current and historical processes.

Indeed, the distribution of morphological traits related to fish dispersal was largely explained by the glaciations events during the Quaternary, leading to strong latitudinal gradients.

Main conclusions:

This study provides insights into the role of historical and environmental determinants on the functional structure of fish assemblages and strengthen that the independence of facets of functional diversity from the species richness makes them essential biodiversity variables to understand the structure of communities and their responses to global change.

Keywords: ecological hypothesis, functional dispersion, functional richness, functional identity, history/geography hypothesis, morphological traits.

Introduction

Understanding the mechanisms that drove the global distribution of species and the subsequent species richness patterns is a central goal of biogeography and ecology (Gaston 2000). Those mechanisms can be classified in different categories, such as habitat, energy and history. Among ecological, evolutionary and historical processes proposed to explain taxonomic biodiversity patterns, habitat diversity and energy availability (e.g. temperature and precipitation) explained a large part of variations in species richness of freshwater fish over the globe (e.g. Guegan et al. 1998, Leprieur et al. 2011, Oberdorff et al. 2011), while historical legacy (e.g. realm membership, temperature anomaly since the last glaciation event) had a secondary role in explaining those species richness patterns (Guegan et al. 1998, Oberdorff et al. 2011).

Besides taxonomic diversity, the functional diversity account for the diversity of ecological features of organisms (Villeger et al. 2017) and is often summarized as the distribution of functional traits (be they morphological, ecological, behavioral or physiological), in a multidimensional functional space (Villeger et al. 2008, Su et al. 2019). The distribution of functional diversity is also unequal across the world, but the determinants are still largely unknown (Barnagaud et al. 2017, Bennie et al. 2014, Collen et al. 2014, Parravicini et al. 2013).

For instance, [START_REF] Toussaint | Worldwide freshwater fish homogenization is driven by a few widespread non-native species[END_REF] reported the patterns of fish functional diversity at the realm scale but did not elaborate on the underlying mechanisms that shape those patterns.

The functional diversity can be characterized using a series of complementary indices (Villeger et al. 2008, Mouillot et al. 2013). Functional richness (FRic) measures the minimal volume occupied by the species from an assemblage (i.e. convex hull), and is the most frequently used index to describe the functional diversity of assemblages (Kuczynski et al. 2018[START_REF] Stewart | Global impacts of climate change on avian functional diversity[END_REF], Su et al. 2021). FRic allows going further than species richness since two assemblages with the same number of species can host very different species with distinct functional traits, or two assemblages with contrasted species richness but hosting species with similar extreme trait values can have the same FRic. In such case, considering the environmental determinants of functional diversity might reveal the influence of some variables hidden for the species richness facet. However, FRic is often positively correlated with species richness (Villeger et al. 2008, Mouchet et al. 2010), and does not inform on the species position/distribution within the functional space, as it only consider the species with the most extreme traits (Villeger et al. 2008). Hence, functional metrics complementing FRic are needed to provide a more comprehensive description of the functional diversity of species assemblages.

The distribution of species within assemblages can be assessed by the functional dispersion, which measures the mean distance of species to the centroid of the functional space (FDis, Laliberté & Legendre 2010). In addition, the position of the species assemblage in the functional space can be assessed by the functional identity, which measures the average position of species on each functional axis (FIde, Mouillot et al. 2013). Those three above cited indices are independent and, as show on Figure 1, FDis and FIde can take contrasted values for a given FRic. For instance, two species assemblages with the same FRic due to the similar extreme species, can have low FDis when most of the non-extreme species are located around the centroid (Figure 1a, Assemblage 1 & Assemblage 3), or have high FDis when most of the nonextreme species have almost extreme trait values and disperse to the margins of the functional space (Figure 1a, Assemblage 2 & Assemblage 4). Combining those three indices, rather than focusing only on FRic, allows a better understanding of how current assemblages fill the functional space, and should provide new insights on how environmental and historical factors shape functional diversity. As a consequence, assessing the role of habitat, energy and history related hypotheses on these three facets of functional diversity can help understanding how the related mechanisms have promoted ecosystem processes and how these processes may be affected by current and future global and regional anthropogenic changes.

Using a functional trait database providing information on food acquisition and locomotion for more than 10 000 freshwater fish species (Su et al. 2021), we evaluated the contributions of three hypotheses (i.e. climate/energy, habitat area/diversity, and history/geography) on three complementary facets of functional diversity (FRic, FDis and FIde) in 2 453 river basins covering almost the entire continental areas of the globe. Freshwater fishes, which count ca. 18 000 species, have colonized all freshwater habitats of the globe except the poles. They account for more than one-quarter of all the vertebrates on earth [START_REF] Tedesco | A global database on freshwater fish species occurrence in drainage basins[END_REF]. Unlike terrestrial animals that can disperse freely across the land, freshwater fishes can only live and disperse through the river networks set by the drainage basins, which are separated from one another by natural barriers (i.e. oceans or land) and thus constitute island-like systems (Oberdorff et al. 2011[START_REF] Tedesco | Patterns and processes of global riverine fish endemism[END_REF]. Previous studies reported that patterns in species richness are driven by combinations of energy (temperature) and habitat (drainage area) conditions, and to a lesser extent historical legacy (climate fluctuations) (Oberdorff et al. 1997(Oberdorff et al. , 2011)). So far, no study has explored how these main hypotheses explaining species diversity across the globe apply to the different facets of functional diversity for freshwater fishes.

We here intend to disentangle the interplay between species richness, history/geography, habitat size/diversity and climate/energy related variables on the global patterns of freshwater fish functional diversity. and predict i) that FRic patterns are congruent with species richness patterns and hence related to the same drivers, ii) that habitat area negatively affects FDis and FIde, because large river basins present a larger diversity of habitats, promoting low functional dispersion and identity through very diversified morphologies, and iii) that energy availability should also promote low functional dispersion and identity by providing diverse food resources, while lower energy regions should select for particular morphologies leading to increased FDis and FIde. These hypotheses might nevertheless also depend on the historical and geographic context, with rivers subjected to ancient isolation and recent glaciations having their fauna filtered for particular traits and promoting therefore higher FDis and FIde in such rivers.

Materials and methods

Occurrence data: We used the most comprehensive database of freshwater fish species distributions across the world (Tedesco et al.

2017; available at

http://data.freshwaterbiodiversity.eu). The fish occurrence database gathers the occurrence of 14 953 species (more than 90% of the freshwater fish species) in 3 119 drainage basins, covering more than 80% of the earth surface [START_REF] Tedesco | A global database on freshwater fish species occurrence in drainage basins[END_REF]. We only considered the historical occurrence, i.e. records for native species.

Functional traits:

The functional database was obtained from Su et al (2021), which encompasses ten morphological traits for 10 682 freshwater fish species out of the 14 953 species present in the occurrence database. It hence covers almost 60% of the documented world freshwater fish fauna. The ten traits describe the size and shape of body parts involved in food acquisition and locomotion [START_REF] Villéger | Functional ecology of fish: current approaches and future challenges[END_REF]). Among them, body size is a key trait related to all functions driven by metabolism (Blanchet et al. 2010) and was estimated as the maximum body length registered on FishBase (www.fishbase.org, Froese & Pauly 2018). In addition to size, nine unit-less traits describing the morphology of the fish head (including mouth and eye), body, pectoral and caudal fins were computed as ratios between the 11 morphological measures done using ImageJ software (http://rsb.info.nih.gov/ij/index.html). Please see Figure S4 in Su et al (2021) for the detailed measurements. The ten morphological traits (nine unit-less ratios and body size) selected are commonly used in assessments of fish functional diversity (e.g. Bellwood et al. 2014;Su et al. 2019Su et al. , 2020Su et al. , 2021;;[START_REF] Toussaint | Worldwide freshwater fish homogenization is driven by a few widespread non-native species[END_REF]2018, Villéger et al. 2010) and are linked to the feeding and locomotion functions of fish that themselves determine their contribution to key ecosystem processes such as controlling food webs and nutrient cycles [START_REF] Villéger | Functional ecology of fish: current approaches and future challenges[END_REF]. Overall, 24.1% of the values were missing in the original dataset (from 6.9% for maximum body length to 31.4% for relative maxillary length). We filled these missing values by using a phylogenetic generalized linear model, which includes phylogenetic information to improve the imputation performance (Bruggeman et al. 2009, Penone et al. 2014). Phylogenetic information was obtained from R package 'fishtree' (Rabosky et al. 2018, Chang et al. 2019) and the model was performed using the 'phylopars' function from the R package 'Rphylopars' (Bruggeman et al. 2009). The efficiency of this model in filling missing values was tested on a random set of 1 000 species with complete values for all ten traits. We randomly set 25% of the values for the 1 000 species as missing values, and then filled them with simulated values. We then compared the simulated values to the actual values. This procedure was repeated 999 times. Spearman's rho between actual and simulated data was used to measure the efficiency of the procedure. Spearman's rho varied from 0.86 to 0.96, demonstrating the efficiency of the method. As a comparison with a classical imputation method, filling the gaps using the average trait value of the 75% species with data, the Spearman's rho varied from 0.80 to 0.91, showing that the 'phylopars' procedure outperforms the classical imputation method. We then computed a principal component analysis (PCA) using the 10 morphological traits for all the species. We selected the first five PCA axes, which explained 78.4% of the total variance among the world's fish functions, to compute the functional diversity indices (Figure S1).

Functional diversity indices:

We calculated three complementary functional diversity indices which are functional richness (FRic), functional dispersion (FDis) and functional identity (FIde)to assess the functional structure of fish assemblages in each river basin.

Functional richness (FRic, Villeger et al. 2008), measures the volume of the minimum convex hull that includes all the species in the five-dimensional functional space. The higher the FRic, the higher the range of functional trait values in the species assemblage considered. Thus, FRic accounts only for the species with the most extreme trait values and thus tends to be positively correlated with species richness through a sampling effect (Villeger et al. 2008).

Functional dispersion (FDis, Laliberté & Legendre 2010) measures the mean distance of species in the five-dimensional functional space to the centroid of all species in the assemblage.

Here we scaled it between 0 and 1 by dividing its raw value by half of the maximum distance among all the species present in the global species pool, which is the maximum value possible given species trait values (Mouillot et al. 2013). FDis is a priori not related to species richness (Laliberté & Legendre 2010).

Functional identity (FIde) measures how the species distribute in the functional space and is calculated as the average position of the species from an assemblage on each axis of the global functional space [START_REF] Toussaint | Non-native species led to marked shifts in functional diversity of the world freshwater fish faunas[END_REF]). Here we consider FIde on the first five PC axes to evaluate the species distributions in the functional space.

We used R scripts from Mouillot et al (2013) to compute the three functional diversity indices.

Predictor variables: Overall, 13 predictor variables were selected to evaluate the effect of the three hypotheses, i.e. habitat size/diversity, climate/energy and history/geography, on the variation in freshwater fish diversity.

Climate/energy was assessed by five predictors: mean annual temperature (TEM), mean annual precipitation (PRE), mean annual evapotranspiration (EVP), mean annual runoff (ROF)

and mean annual net primary productivity (NPP).

Habitat was assessed using four predictors: river basin area (RBA), altitudinal range (ALR), mean slope (MSP) and river basin diversity (RBD). RBD was estimated by applying Shannon's diversity index to proportions of biomes (i.e. vegetation types associated with regional variations in climate) within river basins (Oberdorff et al. 2011).

History/geography was assessed by four predictors: temperature anomaly during the quaternary period (TEA), basin median latitude (BML), Ecoregion (ECO, i.e. the six biogeographic realms: Afrotropical, Australian, Nearctic, Neotropical, Oriental and Palearctic; Lévêque et al. 2008 andBrosse et al. 2013), and the Endorheic/ Exorheic status (EOC) of the river that relates to the level of isolation of the river basin. TEA was measured as the change in the mean annual temperature between the present and Last Glacial Maximum conditions (the average values based on two Global Circulation Models, Table S1, Dias et al. 2014).

Statistical analysis:

Combining the occurrences, functional traits and environmental databases described above permitted to describe the functional diversity of 2 453 freshwater fish assemblages across the world and analyse the relationship between the functional diversity and the environmental variables. We applied boosted regression trees (BRT) to assess the relative importance of each considered variable in shaping the patterns of FRic, FDis and FIde. In addition to the 13 predictor variables, we also added the total number of native species (i.e.

species richness, SR) present in each river basin as a predictor in all the BRT models (see Table S1 for a list of variables, corresponding references and units).

Although BRT are considered as relatively robust to collinearity among predictor variables, it has been recently shown that removing predictor variables showing a Pearson correlation coefficient higher than |0.7| is a desirable practice with techniques based on boosting (Parravicini et al. 2013). We hence removed precipitation from the BRT models, which was highly correlated with evapotranspiration and runoff (Figure S2).

BRT were fitted using the 'gbm.step' function in 'dismo' package in R (Elith et al. 2008). This technique allows for the specification of four main parameters: bag fraction (bf), learning rate (lr), tree complexity (tc) and the number of trees (nt). bf is the proportion of samples used at each step, lr is the contribution of each fitted tree to the final model, tc is the number of nodes of each fitted tree determining the extent to which statistical interactions were fitted, and nt represents the number of trees corresponding to the number of boosting iterations.

Optimal setting of the parameters was chosen using 10-fold cross validation (CV). The procedure provides a parsimonious estimate, CV -D 2 (i.e. the cross validated proportion of the deviance explained), representing the expected performance of the model when fitted to new data (Elith et al. 2008). Using CV, we explored different combinations of the parameters to be set and retained the model showing the highest CV -D 2 (Table S2).

The relative influence of predictor variables in the final optimal BRT models was evaluated with the contribution to model fit attributable to each predictor, averaged across all the trees fitted (Friedman 2001). In order to account for uncertainty around these estimates, the relative influence of each predictor variable was calculated on 1000 bootstrap replicates of the original dataset in order to compute 95% confidence intervals by using the 'gbm.fixed' function in 'dismo' package and 'boot' function in 'boot' package. We also estimated the interactions between each pair of predictors by using the 'gbm.interactions' function in the 'dismo' package (Elith et al. 2008). Spatial autocorrelation has become an important issue in geographical ecology and macroecology over the last decades (Rangel et al. 2010, Leprieur et al. 2011). As BRT do not account for spatial autocorrelation in both the dependent and predictor variables, we also performed autoregressive error (SARerror) models and compared the respective results of the two models. To fit the SARerror models, we transformed the categorical variables (i.e. Ecoregion and Endorheic) to numeric types. Then we scaled all the 13 predictor variables to a zero mean and unit variance to ensure equal weighting in the models. The spatial autocorrelation analysis was performed using the 'spatialreg' and 'spdep' packages (Bivand & Piras 2015).

All statistical analyses were performed with R software version 3.5.1 (R Core [START_REF] Team | R: A language and environment for statistical computing[END_REF].

Results

We first mapped FRic, FDis (Figure 2) and FIde (measured on PC1 to PC5; Figure 3) of freshwater fish assemblages at the global scale. Those three facets of functional diversity were mostly independent of each other (Pearson's r < |0.51|, Figure S3). Besides, they highly varied among river basins between and within the six realms. The highest values of FRic were disproportionately concentrated in river basins located in the Neotropical realm (e.g. Amazon river reached the highest FRic value, 44% of the world FRic) and some large basins from other realms, whereas low values were mostly located in the two northern realms (i.e. Nearctic and Palearctic) and Australian realm (Figure 2a). The patterns of FDis and FRic were weakly correlated to each other (Pearson's r = 0.11). FDis values ranged from 0.06 to 0.38, with the highest values concentrated in river basins from Europe (Figure 2b). Overall, the patterns of FIde on the five PC axes showed latitudinal gradients for some axes. Specifically, FIde tends to increase from the equator to the poles on PC1, tends to decrease with latitude from south to north on PC2 and PC3, and tends to increase with latitude from south to north on PC4 and PC5 (Figure 3, Figure 4).

The final BRT model for FRic explained 80.2% of the total variation (cross validation procedure; Table S2). The relationship between observed and predicted FRic was remarkably high (R 2 = 0.987 for a regression of slope 1 and 0 intercept, Figure S4). As expected, species richness was found to be the best predictor of FRic, with a relative contribution to the BRT model reaching 72.2%. Other variables had a marginal contribution and only Ecoregion (7.2%) contributed more than 5% to this pattern, whereas all the remaining variables related to the three hypotheses did not play strong roles (i.e. relative contribution < 5%) in shaping the pattern of FRic, independently from species richness (Figure 2a).

For FDis, the BRT model explained 46.9% of the total variation (cross validation procedure;

Table S2). The relationship between observed and predicted FDis was also high (R 2 = 0.994 for a regression of slope 1 and 0 intercept, Figure S4). Together the climate/ energy related variables contributed the most to the FDis pattern (37.4%), followed by the history/geography related variables (30.2%) and habitat related variables (23.9%). However, median latitude was the most influential variable (15.2%), followed by the net primary productivity (13.4%). All the other variables had a contribution lower than 10% (Figure 2b).

The BRT models explained about 65% of the total deviance for FIde on PC1 to PC5, respectively (Table S2). The relationships between observed and predicted FIde on the five PC axes remained high, with R-squared values higher than 0.9 (Figure S4). However, FIde on the five PC axes displayed contrasting relationships with variables related to the different hypotheses. Indeed, results of FIde on PC1 showed that history/geography related variables (47.0%), especially the Ecoregion (22.6%) and median latitude (15.0%), contributed most to the pattern (Figure 3a). BRTs considering interactions between predictors performed better than simpler BRTs (Table S2). Although interactions between variables were weak in the models for FRic and FDis (Figure 5 a,b), models taking interactions into account still had better performances (Table S2).

In contrast, some variable interactions were very strong in the models for FIde on the five PC axes (Figure 5 c-g). Basin median latitude, in particular, was the most 'interacting' variable and had relatively strong interactions in most of the models for FIde, especially with ecoregion, temperature, and evapotranspiration, thus highlighting that these factors have different effects in basins located in different latitudes (Figure 5 c-g).

Finally, BRT and SARerror models showed broadly similar results (Table S3). Predictor variables having strong influence on the functional diversity in BRT also showed significant and relatively high coefficients in the SARerror models (Figures 2,3, Table S4). In addition, the SARerror models reduced the residual spatial autocorrelation to non-significant levels for all the functional diversity indices.

Discussion

Considering the functional diversity through three complementary indices (Figure 1), allowed to quantify the role of climate/energy, habitat size/diversity, history/geography processes on the current functional diversity of the world freshwater fish faunas. We also show that the relative role of those processes differs from those known for species richness (Guegan et al. 1998, Oberdorff et al. 2011). Functional richness was nevertheless strongly influenced by the richness in species, which is itself ruled primarily by habitat diversity and energy availability (Guegan et al. 1998, Oberdorff et al. 2011). The tight linkage between species and functional richness could be partly explained by the expected increase of the range of traits with increasing number of species in an assemblage (Villeger et al. 2008). Nevertheless this relationship is not constrained to linearity, and it might saturate once most of the range of traits are represented.

Therefore, above a certain number of species, the relationship between species and functional richness should saturate, indicating a functional redundancy among species. Such saturation was only observed here in the richest river basins (above 400 species, without strong biogeographic realm effect (see Figure 4a)), while at the realms scale, contrasted ratios between species and functional richness have been observed [START_REF] Toussaint | Worldwide freshwater fish homogenization is driven by a few widespread non-native species[END_REF].

In contrast, species richness had a limited influence (< 9%) on the patterns of functional dispersion and identity, attesting the multidimensionality of the functional diversity. Instead, variables related to history/geography and climate/energy hypotheses primarily explained the patterns of FDis and FIde. We here reveal a latitudinal gradient in FDis (Figure 4b), where values increased from South to North, and reach maximal values in the high latitude basins of the northern hemisphere. Those basins experienced larger amplitude of Quaternary climatic oscillations (Jansson 2003, Lepieur et al. 2011), explaining the overabundance of locomotionrelated extreme trait values in the fish assemblages of the temperate and cold areas of the Northern hemisphere. Indeed, those river basins experienced glaciations events during the Quaternary, which caused the extinction of most small sized species with low dispersal ability (Griffiths 2006). Following glaciations, glaciers retreat opened available habitats, which were preferentially recolonized from southern refuge areas (e.g. the Mississippi and Danube drainage basins in Nearctic and Palearctic realms, respectively) through intermittent inter-basin connections during the post-glacial period (Reyjol et al. 2007, Leprieur et al. 2011). Those historical processes selected species with extreme dispersal traits (e.g. large body size) among the pool of species that survived in the glacial refuges. The interplay of these two processes therefore explains why fish assemblages in temperate and cold rivers of the northern hemisphere have a low functional richness, because of the low species richness, but a high functional dispersion, because morphologies promoting dispersal were the most prone to colonize new basins after glaciers retreat.

Dispersal and locomotion ability are strongly linked to body size (Griffiths 2006[START_REF] Tedesco | Patterns and processes of global riverine fish endemism[END_REF]) and caudal fin size [START_REF] Webb | Body form, locomotion and foraging in aquatic vertebrates[END_REF], Su et al. 2020, Radinger & Wolter 2014), which are strongly influential variables on PC3, PC4 and PC5 of the functional space (maximum body length and caudal peduncle throttling, see Figure S1), explaining the latitudinal gradient in functional identity observed on those PC axes. This finding parallels the patterns observed for functional dispersion, testifying that species with high dispersal abilities tend to have extreme trait values within assemblages (FDis) and in the global functional space (FIde).

The functional traits of those species underline the high functional dispersal ability of fishes in the assemblages found in previously glaciated river basins of the northern hemisphere. These results are in line with Blanchet et al (2010) who found that large-bodied fish species dominate in higher latitudes of the northern hemisphere. Nevertheless, this trend was not verified in the southern hemisphere, probably because of the limited surface of continental areas in the temperate and cold regions. Moreover, those southern temperate fauna are mainly composed of marine lineages that secondarily colonized freshwaters (e.g. Gobiidae and Galaxidae in southern South America, South Australia and New Zealand; [START_REF] Mcdowall | Generalized tracks and dispersal in biogeography[END_REF], Leveque et al. 2008). In those regions, the colonization of freshwater environments by marine fishes may be more related to physiological constraints (fish ability to deal with gradients of salinity) than on dispersal capacities. However, beyond the strong influence of latitude, the realm effect also markedly shapes the functional identity patterns (Figure 4 c-g, Figure S5), which is consistent with the result from Su et al (2019) that observed generally different morphological traits of fishes across realms. For instance, fish assemblages from different realms tend to have distinct traits related to feeding habits and trophic levels (See FIde PC1 on Figures 3,4, and S1), with fish assemblages from Afrotropical and Neotropical realms having lower trophic levels than in other realms. This could be attributed to the distinct evolutionary history of fishes from different realms under distinct environmental constraints (Su et al. 2019). For instance, algae browsers are overrepresented in the Neotropics (mainly represented by Siluriforms from the Loricaridae family, but also by some Characiforms), explaining the strong contribution of this realm to FIde on PC1.

Our findings also suggest that variables related to climate/energy hypotheses contributed to shape the patterns of FDis and FIde. For instance, FIde on PC2 and PC3, which mostly represent the fish body elongation and shape, are most influenced by climate/energy related variables (Figure 3). The shifts of species position in the functional space along the climate/energy variables might be explained by two different mechanisms: i) divergent traits make the fishes from a given assemblage more efficient in using the highly diversified food resources present in more productive regions (e.g. with high NPP values, Wright 1983); ii) the functional traits reflect the physiological limits of the species which are constrained by climate related variables (e.g. temperature, Hawkins et al. 2003).

To conclude, our study shows that the historical legacy played a significant role in the global FDis and FIde patterns of freshwater fish, opening insights into the relative role of historical and environmental determinants on the functional structure of fish assemblages. In The contribution of each morphological trait to the first 5 axes is expressed as percentages and values higher than 15% are in bold font. 
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Chapter VII: Conclusions and Perspectives

VII.1 Conclusions

Freshwater ecosystems have been altered by human activities for decades [START_REF] Tickner | Bending the curve of global freshwater biodiversity loss: an emergency recovery plan[END_REF]. To assess the impact of human activities on the global freshwater fish biodiversity, especially on its functional facet, in my thesis, I have measured the spatial patterns of morphology-based functional traits, and unravel their drivers. I have also assessed how functional traits were sorted by humans across the invasion process (i.e. introduction, and establishment stages).

1) High variation of global freshwater fish morphology

The first important result of my thesis is that the high species diversity of fish supports a high degree of variation in their morphological characteristics. This result was verified in all the ten measured morphological traits, which provides a high probability for the species to act distinct roles in the ecosystems. Moreover, we also testified that the distributions of morphological traits are significantly different between the six biogeographic realms, and those differences are attributed to the evolutionary divergence between realm fish faunas and distinct environmental constraints between the six realms. Besides this, we also found that a small part of morphologically extreme species supported the variety of morphological space and widely distributed across the six realms. To conclude, these results will constitute a benchmark for future studies on fish morphological diversity across the world and will help in setting conservation strategies. (Chapter III).

2) Different hypotheses explained the patterns of global fish functional diversity

We then mapped the spatial patterns of three complementary facets of functional diversity across the world river basins. We found values of the three facets of functional diversity highly varied among river basins between and within the six realms. We then disentangled the contributions of the three main ecological hypotheses explaining biological diversity (habitat size/diversity; climate/energy; history/geography) to the functional diversity patterns. We found that functional richness was mainly driven by the species richness, thus largely explained by the habitat size/diversity hypothesis. In contrast, functional dispersion and functional identity were mainly explained by the history/geography and climate/energy hypotheses. Our results highlight the influence of historical processes on shaping the patterns of functional diversity, and thus provide new insights into the role of historical and environmental determinants on the functional structure of fish assemblages, revealing the relationship between the functions of species and ecosystem processes (Chapter IV).

3) Distinctiveness of morphologies between introduced species and non-introduced species

Introduction of non-native species is a crucial component of the current biodiversity crisis, especially for freshwater fish species. To evaluate the morphological difference between the non-introduced species and introduced species at different invasive status, we identified 2 690 introduced species from the 9 150 morphologically measured species pool, among which 418 species were successfully established in the recipient assemblages while the remaining 2 272 species failed to establish. We found that introduced species are morphologically different from the non-introduced species, implying that people preferred to introduce large pelagic predators with high dispersal ability to satisfy their interests. Moreover, the particular morphology of established species, which are characterized by a laterally flattened body, suggest their successful establishment in slow flowing habitats. These findings highlight the morphological differences of introduced fish species in different invasive stages, and thus provide new insights into the species introduction policy, since our results might be used to profile future introductions and help to better develop strategies to prevent future invasions (Chapter V).

4) River fragmentation and regulation drive change in global freshwater fish biodiversity

We designed a new cumulative index to combine the changes in multi-faceted biodiversity to assess the impact of various human activities on freshwater fish biodiversity. This index has the main interest to combine taxonomic, functional and phylogenetic information considered both at a locality scale (here river basin, alpha-diversity), and between localities (between river basins, beta-diversity). Using this index, we demonstrated that more than half of the world rivers experienced marked and multifaceted changes in their fish biodiversity, with the most pronounced changes occurring in temperate rivers with a high level of river fragmentation by dams and of water use, testifying for deep and spatially extended impacts of water regulation on fish biodiversity. However, fish faunas from a few rivers remain weakly affected and could thus represent biodiversity refuges and key opportunities for biodiversity conservation. Our results hence highlight the need to consider the cumulative and synergistic effects of multiple human activities on the changes in the complementary facets of biodiversity. Finally, the index here applied to the world freshwater fish fauna, can be used on any taxa or ecosystems, it therefore represents a cutting-edge contribution to our current understanding of the impacts of humans on global biodiversity (Chapter VI).

VII.2 Perspectives

1) Predictions of future freshwater fish invasions

The introduction and establishment of alien species are among the greatest threats to biodiversity and ecosystem services [START_REF] Blackburn | Alien versus native species as drivers of recent extinctions[END_REF] which profoundly affect the native communities, ecosystem functioning, human health and economy [START_REF] Seebens | No saturation in the accumulation of alien species worldwide[END_REF]. However, the number of established non-native species is far from saturated, and more non-native species are expected to establish in the future [START_REF] Seebens | No saturation in the accumulation of alien species worldwide[END_REF]). Therefore, a major task for ecologists is to predict future biological invasions including distributions, identities, numbers, and the economic loss they cause [START_REF] Diagne | InvaCost, a public database of the economic costs of biological invasions worldwide[END_REF], Howeth et al. 2015[START_REF] Seebens | Projecting the continental accumulation of alien species through to[END_REF]. Most previous studies attempted to predict the future distributions of existing alien species or the identities of future alien species based on the characteristics of existing alien species (Azzurro et al. 2014, Fournier et identities, these three dimensions of future freshwater fish invasions will provide us a holistic view of future fish invasions, as well as a novel useful information for the policymakers and managers.

2) Enriching the current functional trait database with more species and traits

Among the 18 000 described freshwater fish species [START_REF] Fricke | Eschmeyer's catalog of fishes: genera, species, references, online version[END_REF][START_REF] Van Der Laan | Freshwater fish list[END_REF], 14 953 benefits from information on their spatial distribution [START_REF] Tedesco | A global database on freshwater fish species occurrence in drainage basins[END_REF]. However, due to the insufficient information for a large part of these species, at the beginning of my Ph.D.

project, 9 150 species matching the occurrence dataset have been morphologically measured, leaving near 5 000 fishes unmeasured. This dataset allows me to analyze the morphological variation between fishes from the six biogeographic realms as well as the morphological variation between different types of introduced species and non-introduced species. Then, we enriched the morphological dataset to 10 682 species, which supported my two other studies, i.e. the pattern and determinants of fish functional diversity and the multifaceted change in global fish biodiversity. Although, the dataset covers more than half of the freshwater fish species and is the most comprehensive fish morphological dataset so far, morphological measurement on the remaining and newly discovered fish species should be permanently updated to complete the current dataset. Besides, although morphological traits are easy to obtain and measure, some traits do not represent a clear function, thus the relationship between them should be further tested.

Moreover, benefit from the statistical and computational advances, machine learning approaches have opened new ways of data collection and integration rather than a timeconsuming and laborious manual collection, which makes it possible and efficient for the collection of other functional traits of fishes, such as life-history, physiological, phenological and behavioral traits. We expect a new and more complete database with more fish species and functional traits will be established in the near future.

3) Towards a refined fish occurrence database

The fish occurrence data we accessed from Tedesco et al. (2013) is currently the most comprehensive spatial distribution database of the global freshwater fishes. This database compiles the occurrence status of 14 953 fish species in 3119 river basins covering more than 80% of the Earth surface. This database at the basin scale helped us to explore and testify lots of questions and hypotheses in the macroecological and biogeographic frameworks, such as how the historical and environmental variables shape the fish biodiversity patterns or how human activities change the fish biodiversity across different continents. However, occurrence data at this scale is not appropriate to handle species interactions and community assembly rules.

This data thus does not permit us to test for niche vs neutral theories or to investigate the relationships between biodiversity and ecosystem stability. Moreover, river networks are very complex systems with a total of 35.9 million km of rivers globally [START_REF] Linke | Global hydro-environmental sub-basin and river reach characteristics at high spatial resolution[END_REF]) and some key questions remain to be solved under this context, such as the relationship between freshwater fish distribution and river network geometry and hydrology (Muneepeerakul et al. 2018). We, therefore, appeal for a more local grained fish occurrence database for the global fishes. Fortunately, owing to several long-term research projects on freshwater fishes, such local scale data sets have been developed for some large river basins throughout the world, such as the Amazon River basin [START_REF] Oberdorff | Unexpected fish diversity gradients in the Amazon basin[END_REF][START_REF] Jézéquel | A database of freshwater fish species of the Amazon Basin[END_REF], Yangtze River basin [START_REF] Kang | Dataset on the distribution location and biological traits of freshwater fishes in the Yangtze River Basin[END_REF], and Mississippi River basin [START_REF] Muneepeerakul | Neutral metacommunity models predict fish diversity patterns in Mississippi-Missouri basin[END_REF]. Furthermore, ). Thus, we also expect species abundance or biomass information will be collected and incorporated into the refined fish occurrence database for future functional diversity studies.

Carvajal

4) Functional diversity: shed new light on the diversity-stability relationship.

The relationship between biodiversity and ecosystem stability has been a major subject of ecological research for decades [START_REF] Mcnaughton | Stability and diversity of ecological communities[END_REF][START_REF] Ives | Stability and diversity of ecosystems[END_REF]. However, until now there is no uniform conclusion on the diversity-stability debate [START_REF] Mccann | The diversity-stability debate[END_REF][START_REF] Pennekamp | Biodiversity increases and decreases ecosystem stability[END_REF] and their relationships can be negative, neutral or positive in different situations [START_REF] Pennekamp | Biodiversity increases and decreases ecosystem stability[END_REF]. Ecosystem stability consists of several properties, including temporal variability, resistance to environmental change and rate of recovery after perturbation (resilience) [START_REF] Donohue | Navigating the complexity of ecological stability[END_REF]. One major reason is that most previous empirical or field studies focused on the number of species as the diversity metric to assess the stability-diversity relationship (but see [START_REF] Craven | Multiple facets of biodiversity drive the diversity-stability relationship[END_REF], which might be insufficient to reveal the underlying mechanisms. Functional diversity measures the diversity in the traits of species that influence their performance in the ecosystems and thus impact the ecosystem functioning (Diaz & Cabido, 2001). Therefore, functional diversity reflects the position of species in the functional space and the role they play in the ecosystems, which could also reflect the species interactions (e.g. preypredator) in the communities and their response to the perturbations. Moreover, functional diversity contains many complementary components, which reflect the extent and structure of the functional space. To assess the relationships between the ecosystem stability and the complementary facets of functional diversity would shed new light on the diversity-stability debate. For instance, one could expect that between two communities with the same number of species, the stability will be lower for the community that has larger functional space but most of the species gathering in a small part of functional space than for the community that has smaller functional space but all the species evenly distributing in the functional space. Indeed, [START_REF] Mouillot | Rare species support vulnerable functions in high-diversity ecosystems[END_REF] revealed that in the highly diverse ecosystems (e.g. coral reef fishes), vulnerable functions, which are overwhelmingly supported by rare species, make communities and hence ecosystem processes more unstable in the face of environmental changes, implying the so-called ecosystem insurance [START_REF] Yachi | Biodiversity and ecosystem productivity in a fluctuating environment: the insurance hypothesis[END_REF]) is only true for a few redundant functions. Su et al. (2019) showed a similar phenomenon in freshwater fishes, in which a few species represent most of the functional space. Moreover, the ongoing high rate of species invasions and extinctions among global freshwater fish faunas provide a good opportunity to test the diversity-stability relationship by comparing the functional diversity (e.g. functional richness, functional evenness, and functional density, Villeger et al. 2008, Cormona et al. 2016) of fish communities with different extent of invasions and extinctions. However, this analysis also needs a smaller scale fish occurrence database rather than the current basin scale database.

It would allow us to consider species assemblages that co-occur in a location at a given time.

Therefore, developing smaller scale occurrence database of the global freshwater fish fauna (or at least fish faunas over some river basins of the world) is a prerequisite for developing such diversity/stability approaches.

5) Toward a global fish functional database considering marine and freshwater faunas altogether

There are currently more than 35 600 valid fish species recorded [START_REF] Fricke | Eschmeyer's catalog of fishes: genera, species, references, online version[END_REF], almost half of them inhabit freshwater ecosystems, and the other half inhabit marine ecosystems. These numerous fishes are remarkably diverse in morphology, physiology, habit, diet and life-history strategy [START_REF] Helfman | The diversity of fishes: biology, evolution, and ecology[END_REF][START_REF] Arthington | Fish conservation in freshwater and marine realms: status, threats and management[END_REF]. Furthermore, the distinctiveness of evolution history between the freshwater and marine fishes, as well as the different environmental conditions between freshwater and marine ecosystems make the patterns of fish diversity (e.g. phylogenetic and genetic diversity) from the two ecosystems quite different [START_REF] Thomaz | The architecture of river networks can drive the evolutionary dynamics of aquatic populations[END_REF][START_REF] Rabosky | Speciation rate and the diversity of fishes in freshwaters and the oceans[END_REF][START_REF] Manel | Global determinants of freshwater and marine fish genetic diversity[END_REF]. Recent studies also investigated the differences in speciation rates between freshwater fish and marine fish [START_REF] Miller | Comparing speciation rates in lakes, rivers, and the sea[END_REF][START_REF] Rabosky | Speciation rate and the diversity of fishes in freshwaters and the oceans[END_REF].

Similar to the status of freshwater fishes in inland water ecosystems (illustrated in the thesis introduction), marine fishes, especially the coral reef fishes inhabit coastal areas, also play key roles in the marine ecosystems due to their high biodiversity (Leprieur et al. 2016a[START_REF] Toussaint | Global functional diversity of freshwater fish is concentrated in the Neotropics while functional vulnerability is widespread[END_REF][START_REF] Pellissier | Quaternary coral reef refugia preserved fish diversity[END_REF]) and face severe human threats [START_REF] Mora | Global human footprint on the linkage between biodiversity and ecosystem functioning in reef fishes[END_REF]). However, until now no studies focused on the comparisons between their morphological traits, let alone the difference of functional diversity between the fishes in the two ecosystems. A key reason is that although there are plenty of independent studies related to the functional diversity of either global freshwater [START_REF] Toussaint | Global functional diversity of freshwater fish is concentrated in the Neotropics while functional vulnerability is widespread[END_REF][START_REF] Toussaint | Non-native species led to marked shifts in functional diversity of the world freshwater fish faunas[END_REF]Su et al. 2019Su et al. , 2020) ) or marine fishes [START_REF] Claverie | A morphospace for reef fishes: elongation is the dominant axis of body shape evolution[END_REF], Mouillot et al. 2014[START_REF] Borstein | Reef fish functional traits evolve fastest at trophic extremes[END_REF], there is no uniform morphological/functional trait database for both the freshwater and marine fishes so far. In addition, even if the same functions are investigated, it is still out of reach to combine data sets from different studies due to different measurement standards, (e.g. morphological traits used in both [START_REF] Toussaint | Global functional diversity of freshwater fish is concentrated in the Neotropics while functional vulnerability is widespread[END_REF][START_REF] Borstein | Reef fish functional traits evolve fastest at trophic extremes[END_REF]. Another reason is that most of the studies did not provide the raw functional trait data in their published papers, which makes the goal more difficult to realize by combining different studies. Nevertheless, in the era of big data, collaboration is becoming a consensus in the research of macroecology and biogeography [START_REF] Huang | Collaboration across Time and Space in the LTER Network[END_REF]. For instance, the establishment of a database of global plant traits (i.e. TRY, [START_REF] Kattge | TRY-a global database of plant traits[END_REF] is the result of a long-term collaboration between numerous research groups throughout the world. Furthermore, with the increasing number of studies on the trait-based analysis of freshwater and marine fishes, I expect a unique functional trait database, including at least morphological traits (but maybe more), for global freshwater and marine fishes will be available soon. This achievement will help us to better understand the evolutionary divergence between marine and freshwater faunas. It would also permit us to investigate how morphological traits were shaped to adapt to distinct environments and how such distinct functional properties are eroded by global changes.

| INTRODUC TI ON

Assessing the degree to which different groups of organisms show similar patterns of species diversity across space, i.e. crosstaxon congruence, is one of the most significant challenges facing ecologists, biogeographers, and conservation biologists [START_REF] Özkan | Cross-taxon congruence in lake plankton largely independent of environmental gradients[END_REF][START_REF] Rooney | The strength of cross-taxon congruence in species composition varies with the size of regional species pools and the intensity of human disturbance[END_REF][START_REF] Su | Beyond species richness: Community similarity as a measure of crosstaxon congruence for coarse-filter conservation[END_REF]Tisseuil et al., 2013). Cross-taxon congruence is not only central to understanding the scale-dependent mechanisms driving spatial patterns of biodiversity [START_REF] Wolters | Relationship among the species richness of different taxa[END_REF], thus contributing to the improvement of general models for predicting assemblage patterns at multiple spatial scales [START_REF] Qian | Spatial scale and cross-taxon congruence of terrestrial vertebrate and vascular plant species richness in China[END_REF][START_REF] Westgate | Global meta-analysis reveals low consistency of biodiversity congruence relationships[END_REF], but it is also of considerable conservation interest. The existence of spatial congruence in diversity patterns allows the possibility for using surrogate taxa when monitoring and managing less well-known taxonomic groups [START_REF] Lewandowski | The effectiveness of surrogate taxa for the representation of biodiversity[END_REF]. The existence of common patterns in the spatial arrangement of biodiversity is a recurrent feature in nature (Gaston, 2000;Tittensor et al., 2010), yet consensus regarding the generality of the underlying processes driving spatial variation in biodiversity remains elusive.

Three main mechanisms have been proposed to explain the existence of congruent diversity patterns among different groups of organisms. First, cross-taxon congruence may be generated by similar yet independent responses of taxa to environmental factors (Hawkins et al., 2003;[START_REF] Mittelbach | Evolution and the latitudinal diversity gradient: Speciation, extinction and biogeography[END_REF][START_REF] Willig | Latitudinal gradients of biodiversity: Pattern, process, scale, and synthesis[END_REF], thus making spatial changes in assemblages of different taxa predictable from those in the environment [START_REF] Gioria | Evaluating and interpreting cross-taxon congruence: Potential pitfalls and solutions[END_REF][START_REF] Heino | Are indicator groups and cross-taxon congruence useful for predicting biodiversity in aquatic ecosystems?[END_REF][START_REF] Oertli | Crosstaxon congruence of species diversity and community similarity among three insect taxa in a mosaic landscape[END_REF]. Second, congruence may be determined by a shared biogeographic history, whereby different organismal groups have exhibited similar evolutionary histories or dispersal routes [START_REF] Gouveia | Nonstationary effects of productivity, seasonality, and historical climate changes on global amphibian diversity[END_REF][START_REF] Gove | Environmental and historical imprints on beta diversity[END_REF][START_REF] Ricklefs | Species diversity in ecological communities: Historical and geographical perspectives[END_REF]. Third, the diversity of one group of species may partly determine that of another group of species, as in the case of hosts and their parasites or prey and their specialist predators [START_REF] Burkle | The future of plant-pollinator diversity: Understanding interaction networks across time, space, and global change[END_REF][START_REF] Qian | Spatial scale and cross-taxon congruence of terrestrial vertebrate and vascular plant species richness in China[END_REF][START_REF] Sandom | Mammal predator and prey species richness are strongly linked at macroscales[END_REF].

Here, we focus on the environmental factors and dispersal history underlying cross-taxon congruence. This mechanism has gained previous support as an explanation for the diversity gradients observed in many groups of organisms at broad spatial scales (Field et al., 2009;[START_REF] Ricklefs | A comprehensive framework for global patterns in biodiversity[END_REF]Whittaker, Willis, & Field, 2001). Specifically, the expectation of common, independent cross-taxa responses to environmental variation has been formulated via three non-exclusive hypotheses: the energy, area/ environmental heterogeneity, and dispersal hypotheses. The energy hypothesis, a climatically based hypothesis, claims that species richness within an area is limited by energy availability [START_REF] Clarke | Climate, energy and diversity[END_REF]. In general, species richness tends to be higher in areas where the energy supply is higher. In contrast, the heterogeneity hypothesis states that species richness is higher in larger and more heterogeneous areas through increasing habitat availability and diversity (Whittaker et al., 2001). Finally, the dispersal hypothesis, which includes many variants, proposes that diversity patterns are related to differential speciation or extinction rates, coupled with dispersal limitation related to historical contingency [START_REF] Ricklefs | A comprehensive framework for global patterns in biodiversity[END_REF][START_REF] Ricklefs | History and diversity: Explorations at the intersection of ecology and evolution[END_REF]. These three hypotheses have received increasing support in explaining cross-taxon congruence in multiple terrestrial and marine taxa, including mammals, birds, insects, and vascular plants [START_REF] Cabra-García | Cross-taxon congruence of α and β diversity among five leaf litter arthropod groups in Colombia[END_REF][START_REF] Miranda | Congruence between species phylogenetic and trophic distinctiveness[END_REF][START_REF] Oertli | Crosstaxon congruence of species diversity and community similarity among three insect taxa in a mosaic landscape[END_REF]. Evidence on freshwater taxa is, however, comparatively much more scarce, and it is unclear to what extent the same mechanisms affect crosstaxon congruence in the freshwater realm, because knowledge from other systems is not directly transferable to freshwaters, especially at broad spatial scales [START_REF] Heino | Are indicator groups and cross-taxon congruence useful for predicting biodiversity in aquatic ecosystems?[END_REF][START_REF] Heino | A macroecological perspective of diversity patterns in the freshwater realm[END_REF].

Although patterns of taxonomic and functional diversities have been characterised for many biological groups [START_REF] Gioria | Evaluating and interpreting cross-taxon congruence: Potential pitfalls and solutions[END_REF][START_REF] Miranda | Congruence between species phylogenetic and trophic distinctiveness[END_REF][START_REF] Rooney | The strength of cross-taxon congruence in species composition varies with the size of regional species pools and the intensity of human disturbance[END_REF], we still lack a general understanding of how cross-taxon relationships vary among the multiple facets of species diversity. At broad spatial scales, much emphasis has been given to patterns of species richness and the ecological and evolutionary processes underlying the origin and maintenance of the associated cross-taxon congruence [START_REF] Gioria | Evaluating and interpreting cross-taxon congruence: Potential pitfalls and solutions[END_REF]Hawkins et al., 2003;[START_REF] Qian | Spatial scale and cross-taxon congruence of terrestrial vertebrate and vascular plant species richness in China[END_REF]Clement Tisseuil et al., 2013). However, biodiversity is a multi-faceted concept, and these facets are complementary and pertain not only to the species comprising local assemblages (α-diversity), but also to the variation in species among assemblages (β-diversity) and not only to their taxonomic but also to their functional traits and phylogenetic relatedness (Baselga, 2010;[START_REF] Dobrovolski | Climatic history and dispersal ability explain the relative importance of turnover and nestedness components of beta diversity[END_REF][START_REF] Heino | Ecological drivers of multiple facets of beta diversity in a lentic macroinvertebrate metacommunity[END_REF]Leprieur et al., 2011). Therefore, it is now widely accepted that taxonomic richness is only a partial descriptor of wholesale biodiversity, and a multi-faceted approach is needed to gain a robust understanding of the mechanisms structuring species assemblages in different ecosystems and geographic regions.

To fill these knowledge gaps, we examined the multi-faceted (i.e. taxonomic and functional α-and β-diversity) cross-taxon congruence of freshwater fishes and macrophytes across the entire catchment network in China. Given the important habitat that macrophytes provide for fish (e.g. refuge, food, breeding), we anticipated the existence of cross-taxon congruence between them (Cook, 1974;Zhang, García Molinos, Zhang, & Xu, 2018). We were particularly interested in testing for: (1) the existence of spatial correlation between cross-taxon patterns of taxonomic and functional richness [START_REF] Cabra-García | Cross-taxon congruence of α and β diversity among five leaf litter arthropod groups in Colombia[END_REF][START_REF] Miranda | Congruence between species phylogenetic and trophic distinctiveness[END_REF][START_REF] Oertli | Crosstaxon congruence of species diversity and community similarity among three insect taxa in a mosaic landscape[END_REF] and of taxonomic and functional dissimilarity (Baselga, 2010;Villéger, Grenouillet, & Brosse, 2014) Qian & Kissling, 2010).

| MATERIAL AND ME THODS

| Data acquisition and key definitions

We compiled location records on the native freshwater macrophyte and fish assemblages from within 214 catchments across China (National Remote Sensing Center of China, http://www.nrscc.gov.

cn/nrscc/ cyyfw/ geosj gx2/gxfw/; Figure S1). The term assemblage refers here to the total number of species and their composition recorded from ponds, lakes, and rivers within a given catchment (i.e. our spatial unit). Pooling data sets into meaningful, large spatial working units such as catchments or ecoregions is a practical, compromise solution frequently used for the analysis of macroscale diversity patterns with spatially sparse data sets such as ours (Veech & Crist, 2007). The multiple factors influencing richness gradients are scale-dependent relative to both the spatial extent of the analysis and the grain size of the sample resolution [START_REF] Willis | Species diversity-Scale matters[END_REF]. We focus on catchments defining subdivisions (mean area of 104 km 2 ) of main river basins across a vast territory (c.

3.7 × 10 6 km 2 ), encompassing a range of climatic, geographical and hydroecological conditions over which richness may vary, and seek to understand the forces driving macroecological diversity congruence across China. Catchments are also relatively independent entities separated by natural barriers (i.e. mountains), within which there is a high degree of connectivity between habitats and less variation in environmental parameters [START_REF] Cai | Different roles for geography, energy and environment in determining three facets of freshwater molluscan beta diversity across China[END_REF]Cai, Zhang, Xu, & Heino, 2018;Reyjol et al., 2007;[START_REF] Schleuter | Geographic isolation and climate Govern the functional diversity of native fish communities in European drainage basins[END_REF]Tisseuil et al., 2013). Therefore, they can be effectively used in a comparative analysis to explore the factors driving assemblage patterns amongst them.

Although there are different definitions of macrophyte in the literature, we followed that of Cook (1974) and considered a macrophyte as any plant visible to the naked eye "whose photosynthetically active parts are permanently or, at least, for several months each year submerged in freshwater or floating on the water surface".

This definition includes all higher aquatic plants, vascular cryptograms and bryophytes, together with groups of algae that can be ac.cn/eflor a/Defau lt.aspx), the database of invasive alien species in China (http://www.china ias.cn/wjPar t/index.aspx), the Chinese species information system (http://monkey.ioz.ac.cn/bwg-ccice d/engli sh/cesis/ csisp age.htm), and grey research reports. This exhaustive literature review provided information on a total of 992 aquatic plant species. We then prepared a data matrix including the taxonomic information and functional traits for the species. To ensure a good quality of the data set, we used five quality-control rules. ( 1) We used the definition for macrophytes in Water Plants of the World (Cook, 1974) and the records in Flora of China to exclude non-macrophyte species.

(2) Scientific names were standardised, and synonyms were removed according to the Chinese Virtual Herbarium (http://www. cvh.org.cn/cms/en/). ( 3) The varieties were treated as the same species. (4) The habitat traits of the species were corrected following the Flora of China. ( 5) Non-freshwater species were excluded. The application of these rules resulted in a total of 469 species being kept for analysis, including 93 submerged species, 40 floating-leaved species, 25 free-floating species and 311 emergent species.

The information on the distribution of fishes follows a similar exhaustive literature review as that of macrophytes, comprising the scientific and grey literature , as well as the Chinese species database and biodiversity information system. Of the total of 1,331 fish species initially documented from the literature, we retained 543 species after the revision using a similar set of quality-control rules. These included the following: (1) all records not determined to the species level or not geo-referenced to county and lower spatial levels were excluded; (2) scientific names were standardised according to the Fishbase (http://www.fishb ase.org);

(3) infraspecific taxa were merged to the species level; (4) multiple entries referring to the same specimen were removed; (5) records of species native to China but occurring outside their natural range were excluded from the database; and (6) catadromous and brackish water species were excluded from the database.

| Functional traits considered in this study

We gathered information on five categorical functional traits to calculate the functional distance between macrophyte species according to the Flora of China, including life form (i.e. submerged, floating-leaved, emergent, free-floating), life cycle (i.e. annual, perennial), morphology (i.e. turion, stem, roset, leafy), sexual propagation (monoecism, dioecy), and habitat preference (i.e. lake, agriculture, river, estuary; Zhang, García Molinos, [START_REF] Zhang | Spatially structured environmental variation plays a prominent role on the biodiversity of freshwater macrophytes across China[END_REF]Zhang et al., 2018).

Fish species were functionally characterised using seven traits commonly used in studies on fish functional diversity [START_REF] Matsuzaki | Consequences of the introduction of exotic and translocated species and future extirpations on the functional diversity of freshwater fish assemblages[END_REF]. Two of these traits were continuous numeric variables (maximum total body length and maturation), and the remainder (mouth position, morphology, dietary traits, diet breadth, and vertical position in the water column) were categorical traits (Table S1). All the functional traits were taken from the ichthyography [START_REF] Chu | The fishes of Yunnan, China, Part I[END_REF][START_REF] Crippen | Calculating the vegetation index faster[END_REF] and Fishbase [START_REF] Froese | FishBase: International Center for Living Aquatic Resources Management[END_REF].

| Environmental variables

We selected seven variables to quantify the environmental conditions in each catchment. These variables were used as proxies for testing the energy, area/environmental heterogeneity, and dispersal hypotheses [START_REF] Clarke | Climate, energy and diversity[END_REF]Currie et al., 2004;[START_REF] Ricklefs | A comprehensive framework for global patterns in biodiversity[END_REF][START_REF] Ricklefs | History and diversity: Explorations at the intersection of ecology and evolution[END_REF]Whittaker et al., 2001) in relation to the ecological processes responsible for cross-taxon congruence between macrophytes and fishes. These variables are often associated with regional-to globalscale diversity patterns [START_REF] Clarke | Climate, energy and diversity[END_REF]Currie et al., 2004;[START_REF] Ricklefs | A comprehensive framework for global patterns in biodiversity[END_REF][START_REF] Ricklefs | History and diversity: Explorations at the intersection of ecology and evolution[END_REF]Whittaker et al., 2001).

To test the energy hypothesis, we used the annual normalised difference vegetation index (NDVI), mean annual temperature (MAT), mean annual precipitation (MAP), solar radiation (SOLAR), and annual run-off within each catchment. NDVI is an index of terrestrial plant photosynthetic activity and is one of the most commonly used terrestrial vegetation indices [START_REF] Crippen | Calculating the vegetation index faster[END_REF]. Here, we used NDVI as an indicator of the processes of weathering, leaching, and input of terrestrial organic material into waterbodies, which can be a very important energy source of aquatic ecosystems [START_REF] Correa | Terrestrial-aquatic trophic linkages support fish production in a tropical oligotrophic river[END_REF][START_REF] Griffith | Interrelationships among landscapes, NDVI, and stream water quality in the U.S. central plains[END_REF]. These variables are used as surrogates for energy entering each catchment. Indeed, energy can regulate the biodiversity of producers and consumers by means of two very different processes: (1) resource availability (i.e.

productive energy) and ( 2) the physiological limits of the species (i.e.

ambient energy; [START_REF] Clarke | Climate, energy and diversity[END_REF]Hawkins et al., 2003).

To test for the area/environmental heterogeneity hypothesis, we used the total surface area of each catchment (AREA), altitudinal range (ALTVAR), land cover heterogeneity (LANDVAR), and climate heterogeneity (i.e. spatial climatic ranges of MAT, MAP, and SOLAR), including MATVAR, MAPVAR, and SOLARVAR. LANDVAR is measured as the Shannon diversity index based on the proportions of land cover classes (forest, grass, farm, urban, water, and desert) within each catchment (Tisseuil et al., 2013). ALTVAR is a proxy for topographic heterogeneity, calculated as the range between the maximum and minimum altitude for each catchment (Astorga, [START_REF] Fe R E N C E S Astorga | Freshwater biodiversity at regional extent: Determinants of macroinvertebrate taxonomic richness in headwater streams[END_REF]. These variables are recognised as important factors shaping biodiversity through increasing habitat heterogeneity and availability, thus favouring speciation while reducing species extinction rates (Tisseuil et al., 2013;Whittaker et al., 2001).

To test for the dispersal hypothesis, we used spatial location, including longitude, latitude, and altitude. Biodiversity patterns are often associated with latitudinal [START_REF] Hof | Latitudinal variation of diversity in European freshwater animals is not concordant across habitat types[END_REF] and altitudinal [START_REF] Davies | Topography, energy and the global distribution of bird species richness[END_REF][START_REF] Rahbek | The elevational gradient of species richness: A uniform pattern?[END_REF] gradients. 

| Measurement of different facets of diversity

Taxonomic and functional richness were calculated, respectively, as the number of species comprising an assemblage and the value of the convex hull volume filled by a community in multidimensional functional space defined by the species traits (Villéger, Mason, & Mouillot, 2008). Functional richness thus equals the total branch length needed to join all species in an assemblage and standardised to range between 0 (assemblages composed of one species) and 1 (Villéger et al., 2008). Functional richness aims to quantify resource use complementary, and it has been suggested that it generally performs better as a predictor of ecosystem functioning than alternative methods [START_REF] Petchey | Functional diversity (FD), species richness and community composition[END_REF].

Taxonomic dissimilarity, defined as the proportion of species present in only one assemblage within a pair of assemblages, was calculated using the Jaccard index (Villéger et al., 2014). Similarly, functional dissimilarity was estimated as the non-overlap in functional space between assemblage pairs defined by the intersection of their convex hulls. Both taxonomic [START_REF] Baselga | The relationship between species replacement, dissimilarity derived from nestedness, and nestedness[END_REF] and functional (Villéger, Grenouillet, & Brosse, 2013) diversity were partitioned into their turnover and nestedness components to assess the relative contribution of the different processes leading to changes in assemblage composition, namely, species replacement (turnover) and changes in species numbers without replacement (nestedness).

At both extremes of the gradient, a high dissimilarity between two assemblages can result from them sharing no species, despite having equal numbers (complete turnover without nestedness), or from the assemblages having very different numbers of species despite sharing them, i.e. the species-poor being a subset of, or nested in, the species-rich assemblage.

| Statistical analyses

Functional richness and dissimilarity were computed on the functional space made by the first three principal axes of the principal coordinates analysis conducted on the species functional distance matrix using Gower's distance (Villéger et al., 2008). The resulting threedimensional functional space provided an accurate representation of the functional dissimilarity between species, explaining 65% and 71% of the total functional space for macrophytes and fish, respectively, thus achieving the necessary trade-off between information quality and computation time (Maire, Grenouillet, Brosse, & Villéger, 2015;Villéger et al., 2013Villéger et al., , 2008)). Indices of taxonomic and functional richness, dissimilarity and contribution of turnover and nestedness to dissimilarity between each pair of fish and macrophyte assemblages were computed according to recently developed methodology (Baselga, 2010[START_REF] Baselga | The relationship between species replacement, dissimilarity derived from nestedness, and nestedness[END_REF]Villéger et al., 2008Villéger et al., , 2014)).

We used Spearman's rank correlation to test for significant cross-taxon congruence in the form of taxonomic and functional richness correlations between fish and macrophyte assemblages across catchments. Similarly, cross-taxon correlations for taxonomic and functional total dissimilarity and its constituent nestedness and turnover components were tested using Mantel tests, a permutation technique that estimates the resemblance between two proximity matrices computed for the same objects [START_REF] Mantel | The detection of disease clustering and a generalized regression approach[END_REF].

To test for relationships between changes in taxonomic and functional richness along environmental gradients (i.e. related to energy, area/environmental heterogeneity, and dispersal hypotheses), we first applied a principal component analysis (PCA) on the data matrix related to the suite of environmental covariates used as proxies for each of the hypotheses. This was performed to reduce the multidimensionality and to eliminate collinearity between predictors.

We retained the first two PCA components as synthetic predictors (Figure S4), which accounted for at least 70% of the total variability in the original variables in all cases (Figure S4). We then used multiple linear regression with Gaussian errors, where the response variables were the taxonomic or functional richness of fish and macrophytes and the PCA components were the predictor variables. Predictor variables were logarithmic or square-root transformed as required to achieve normality, and they were standardised to a common scale between 0 and 1 before PCA.

To test how taxonomic and functional total dissimilarity and its turnover and nestedness components varied along environmental gradients, we used permuted multiple regression on distance matrices [START_REF] Lichstein | Multiple regression on distance matrices: A multivariate spatial analysis tool[END_REF] with changes of environmental gradients (i.e. related to the energy, area/environmental heterogeneity, and dispersal hypotheses) as predictor Euclidean distance matrices. Predictor variables were also normalised and standardised before the analysis.

The p-values (0.05 significance level) for Mantel's permutation test and the multiple regression on distance matrices models were obtained by comparing each observed regression coefficient with a distribution of 10,000 permuted values. All statistical analyses (Table 1)

and plotting were produced in R 3.1.0 (R Development Core Team, 2014) using the built-in functions and those in the packages reshape2 [START_REF] Wickham | Reshaping data with the reshape package[END_REF], FD (Laliberté, Legendre, Shipley, & Laliberté, 2014), betapart (Baselga & Orme, 2012), lme4 [START_REF] Bates | lme4: Linear mixed-effects models using S4 classes[END_REF], ecodist [START_REF] Goslee | The ecodist package for dissimilarity-based analysis of ecological data[END_REF], vegan [START_REF] Oksanen | vegan: Community Ecology Package. R package version 2.4-1[END_REF], sjPlot [START_REF] Lüdecke | Limnological changes in a large reservoir following vegetation removal by grass carp[END_REF] and ggplot2 [START_REF] Wickham | ggplot2: Elegant graphics for data analysis[END_REF].

| RE SULTS

Across catchments, macrophyte assemblages (200 ± 47 species, mean ± 1 standard deviation) were, on average, richer in species than fish assemblages (30 ± 51). Although the overall species pool was higher for fish (543 recorded species across China) than macrophytes ( 468), the representation of the regional species pool at the individual catchment level was, on average, much higher for macrophytes (46%) than for fish assemblages (10%; Figure 1a,e), reflecting a higher degree of differentiation among fish assemblages. This trend was also observed for functional richness (Figure 2a,e), with individual catchments containing, on average, 56% and 34% of the regional macrophyte and fish functional diversity, respectively. The higher representation of regional functional richness relative to taxonomic richness within individual catchments suggests some degree of functional redundancy among species in both groups. a All predictors were logarithmic or square root transformed as required to achieve normality and standardised to a scale between 0 and 1 before PCA.

The total taxonomic dissimilarity among macrophyte (Figure 1b) and fish (Figure 1f) assemblages was relatively high (0.51 ± 0.01 and 0.65 ± 0.02, respectively), being mainly driven by the species turnover among assemblages, with a relative contribution towards a total dissimilarity of 0.4 ± 0.03 for both groups (Figure 1c,g), rather

than by the isolated effect of species losses or gains (i.e. nestedness; 0.11 ± 0.01 and 0.25 ± 0.03; Figure 1d,h). In contrast, functional dissimilarity was lower for both groups (macrophyte: 0.26 ± 0.02, fish: 0.48 ± 0.02; Figure 2b,f) and had a much larger contribution from nestedness (0.19 ± 0.02 and 0.39 ± 0.02; Figure 2d,h) than turnover (0.09 ± 0.01 for both groups; Figure 2c,g). These common patterns between the two taxonomic groups are also reflected by the significant correlations found for all taxonomic and functional diversity facets (Figures S2 andS3). Spatially, the variability in taxonomic and functional richness was relatively high and followed the same patterns for both macrophytes and fish assemblages, with 0.196 and 0.247;. Multiple linear regression models based on the full set of predictors explained a significant proportion of the variability of the response variables around its mean (Figure 4). These models provided strong supporting evidence of a combined role of all three hypotheses (i.e. energy, area/environmental heterogeneity, and dispersal) in driving observed taxonomic and functional diversity patterns of fish and macrophyte communities. However, the mean effects of each individual predictor varied across diversity facets and taxonomic groups. Specifically, macrophyte taxonomic richness was higher in more-productive environments associated with higher precipitation and temperature regimes (first PCA ENE axis, Figure 4a,e and Figure S4a), although elevated run-off (second PCA ENE axis, Figure 4e and Figure S4a) appeared to have a significant negative effect on macrophyte functional richness. Similar positive effects of energy availability on taxonomic and functional richness were observed for fish communities, although, in contrast to macrophytes, increased annual run-off had a significantly positive effect on them. Richness patterns for both taxonomic groups also varied significantly along geographical gradients, where lower macrophyte and fish richness was found towards higher latitudes (second PCA DIS axis; Figure 4a,e and Figure S4c) as well as higher altitudes and lower longitudes (first PCA DIS axis).

Interestingly, habitat heterogeneity in the form of higher altitudinal, solar and temperature variability (first PCA HET axis; Figure 4a,e and Figure S4b) was associated with significantly taxonomically and functionally richer macrophyte communities, an effect that was not observed for fish communities (Figure 4a,e).

As with richness, energy availability significantly promoted more taxonomically (Figure 4b,c) and functionally (Figure 4f-h) diversified fish and macrophyte communities among catchments. Increasing distance among catchments also tended to result in significantly more-dissimilar communities (i.e. higher β-diversity) for both taxonomic groups. These effects were consistent overall for the turnover and nestedness components of diversity. However, we found opposite significant effects of habitat heterogeneity on β diversity, where more-heterogeneous habitats promoted taxonomic and functional dissimilarity among catchment fish communities but homogenised macrophyte communities. The results for components showed habitat complexity significantly decreased fish and macrophyte turnover (Figure 4c,g) and increased nestedness (Figure 4d,h), although there was a negative effect on functional macrophyte nestedness.

| D ISCUSS I ON

Our analysis adds novel insights into previous studies analysing patterns of cross-taxon congruence for three reasons. First, we considered for the first time cross-taxon congruence across six aspects of with their turnover and nestedness components. Second, whereas most of the literature on cross-taxon congruence focusses on localto-regional scales [START_REF] Lários | Evidence of cross-taxon congruence in Neotropical wetlands: Importance of environmental and spatial factors[END_REF], this is the first study examining cross-taxon congruence between fish and macrophyte communities at broad spatial scales encompassing all of China. Cross-taxon congruence can be driven by mechanisms operating at very different spatial scales such as differences in environmental conditions, biotic interactions, dispersal limitations and speciation [START_REF] Wolters | Relationship among the species richness of different taxa[END_REF]. Such scale-dependent effects have also implications for diversity-related ecosystem functionality [START_REF] Pasari | Several scales of biodiversity affect ecosystem multifunctionality[END_REF].

Consideration to multiple scales is therefore necessary for disentangling difference in the relative contribution of large and small-scale processes across taxa [START_REF] Burrascano | Congruence across taxa and spatial scales: Are we asking too much of species data?[END_REF]. Lastly, we used different environmental variables as proxies for testing different plausible driving mechanisms for the observed cross-taxon congruence patterns. Thus, our study helps researchers to understand the factors and underlying processes explaining cross-taxon congruence patterns at broad spatial scales in the freshwater realm, thus bridging the gap in the field with respect to marine and terrestrial studies (Collen et al., 2014;Leprieur et al., 2011;Tisseuil et al., 2013).

In general, the biogeography of the Chinese freshwater fish and macrophytes is determined to some extent by the legacy of the last glacial maximum. For example, the current distribution of the species richness of freshwater macrophytes and fishes follows a decreasing gradient from the Yunnan-Guizhou region in southwestern China, a former Pleistocene glacial refugia and centre of speciation, to more westerly regions [START_REF] Li | Glacial survival east and west of the 'Mekong-Salween Divide' in the Himalaya-Hengduan Mountains region as revealed by AFLPs and cpDNA sequence variation in Sinopodophyllum hexandrum (Berberidaceae)[END_REF], a pattern identifiable from our data set (Figure 1a,e). Despite the small observed differences, the Yunnan-Guizhou Plateau is the region with the lowest contribution of taxonomic turnover to fish and macrophyte total taxonomic β-diversity (Figure 1c,g). This agrees with recent studies conducted on different animal groups stressing a tendency for macroecological β-diversity patterns to be dominated by nested species losses in areas affected by strong historical environmental disturbance (e.g.

Pleistocene glaciations) and by species replacements in areas that experienced less-severe paleoclimatic changes [START_REF] Baselga | Historical legacies in world amphibian diversity revealed by the turnover and nestedness components of beta diversity[END_REF][START_REF] Hortal | Ice age climate, evolutionary constraints and diversity patterns of European dung beetles[END_REF]Leprieur et al., 2011).

It is nonetheless interesting that the overwhelming contribution of macrophyte and fish species turnover to taxonomic dissimilarity generalised across all Chinese catchments, relative to that of isolated species extirpations or invasions (i.e. nestedness), was reversed for functional dissimilarity, for which nestedness had a much larger relative contribution (Figures 1 and2). This suggests that the frequent species replacements occurring in both macrophyte and fish assemblages are mostly between species that are functionally redundant, including species with common trait combinations. The generalised low level of functional turnover in both taxonomic groups and the relatively low functional dissimilarity might result from either functional convergence among these assemblages [START_REF] Heino | Ecological drivers of multiple facets of beta diversity in a lentic macroinvertebrate metacommunity[END_REF][START_REF] Logez | Do Iberian and European fish faunas exhibit convergent functional structure along environmental gradients[END_REF] or allopatric speciation resulting from dispersal limitation (Baselga et al., 2012).

The consistent significant cross-taxon congruence across all facets of diversity found between fishes and macrophytes (Figure 3) and their consistent overall patterns of response to variation in environmental conditions (Figure 4) strongly support the concept that under comparable environmental conditions, the structure of phylogenetically unrelated communities should vary similarly [START_REF] Oertli | Crosstaxon congruence of species diversity and community similarity among three insect taxa in a mosaic landscape[END_REF][START_REF] Qian | Spatial scale and cross-taxon congruence of terrestrial vertebrate and vascular plant species richness in China[END_REF][START_REF] Rooney | The strength of cross-taxon congruence in species composition varies with the size of regional species pools and the intensity of human disturbance[END_REF][START_REF] Westgate | Global meta-analysis reveals low consistency of biodiversity congruence relationships[END_REF]. This hypothesis holds the deterministic view that assemblage structure can be predicted at least partly from the environment, to which organisms respond in a predictable way both in ecological and evolutionary terms. In our case, the observed significance of multifaceted cross-taxon congruence between fishes and macrophytes confirms the generality of assemblage patterns and the processes causing those patterns at broad spatial scales [START_REF] Heino | Are indicator groups and cross-taxon congruence useful for predicting biodiversity in aquatic ecosystems?[END_REF][START_REF] Qian | Spatial scale and cross-taxon congruence of terrestrial vertebrate and vascular plant species richness in China[END_REF][START_REF] Su | Beyond species richness: Community similarity as a measure of crosstaxon congruence for coarse-filter conservation[END_REF].

With some exceptions, the strong and consistent overall positive effects of energy availability and environmental heterogeneity on both fishes and macrophytes could be expected. Whereas higher energy levels should lead to higher biomass or abundance and, thereby, higher species richness (Currie, 1991;Currie et al., 2004), heterogeneous habitats and refuges should facilitate the occurrence of larger populations, higher speciation rates and lower extinction rates [START_REF] Ricklefs | History and diversity: Explorations at the intersection of ecology and evolution[END_REF][START_REF] Ricklefs | Species diversity in ecological communities: Historical and geographical perspectives[END_REF]Tisseuil et al., 2013).

These effects were not without exceptions. For example, the fact that elevated run-off (ENE axis2) had a significant negative effect on macrophyte functional richness might be related to some types of macrophytes being absent from rivers and lakes that are prone to flooding or that are perhaps under irregular hydrological regimes (i.e. high variability in water levels; [START_REF] Friedman | Floods, flood control, and bottomland vegetation[END_REF][START_REF] Paillex | Large river floodplain restoration: Predicting species richness and trait responses to the restoration of hydrological connectivity[END_REF]. Similarly, highly heterogeneous landscapes tended to facilitate stronger selective extinction, the main mechanism influencing fish assemblages.

This result in assemblages within catchments that is a subset of the regional pool and, hence, show increased nestedness but less turnover [START_REF] Cutler | Nested faunas and extinction in fragmented habitats[END_REF][START_REF] Wright | On the meaning and measurement of nestedness of species assemblages[END_REF]. In contrast, macrophytes showed a significant negative association of overall dissimilarity with more-heterogeneous environments across catchments.

The opposite response of fishes and macrophytes to environmental heterogeneity may be explained by a more variable environment allowing more macrophyte species to persist (Figure 4a), increasing catchment species richness and causing lower compositional turnover through time. However, as much as 65% of the macrophytes comprising the regional species pool are cosmopolitan, with 25% of all species being Asian endemic species. Selective colonisation may hence play less of a role in macrophyte distributions at the national scale than it does for fish [START_REF] Ricklefs | History and diversity: Explorations at the intersection of ecology and evolution[END_REF][START_REF] Ricklefs | Species diversity in ecological communities: Historical and geographical perspectives[END_REF]Tisseuil et al., 2013).

Dispersal limitation was the most consistent and strongest determinant of variation in taxonomic and functional total dissimilarity, including its turnover and nestedness components. Assemblages of strict freshwater species with low dispersal capacities via riverine corridors, such as fish, receive new colonists so rarely that immigration and speciation processes often occur on similar time scales and can be considered as specific to each catchment (Cai et al., 2018;Reyjol et al., 2007;[START_REF] Schleuter | Geographic isolation and climate Govern the functional diversity of native fish communities in European drainage basins[END_REF]Tisseuil et al., 2013).

Macrophytes, despite having high dispersal capacities mediated by flows, birds, or winds, have been demonstrated to have important historical levels of taxonomic dissimilarity between assemblages at regional scales (Zhang et al., 2018). Therefore, our results, which hold for both fishes and macrophytes, despite major differences in their dispersal capacities and other biological traits, stress the importance of dispersal limitation in explaining cross-taxon congruence patterns (Baselga, 2010;Leprieur et al., 2011;[START_REF] Qian | Disentangling the effects of geographic distance and environmental dissimilarity on global patterns of species turnover[END_REF] and reinforce recent evidence on the role of distance decay relationships in understanding diversity patterns in freshwater systems (Leprieur et al., 2011;Villéger et al., 2014). Furthermore, our findings also highlight the role of connectivity in highly spatially structured systems, such as hydrological networks, where long-distance dispersal may be easily disrupted, preventing freshwater taxa from tracking other environmental gradients (Heino et al., 2015;[START_REF] Tonkin | The role of dispersal in river network metacommunities: Patterns, processes, and pathways[END_REF], in contrast to many marine and terrestrial taxa [START_REF] Dobrovolski | Climatic history and dispersal ability explain the relative importance of turnover and nestedness components of beta diversity[END_REF].

Locally, aquatic plants can affect fish diversity by altering the abundance and composition of prey, by adjusting prey behaviour in refugia as a response to fish, by directly influencing predator-prey interactions (herbivory by fish and its prey), and by increasing the reproductive success of some fish species through providing attachment of eggs and protection for young fish from predation [START_REF] Diehl | Influence of submerged macrophytes on trophic interactions among fish and macroinvertebrates[END_REF][START_REF] Lüdecke | Limnological changes in a large reservoir following vegetation removal by grass carp[END_REF]. However, energy and environmentally-related factors still can play an important role in driving patterns of diversity at broad geographic scales (Hawkins et al., 2003). In this study, we found that broad-scale climatic and environmental factors, either directly or indirectly via productivity, together with dispersal-related geographic gradients were important in explaining existing macroecological congruence patterns in species richness and composition across China. A recent study on forest communities found that when compared with the effect of fine-scale determinants directly or indirectly related to forest structure (e.g. microclimatic conditions, occurrence of specific elements), the inclusion of a wider extent and, consequentially, broader ecological gradients, increased congruence for all pairs of taxa [START_REF] Burrascano | Congruence across taxa and spatial scales: Are we asking too much of species data?[END_REF]. Thus, the congruence we observed suggests that fish diversity may be predicted by aquatic plant diversity at broad scales, but the local ecological preferences of the species should also be assessed to preserve their habitats and ecological interactions between macrophytes and fish.

To conclude, our analysis strongly suggests that the processes associated with the energy, area/environmental heterogeneity, and dispersal hypotheses have all played important roles in determining the diversity patterns of fish and macrophyte assemblages across 
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INTRODUCTION

Macrophytes support many structural and functional aspects of freshwater ecosystems and their ecological properties have been extensively studied over [START_REF] Westlake | Macrophytes[END_REF][START_REF] Jeppesen | The Structuring role of Submerged Macrophytes in Lakes[END_REF][START_REF] Wiegleb | Natural variation of macrophyte vegetation of lowland streams at the regional level[END_REF]. Highly productive, macrophyte communities have a key role in carbon and nutrient fluxes, serving as sinks for organic material and sources of nutrients to the water [START_REF] Jeppesen | The Structuring role of Submerged Macrophytes in Lakes[END_REF][START_REF] Chambers | Global diversity of aquatic macrophytes in freshwater[END_REF][START_REF] Hansson | Waterfowl, macrophytes, and the clear water state of shallow lakes[END_REF]. They provide structurally complex habitat for a large diversity of organisms such as macroinvertebrate, fish and birds [START_REF] Westlake | Macrophytes[END_REF][START_REF] Jeppesen | The Structuring role of Submerged Macrophytes in Lakes[END_REF][START_REF] Hansson | Waterfowl, macrophytes, and the clear water state of shallow lakes[END_REF]. Consequently, a significant change in the structure and composition of macrophyte communities can have important knock on effects on freshwater ecosystems with important management conservation implications [START_REF] Hellsten | Effects of lake water level regulation on the dynamics of aquatic macrophytes in northern Finland[END_REF][START_REF] Hansson | Waterfowl, macrophytes, and the clear water state of shallow lakes[END_REF][START_REF] Wiegleb | Comparative test of ecological assessment methods of lowland streams based on long-term monitoring data of macrophytes[END_REF]Zhang et al., 2019). The development of local macrophyte assemblages strongly depends on a variety of abiotic and biotic factors, e.g., nutrient concentrations, flow velocity, light condition, and trophic interaction [START_REF] Westlake | Macrophytes[END_REF][START_REF] Dodkins | An application of canonical correspondence analysis for developing ecological quality assessment metrics for river macrophytes[END_REF]Zhang et al., 2019). However, consensus regarding the generality of large-scale processes driving spatial variation in biodiversity of macrophytes remains elusive [START_REF] Chappuis | Environmental factors explaining the distribution and diversity of vascular aquatic macrophytes in a highly heterogeneous Mediterranean region[END_REF][START_REF] Wiegleb | Natural variation of macrophyte vegetation of lowland streams at the regional level[END_REF].

Most macrophyte species are regarded as cosmopolitan, their broad distribution traditionally explained by common life history traits such as long-distance hydrochory, anemochory, and zoochory seed dispersal [START_REF] Santamaria | Why are most aquatic plants widely distributed? Dispersal, clonal growth and small-scale heterogeneity in a stressful environment[END_REF][START_REF] Chambers | Global diversity of aquatic macrophytes in freshwater[END_REF]. Such strong dispersal capacity has facilitated the evolution of their plastic response and ecological tolerances to local environmental change. For example, many macrophytes are very resilient because of their fast asexual reproduction abilities such as clonal growth and abundant propagules [START_REF] Chambers | Global diversity of aquatic macrophytes in freshwater[END_REF]. Consequently, under natural conditions, regional-scale taxonomic richness is generally high and relatively stable across space [START_REF] Alahuhta | Global patterns in the metacommunity structuring of lake macrophytes: regional variations and driving factors[END_REF]. However, high environmental heterogeneity may promote species selection (environmental filtering) and persistence (niche diversification), increasing the spatial turnover of species at landscape scales [START_REF] Xu | Complimentary analysis of metacommunity nestedness and diversity partitioning highlights the need for a holistic conservation strategy for highland lake fish assemblages[END_REF][START_REF] Alahuhta | Global patterns in the metacommunity structuring of lake macrophytes: regional variations and driving factors[END_REF]. Therefore, regional spatial diversity patterns in aquatic taxa may be governed by the interplay between their dispersal capacity and the spatiotemporal heterogeneity [START_REF] Shmida | Biological determinants of species diversity[END_REF][START_REF] Shurin | How is diversity related to species turnover through time?[END_REF][START_REF] Gianuca | Effects of dispersal and environmental heterogeneity on the replacement and nestedness components of β-diversity[END_REF]Cai et al., in press).

Three aspects of species diversity patterns (i.e., taxonomic, phylogenetic, and functional diversity) are the main focus of macroecological studies. Taxonomic diversity, the most straightforward and commonly used measurement of biodiversity in broad-scale studies (Tisseuil et al., 2013;Heino et al., 2015;Cai et al., 2018), treats all species as functionally equivalent and phylogenetically independent. However, phylogenetic diversity and functional trait variation can exert a much stronger control on biodiversity effects on ecosystem functions, such as production or nutrient cycling, than taxonomic diversity [START_REF] Cadotte | Beyond species: functional diversity and the maintenance of ecological processes and services[END_REF][START_REF] Flynn | Functional and phylogenetic diversity as predictors of biodiversity-ecosystemfunction relationships[END_REF]. Phylogenetic diversity, incorporating evolutionary relationships between species, provides also promising way of interpreting the role of biogeographic history in community ecology (Webb et al., 2002). Therefore, studies considering all these complementary facets can provide a more complete understanding of the mechanistic links between ecological processes and evolutionary history in shaping biodiversity patterns and the provision of ecosystem services (Devictor et al., 2010;[START_REF] Tucker | Unifying measures of biodiversity: understanding when richness and phylogenetic diversity should be congruent[END_REF][START_REF] Pardo | Spatial congruence between taxonomic, phylogenetic and functional hotspots: true pattern or methodological artefact?[END_REF]. Here, we assess the relative contribution of spatial and environmental variables to multifaceted biodiversity patterns in macrophyte assemblages across 214 tributary drainage basins (hereafter watersheds) covering the whole China. While the existence of spatial congruence among patterns in diversity facets is an open debate, our previous work in the Yangtze River has suggested high spatial congruence of macrophyte taxonomic and functional diversity at the catchment level (Zhang et al., 2018). Whereas these patterns hold at larger, regional scales across catchments remains to be tested. On the other hand, environmental variables are themselves spatially structured [START_REF] Legendre | Numerical Ecology, 3rd Edn[END_REF], making it possible for spatially structured environmental variation to drive the observed variability in spatial patterns within and among diversity facets.

MATERIALS AND METHODS

Data Acquisition and Key Definitions

Data on freshwater macrophyte species compiled from published sources (see below) was grouped at the watershed-scale (214 watersheds) across China (National Remote Sensing Center of China, as delimited by the National Council of China under the National Water Resources Strategic Plan1 . These watersheds represent subdivisions of main river basins based on different ecohydrological criteria (e.g., river order, landscape, climate), and provide a spatial basis for the development, utilization, conservation, and management of hydrological resources in China (Cai et al., 2018). Pooling data sets into meaningful, large spatial working units such as watersheds [START_REF] Pool | Species contribute differently to the taxonomic, functional, and phylogenetic alpha and beta diversity of freshwater fish communities[END_REF] or ecoregions (Veech and Crist, 2007) is a practical, compromise solution frequently used for the analysis of macroscale diversity patterns with spatially sparse data sets (Cai et al., in press).

Although different definitions of "macrophyte" are available in the literature, we follow Cook (1974) by considering any aquatic plant that is visible to the naked eye including all higher aquatic plants, vascular cryptogams, bryophytes, and groups of algae that can be seen to be dominated by a single species. Based on this definition, we made a detailed literature review of macrophyte species in China from published records related to lakes, rivers, and seasonal agricultural ponds. Documented sources included research articles and monographs together with the Scientific Database of China Plant Species2 , the Database of Invasive Alien species in China3 , Chinese Species Information System4 , and gray research reports. This exhaustive literature review provided information for a total of 992 aquatic plant species. We then prepared a data matrix covering taxonomic information and functional traits of the species. To guarantee consistency across the data set we used five quality-control rules:

(1) non-macrophyte species were filtered according to the Cook's definition for macrophytes (Cook, 1974) and the records in Flora of China, (2) scientific names were standardized and synonyms were removed on the basis of the Chinese Virtual Herbarium 4 , (3) varieties were treated as a single species, (4) the distribution traits of the species were corrected according to the Flora of China, and (5) non-freshwater species were excluded. The application of these rules resulted in a total of 469 species from 214 watersheds retained for analysis, including 93 submerged species, 40 floating-leaved species, 25 free-floating species, and 311 emergent species.

Measurements of Multiple Facets of Biodiversity

We defined taxonomic richness (TRic) as the number of species recorded in each watershed over the study period. Given the lack of sufficient and consistent phylogeny information about all included macrophytes in our data set, phylogeny diversity was assessed using taxonomic hierarchies as a proxy for phylogenetic relationships [START_REF] Schweiger | A comparative test of phylogenetic diversity indices[END_REF]Heino et al., 2015). Taxonomic distinctness (TDis) measures the mean taxonomic (i.e., phylogenetic) distances between species [START_REF] Clarke | A taxonomic distinctness index and its statistical properties[END_REF], which was calculated by giving equal branch lengths and six supra-species taxonomic levels (i.e., genus, family, order, subclass, class, and phylum). Hence, watershed with low TDis value indicates low phylogenetic diversity, and vice versa. TDis was calculated using the functions "taxondive" and "taxa2dist" in the R package "vegan" [START_REF] Oksanen | vegan: Community Ecology Package. R package version 2.4-1[END_REF].

To calculate functional distance between macrophyte species, we gathered information on four categorical functional traits from the Flora of China, namely life form (i.e., free-floating, emergent, floating-leaved, submerged), life cycle (i.e., annual, perennial), morphology (i.e., turion, stem, rosette, leafy), sexual propagation (monoecism, dioecy), and species' mean adult weight (Zhang et al., 2018). Morphology was defined qualitatively based on the plant description. Leafy plants typically have more lamina, often the parts concentrating the majority of photosynthesis; stem plants are those with stem and easy to propagate due to broken branches; rosette plants have a shortened stem axis and relatively large projection area that facilitates light competition; turion plants produce winter/overwintering buds as dormant storage organs in response to unfavorable ecological conditions (Cook, 1974;[START_REF] Adamec | Ecophysiological characteristics of turions of aquatic plants: a review[END_REF]. Although we acknowledge that quantitative morphological traits such as shoot height, stem diameter, specific leaf area, or leaf dry mass content, available from some local studies [START_REF] Fu | Functional traits composition predict macrophytes community productivity along a water depth gradient in a freshwater lake[END_REF][START_REF] Fu | Functional traits mediated cascading effects of water depth and light availability on temporal stability of a macrophyte species[END_REF], would provide a more precise assessment, these were not available given the nature of our data set and the large scale of our study area.

Four multidimensional functional diversity indices (i.e., functional richness, functional evenness, functional divergence, and functional dispersion) were computed for each assemblage. Functional richness (FRic) describes the convex hull volume filled by a community in the multidimensional functional trait space and used as a measure of the functional richness. Functional evenness (FEve) describes the evenness of the distribution of species in a community over the functional trait space by using the minimum spanning tree. Feve quantifies the regularity with which the functional space is filled by species. Functional divergence (FDiv) describes how species distribute within the volume of functional trait space. For presence/absence data, FDiv is the highest when all the species are on the convex hull and at equal distance to its center of gravity (i.e., if the center of gravity of the convex hull is also a center of symmetry of the functional space). Finally, functional dispersion (FDis) describes the mean distance of each individual species to the centroid of all other species in the assemblage [START_REF] Anderson | Multivariate dispersion as a measure of beta diversity[END_REF], which was calculated using the function "dbFD" in the R package "FD" (Laliberté et al., 2014).

Environmental Factors

We include several major environmental factors (Supplementary Table S1) used in previous similar macroecological studies (Whittaker et al., 2001;Tisseuil et al., 2013;Cai et al., 2018), namely mean annual precipitation (MAP), mean annual temperature (MAT), solar radiation (SOLAR), and total annual runoff (RUN), as surrogates for the energy input in each watershed, together with total surface area of each watershed (AREA), and spatial variation of altitude, MAT, MAP, SOLAR, and the Shannon diversity index based on the proportions of land cover classes (forest, grass, farm, urban, water, and desert) (i.e., ALTVAR, MATVAR, MAPVAR, SOLARVAR, and LANDVAR) within each watershed representing important factors shaping biodiversity through increasing habitat diversity and availability (Whittaker et al., 2001;Tisseuil et al., 2013). ALTVAR is used as a proxy for topographic heterogeneity, calculated as the range between the maximum and minimum altitude for each watershed. The selected factors should cover the environmental drivers of macrogeographic distributions of species at the watershed scale.

All environmental data were extracted from open-access databases such as Data Sharing Infrastructure of Earth System Science, National Science and Technology Infrastructure Center5 and the Data Center of Institute of Geographic Sciences and Natural Resources Research, Chinese Academy of Sciences. All parameters were calculated as the average of all cell values with centroids falling within each watershed at a spatial resolution of 0.5 • × 0.5 • over the study period . Prior to the analyses, variables were logarithm or square roottransformed to improve normalization when necessary and standardized to have a mean of 0 and a variance of 1. We also computed the values of variance inflation factor (VIF) for each predictor variable before analyses to assess collinearity (Cai et al., 2018).

Spatial Structure

Spatial structure in natural communities can be simultaneously generated by spatial autocorrelation in species assemblages and forcing (explanatory) variables, such as environmental and biotic controls or life history events [START_REF] Borcard | Dissecting the spatial structures of ecologial data at multiple scales[END_REF]. In order to account for the contribution of the spatial structure of watershed configuration to observed variability in diversity facets, we used multiscale principal coordinates of neighbor matrices (PCNM; [START_REF] Borcard | All-scale spatial analysis of ecological data by means of principal coordinates of neighbour matrices[END_REF] applied to a geographic distance matrix computed from the watershed centroid coordinates. In essence, distance between watersheds was first represented as a Euclidean distance matrix calculated from the watershed centroid coordinates. Principal coordinates analysis (PCoA) was then conducted on this matrix after truncation using a threshold distance equivalent to the minimum spanning tree of the distance matrix, defining what is considered to be "large" distances.

The resulting eigenvectors with positive eigenvalues (distancebased Moran's Eigenvector Maps; dbMEMs), provide a spectral decomposition of any possible spatial relationships between the watersheds [START_REF] Borcard | All-scale spatial analysis of ecological data by means of principal coordinates of neighbour matrices[END_REF]. That is, each eigenvector captures the dominant spatial structures, i.e., loworder eigenvectors (dbMEM1-3 in Supplementary Figure S1), associated with large eigenvalues, represent country-scale groupings whereas high-order eigenvectors (dbMEM69-71 in Supplementary Figure S1), associated with small eigenvalues, represent more regional-scale groupings. Following a constrained analysis, those positive eigenvectors found to significantly explain variation in macrophyte diversity were selected as independent explanatory variables for further analysis. dbMEMs were calculated using the function "eigenmap" with default values in the package "codep" in R [START_REF] Dray | Community ecology in the age of multivariate multiscale spatial analysis[END_REF].

Data Analysis

Spatial congruence of watersheds with high diversity was assessed as the amount of concordance between the top 10% of watersheds (i.e., highest diversity values) for all six diversity indices [START_REF] Pool | Species contribute differently to the taxonomic, functional, and phylogenetic alpha and beta diversity of freshwater fish communities[END_REF]. That is, the 21 watersheds with the highest FRic values (i.e., the top 10%) were compared to the 21 watersheds with the highest FEve values to calculate how many watersheds were shared within both groups. Subsequently, spatial congruence of pairwise diversity was assessed at the successive 10% intervals. A randomization procedure was performed (999 iterations) for all six diversity indices to determine whether watershed congruence was greater than the random expectations.

We used variation partitioning based on redundancy analysis (RDA) models, with significance assessed using 999 Monte Carlo permutations, to reveal the partial effects of environmental variables and spatial structure on each diversity index [START_REF] Peres-Neto | Variation partitioning of species data matrices: estimation and comparison of fractions[END_REF]. This procedure decomposes the total variation in the response dataset into a pure spatial component (S|E), a pure environmental component (E|S), a component of the spatial structured environmental variation (E∩S) and the unexplained variation. Only significant predictor variables were used for variation partitioning as identified from multiple linear regression models by using forward selection procedure and two stopping rules: either exceeding the critical p-value (P = 0.05) or the adjusted R 2 value of the reduced model against the global model based on 999 random permutations [START_REF] Blanchet | Forward selection of explanatory variables[END_REF]. We ran the variation partitioning analyses by using function "varpart" in the R package "vegan" [START_REF] Oksanen | vegan: Community Ecology Package. R package version 2.4-1[END_REF]. We then computed the Moran's I correlograms to evaluate the degree of spatial autocorrelation of the diversity indices and the residuals from the linear models (Diniz-Filho and Bini, 2005) by using function "correlog" in the R package "pgirmess" [START_REF] Giraudoux | Package 'Pgirmess': Data Analysis in Ecology[END_REF].

Given the nature of our data set, sampling bias might be expected among the 214 studied watersheds. For example, watersheds that are easy to access or largely populated may be expected to be more intensively sampled. However, Pearson correlation analysis between the number of literature sources (NOL, ranging from 4 to 23; Supplementary Figures S2a,b) compiled for each watershed, used as proxy for the total sampling effort, and species richness showed no significant correlation (Supplementary Figure S2c). Furthermore, results from a sensitivity analysis conducted by repeating the analysis only on watersheds with NOL >8 (25th quantile; n = 160) remain largely invariant to those obtained from the complete data set (Supplementary Figure S2d). Therefore, we report results for all watersheds.

RESULTS

Higher values of taxonomic richness and most functional indices concentrated in watersheds from central-southern China (Figures 1A-F). In contrast, higher values of macrophyte taxonomic distinctness and functional evenness appeared in watersheds from western China (Figures 1B-D). Among all six diversity indices, taxonomic, and functional richness presented the highest range of variation across watersheds (Figures 1A-C), with mean values representing, respectively, 62 and 70% of the total pool of 469 documented species and functional richness across China. At the other extreme, taxonomic distinctness of individual watersheds was very homogeneous across China (Figure 1B), but accounted on average for 96% of the total distinctness in the study region.

Spatial congruence for the top 20% of each type of diversity indices presented two distinct groups with high (>40%) and low (<20%) pairwise congruence (Figure 2). The highest and lowest congruence occurred, respectively, for FDiv and FDis (58.6%) and FRic and FEve (0%). At this level, all high-congruence pairs were significantly more congruent than random expectations (999 iterations; p < 0.001), and showed a significant strong positive correlation (Figure 3). On the contrary, incongruent pairs showed mainly weak or strong negative (e.g., FEve -TRic and FEve -FRic) correlations (Figure 3).

Based on the selected linear regression model interpreting the variation of the diversity indices (Table 1), the percentage of variation explained varied from 40% for FEve to 81% for FDis and FDiv (Figure 4). Within each diversity index, the proportion of variation explained by shared fractions (spatially structured environmental gradients) was significantly higher compared to the proportion by unique fractions (pure effects), although the pure spatial component was responsible for relatively high amounts of variation in TRic, FRic, FEve, and FDiv (Figure 4). Geographic variations of the six diversity indices were strongly spatially autocorrelated along with a steady decreasing of Moran's I coefficient across distances (Supplementary Figure S3). Most of the residuals of the models showed weak spatial patterns, with the exception of the significantly positive autocorrelation at short distances, indicating that our models captured well the major ecological factors underlying geographic gradients of the diversity facets.

DISCUSSION

We found a relatively high spatial congruence between many, but not all, biodiversity facets (i.e., TRic and FRic, FRic and FDis, TDis and FEve, FDiv and FDis, and FRic and FDiv). Given the strong effects of spatially structured environmental factors on shaping the biodiversity patterns (Figure 1), this high spatial congruence can presumably be explained by topographyrelated dispersal limitation affecting specific functional groups and, consequently, species. Our results corroborate previous evidence on strong correlations between different components of diversity. For instance, [START_REF] Heino | Weak relationships between landscape characteristics and multiple facets of stream macroinvertebrate biodiversity in a boreal drainage basin[END_REF] found that species richness was highly correlated with functional richness in stream macroinvertebrate assemblages. Likewise, Strecker et al. (2011) and [START_REF] Pool | Species contribute differently to the taxonomic, functional, and phylogenetic alpha and beta diversity of freshwater fish communities[END_REF] reported high spatial congruence among three aspects of species diversity patterns of freshwater fish assemblages. [START_REF] Meynard | Beyond taxonomic diversity patterns: how do α, β, and γ components of bird functional and phylogenetic diversity respond to environmental gradients across France?[END_REF] found evidence that hypotheses generated for local and regional taxonomic diversity were equally applicable to both phylogenetic diversity and functional diversity. These findings suggest the possibility of using a single diversity measurement as a surrogate for other facets to optimize conservation planning. Given resources are often limited, pinpointing conservation priorities and simultaneously protecting multiple diversity facets is highly desirable (Devictor et al., 2010).

On the other hand, the extremely low spatial congruence found between FEve and both TRic and FRic (Figure 2), and the low spatial congruence between TDis and both TRic and FRic may be related to the definition of the measurements, whereby increases in taxonomic diversity and functional diversity can only cause small changes in phylogenetic diversity [START_REF] Schweiger | A comparative test of phylogenetic diversity indices[END_REF][START_REF] Pool | Species contribute differently to the taxonomic, functional, and phylogenetic alpha and beta diversity of freshwater fish communities[END_REF]Cai et al., 2018). The scatter of the negative correlation indicates that taxonomic and functional richness increase with decreasing phylogenetic and functional diversity (Figure 3). This suggests a stronger effect of species identity relative to that of taxonomic Macrophytes from watersheds in central-southern China were phylogenetically and biologically more closely related, whereas those in western China were more distantly related to each other. An increasing number of studies reveal spatial mismatches among the three aspects of species diversity patterns [START_REF] Heino | The relationship between species richness and taxonomic distinctness in freshwater organisms[END_REF][START_REF] De Carvalho | Relationships between taxonomic and functional components of diversity: implications for conservation of tropical freshwater fishes[END_REF], suggesting that species occurring locally may originate from regional species pools with distinct biogeographic and evolutionary processes, respectively [START_REF] Losos | Phylogenetic niche conservatism, phylogenetic signal and the relationship between phylogenetic relatedness and ecological similarity among species[END_REF]Devictor et al., 2010). In other cases, species in the same region might respond differently to environmental variables affecting spatial TDis patterns and result in mismatches among different facets of diversity [START_REF] Tucker | Unifying measures of biodiversity: understanding when richness and phylogenetic diversity should be congruent[END_REF]. Thus, it is not surprising that great longitudinal gradients in China from west to east are associated with distinct environmental filtering conditions and dispersal limitations affecting functional traits and phylogenetic diversity of macrophytes.

Our results showed that both environmental and spatial factors influence the different facets of macrophyte biodiversity. In particular, spatially structured environmental gradients, rather than pure environmental effects, shaped the different facets of macrophyte biodiversity in watersheds across China (Figure 4). Pure spatial factors had a significant role in shaping several facets of the macrophyte biodiversity patterns suggesting that dispersal limitations exert a strong effect on macrophyte assemblage structure across the different diversity facets.

We found significant spatial autocorrelations among all six diversity metrics, whereas the selected spatially structured environmental variables optimally explained the spatial structure of all diversity facets. This results highlights the role of spatially structured environmental gradients, over and above the effect of environmental factors per se, as a major driver of biodiversity, which feeds into the debate about the effects of environmental heterogeneity and dispersal limitations on species distributions (Field et al., 2009). Our results also highlight the dominant role of climatic gradients in driving spatially structured patterns of all facets of diversity across watersheds. Climatic gradients at large spatial scales can influence biodiversity patterns through For each factor, forward selection was applied to identify which variables best described variation in functional diversity index using an inclusion threshold of alpha = 0.05. multiple mechanisms related to the physiology, energetic demand and dispersal limitations of species [START_REF] Fu | Functional traits mediated cascading effects of water depth and light availability on temporal stability of a macrophyte species[END_REF][START_REF] Li | Maternal Environment Effect of Warming and Eutrophication on the Emergence of Curled Pondweed, Potamogeton crispus[END_REF]Zhang et al., 2019). Spatial structure in the diversity facets of TRic, FRic, FEve, and FDiv was significantly explained by broadscale dbMEMs (Supplementary Figure S1). Macrophytes seem to generally confront dispersal limitations although they are often recognized as good dispersers [START_REF] Santamaria | Why are most aquatic plants widely distributed? Dispersal, clonal growth and small-scale heterogeneity in a stressful environment[END_REF][START_REF] Chambers | Global diversity of aquatic macrophytes in freshwater[END_REF]. Our findings suggest that, given the presence of mountain ranges, habitat variability, and other obstacles across the studied watersheds, macrophytes assemblages across China for most diversity aspects are strongly structured by dispersal limitation. Such a pattern of species distributions is consistent with a number of previous studies for other aquatic plant assemblages at regional scales [START_REF] Capers | The relative importance of local conditions and regional processes in structuring aquatic plant communities[END_REF][START_REF] Mikulyuk | The relative role of environmental, spatial, and land-use patterns in explaining aquatic macrophyte community composition[END_REF][START_REF] Alahuhta | Spatial extent, regional specificity and metacommunity structuring in lake macrophytes[END_REF][START_REF] Viana | Environment and biogeography drive aquatic plant and cladoceran species richness across Europe[END_REF].

CONCLUSION

Our study on variation-partitioning analysis demonstrates that macrophyte diversity patterns in watersheds across China are not always congruent and mainly driven by spatially structured environmental determinism. This finding implies that macrophyte are taxonomically, phylogenetically, and functionally clustered in space, which might be the result of environmental and/or evolutionary forces.
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 1 Fig. 1. Biodiversity, ecosystem functioning, ecosystem services, and drivers of change (adapted from CBD 2006).
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 2 Fig. 2. Global freshwater fish species richness patterns at the river basin scale (adapted from Oberdorff et al. 2011).
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 3 Fig. 3. Relative influence of the three hypotheses on global freshwater fish species richness patterns (adapted from Oberdorff et al. 2011).
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 4 Fig. 4. Fish taxonomic and functional diversity in the 6 biogeographic realms (adapted from Toussaint et al. 2016b).
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 5 Fig. 5. Illustration of three facets of diversity, structure and objective of the thesis.
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 6 Fig. 6. Morphological measurements for normal fish species.
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 S2 Fig. S2. Results of the Principal Components Analysis on morphological traits. (a). Eigenvalues and percentages of variance explained by each axis. (b). Percentage of contribution of each morphological trait to each axis.
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 S3 Fig. S3. Kernel density estimation for the distributions of the global freshwater fish species along the ten morphological traits. Black points illustrate minimum and maximum values. Black marks on the X-axis indicate species values.
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 S4 Fig. S4. Illustration of the morphological diversity in freshwater fishes. For each trait, minimum and maximum values are given, and pictures illustrate an example of species with minimum or maximum value of each trait. In the centre of the figure, a species (Gila brevicauda) with median values of all traits is illustrated. The fish illustrated for highest traits values are: Huso huso (maximum body length); Fluviphylax simplex (relative eye size); Dermogenys pusilla (oral gape position); Potamorrhaphis guianensis (relative maxillary length); Periophthalmus argentilineatus (eye vertical position); Lamnostoma orientalis (body elongation); Taenioides cirratus (body lateral shape); Microphis leiaspis (pectoral fin vertical position); Carnegiella schereri (pectoral fin size); Loricaria cataphracta (caudal peduncle throttling). The fish illustrated for lowest traits values are: Boraras micros (maximum body length); Cetopsis oliveirai (relative eye size); Acanthocobitis botia (oral gape position); Ancistrus brevifilis (relative maxillary length); Hypoptopoma gulare (eye vertical position); Pterophyllum altum (body elongation); Chitala blanci (body lateral shape); Abbottina obtusirostris (pectoral fin vertical position); Cynoglossus feldmanni (pectoral fin size); Anguilla anguilla (caudal peduncle throttling).
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 S5 Fig. S5. Spearman correlation between the ten morphological traits of 493 fish species (a) using original trait values (b) after phylogenetic correction.

Fig. S6 .

 S6 Fig. S6. Kernel density estimation of the distribution of ten morphological traits among species from the six biogeographic realms. The letters in front of realm captions depict the difference in trait distributions among realm faunas. Different letters indicate a significant difference between realms (K-S Tests, P<0.05).
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 S7 Fig. S7. Kernel density estimation for the distributions of fish species from the five most species-rich orders along five morphological axes (PC). Letters in front of captions depict the difference in trait distributions between orders. Different letters indicate a significant difference between orders (K-S tests, P < 0.05).

  contrast, the FRic was mainly determined by habitat size/diversity hypothesis, due to its strong dependency to species richness. More generally, our results strengthen that the independence of facets of functional diversity from the species richness makes them essential biodiversity variables (sensuPereira et al. 2013) to understand the structure of communities and their changes through global changes. Global hotspots of species richness have been widely used to determine priority areas for conservation, while other facets of biological diversity are still under considered (but seeSu et al 2021). Our results provide evidence of the distinct processes shaping taxonomic and functional facets of biodiversity and thus advocate for considering functional diversity measures in global freshwater conservation priorities.

Figure 1

 1 Figure 1 Contrasted situations of functional dispersion and identity under the same functional richness and two gradients of species richness. Species are represented as blue dots, the functional space is here represented in two dimensions (PC1, PC2). The global species pool is indicated in the center of each plot, the white area represents the global functional diversity. Eight theoretical species assemblages (e.g. fish fauna from eight river basins) illustrate four contrasted situations of functional dispersion (a) and four contrasted situations of functional identity (b). They are characterized by different species richness (low on the left side, high on
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 2 Figure 2 Global distribution of fish functional richness and functional dispersion (left panels, gradient color shows the percentage of basins with the highest values to the lowest values) and the relative influence of the 13 predictor variables (right panels). (a) Functional richness; (b) Functional dispersion. Colors on the right panels indicate the influence of variables accounting for climate/energy, habitat size/diversity, history/geography, and species richness, on each variable (horizontal bar). The vertical bars on the right summarize the overall influence of the climate/energy, habitat size/diversity, history/geography, and species richness on FRic and FDis . TEM: temperature, EVP: evapotranspiration, ROF: runoff, NPP: net primary productivity; RBA: river basin area, ALR: altitude range, MSP: mean slope, RBD: river basin diversity; TEA: temperature anomaly, BML: basin median latitude, ECO: ecoregion, EOC: endorheic; SR: species richness.
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 3 Figure 3 Global distribution of fish functional identity on PC1 to PC5 (left panels, gradient colors from purple to green show the percentage of basins with the highest to the lowest FIde values) and the relative influence of the 13 predictor variables (right panels). (a-e) Functional

Figure 4

 4 Figure 4 Results of boosted regression trees showing the partial dependency between each functional diversity facet and the corresponding five most influential predictor variables (see Figure S5 for the remaining variables). Each row shows one functional diversity index: (a) functional richness, (b) functional dispersion, (c-g) functional identity on PC1 to PC5. SR: species richness, ECO: ecoregion, RBA: river basin area, ALR: altitude range, EVP: evapotranspiration, BML: basin median latitude, NPP: net primary productivity, TEM: temperature, TEA: temperature anomaly, ROF: runoff, MSP: mean slope. Numbers on the x axis in ECO panels correspond to the biogeographical realms (1: Afrotropical, 2: Australian, 3: Nearctic, 4: Neotropical, 5: Oriental, 6: Palearctic).

Figure 5

 5 Figure 5 Interactions between the 13 predictors for each BRT model. (A) functional richness; (B) functional dispersion; (C) to (G) functional identity on PC1 to PC5. TEM: temperature, EVP: evapotranspiration, ROF: runoff, NPP: net primary productivity; RBA: river basin area, ALR: altitude range, MSP: mean slope, RBD: river basin diversity; TEA: temperature anomaly, BML: basin median latitude, ECO: ecoregion, EOC: endorheic; SR: species richness.

Figure S1 .

 S1 Figure S1. Results of the Principal Components Analysis on morphological traits. (a) Eigenvalues and percentages of variance explained by each axis. (b) Percentage of contribution of each morphological trait to each axis.

Figure S2

 S2 Figure S2 Pearson correlation between the 12 continuous predictor variables. TEM: temperature, PRE: precipitation, EVP: evapotranspiration, ROF: runoff, NPP: net primary productivity; RBA: river basin area, ALR: altitude range, MSP: mean slope, RBD: river basin diversity; TEA: temperature anomaly during the quaternary period, BML: basin median latitude; SR: species richness.

Figure S3

 S3 Figure S3Pearson correlation between the 3 facets of functional diversity. FRic: functional richness, FDis: functional dispersion, FIde: functional identity.

Figure S4

 S4 Figure S4 Relationship between observed values and predicted values by the BRT models for each functional diversity facet in 2453 river basins. (a) functional richness (FRic), (b) functional dispersion (FDis), (c-g) functional identity (Fide) on PC1 to PC5.

Figure S5 .

 S5 Figure S5. Results of boosted regression trees showing the partial dependency between each functional diversity facet and the corresponding remaining eight predictor variables. Rows (ab) for functional richness, rows (c-d) for functional dispersion, rows (e-n) for functional identity on PC1 to PC5. TEM: temperature, EVP: evapotranspiration, ROF: runoff, NPP: net primary productivity; RBA: river basin area, ALR: altitude range, MSP: mean slope, RBD: river basin diversity; TEA: temperature anomaly, BML: basin median latitude, ECO: ecoregion, EOC: endorheic; SR: species richness. Numbers on the x axis in Ecoregion panels correspond to the biogeographical realms (1: Afrotropical, 2: Australian, 3: Nearctic, 4: Neotropical, 5: Oriental, 6: Palearctic). 0 or 1 on the x axis in Endorheic panels represents

Fig. S2 .

 S2 Fig. S2. Results of the Principal Components Analysis on morphological traits. (a) Eigenvalues and percentages of variance explained by each axis. (b) Percentage of contribution of each morphological trait to each axis.

Fig. S3 .

 S3 Fig. S3. Density distribution of species on the 5 PC axes for non-introduced, non-established and established species in each realm. Boxplots and results of K-S test between the non-introduced and introduced species are shown beside each plot item (*** P < 0.001, ** P < 0.01, * P < 0.05).

  al. 2019[START_REF] Moyle | Predicting invasion success: freshwater fishes in California as a model[END_REF][START_REF] Olden | Life-history strategies predict fish invasions and extirpations in the Colorado River Basin[END_REF]. Indeed, including our results in chapter IV, numerous studies are verifying that introduced or alien species from most taxa are significantly different from their counterparts in donor or recipient places (e.g. plants,[START_REF] Drenovsky | A functional trait perspective on plant invasion[END_REF] fish, Su et al. 2020; birds, Shirley & Kark 2009; mammals, Capellini et al. 2015). This provides fundamental theoretical support for predicting forthcoming alien species and subsequent invasions, as recently shown by[START_REF] Seebens | Projecting the continental accumulation of alien species through to[END_REF], who developed models to predict the dynamics of alien species numbers for many taxonomic groups. This work provides a quantitative baseline to assess future biological invasions. Moreover,[START_REF] Diagne | InvaCost, a public database of the economic costs of biological invasions worldwide[END_REF] built up a database of the economic costs of biological invasions for diverse taxonomic groups (InvaCost). Combining our results on non-native species profiling, together with Seebens et al. (2020) predictions and Diagne et al. (2020) measures of the invasion costs would make it possible to predict the future economic cost of biological invasions. Besides the fish information included in the Seebens et al. (2020) and Diagne et al. (2020) databases, we could apply the models they used to finer grained studies (e.g. basin or subbasin), and thus develop insightful studies on local species invasions and associated economic costs. Together with the predictions of distribution and

  -Quintero et al. (2019) reported a global occurrence database of 9 075 freshwater fish species at the subbasin scale, which will also accelerate the establishment of the refined occurrence database of global freshwater fishes. Although most large-scale studies have not considered the species abundance or biomass (but see Stuart-Smith et al. 2013), ecological effects of species are generally proportional to their abundance or biomass (Grime 1998), making the abundance-weighted functional diversity reflecting community functional structure more accurately than diversity metrics based on only the occurrence database (Stuart-Smith et al. 2013

  ;(2) whether existing crosstaxon congruence patterns for macrophyte and fish assemblages are driven by variations in environmental conditions through any of the described mechanisms (i.e. energy, area/environmental heterogeneity, and dispersal hypotheses;Field et al., 2009); and (3) whether they are consistently congruent for the different diversity facets.To our knowledge, our study represents the first one testing cross-taxon congruence patterns of multiple facets of taxonomic and functional diversity against variations in environmental conditions at broad scales. This knowledge should contribute to a better understanding of the potential effects of global change, the identification of vulnerable ecosystem structures and functions, and to tests on the degree to which common ecological mechanisms underlie patterns of cross-taxon congruence[START_REF] Petchey | Functional diversity (FD), species richness and community composition[END_REF] 

  These catchments have been delimited by the National Council of China as a part of the National Water Resources Strategic Plan, they represent subdivisions of main river basins based on different hydrologic and ecological criteria (e.g. river order, landscape, and climate), and they provide an important basis for the development, utilisation, conservation, and environmental management of hydrological resources in China.

  seen to be composed predominantly of a single species. Based on this definition, we first made a detailed literature review of aquatic plant species in China. The distribution of different aquatic plant species in China was determined from published (1960-2010) records, most of which are concerned with lakes and rivers and, occasionally, seasonal agricultural ponds. Documented sources included original research papers and monographs relevant to the distribution and ecology of aquatic plants or to their habitats and status, together with the scientific database of China plant species (http://db.kib.

  Geographical distance is also important in relation to the dispersal of species among catchments. All data sets had a nominal horizontal resolution of 0.5 × 0.5° and were obtained from the Data Sharing Infrastructure of the Earth System Science, National Science & Technology Infrastructure Center (http://www.nstic.gov.cn/) and the Data Center of the Institute of Geographic Sciences and Natural Resources Research, Chinese Academy of Sciences. Environmental variables were calculated for each catchment as the average value of the variable for all 0.5° cells comprising the catchment (i.e. having their cell centroid within the catchment boundary).

  Figure 3a,e); taxonomic total dissimilarity, turnover and nestedness components (ρ = 0.63, 0.311, and 0.215; Figure 3b-d); and functional total dissimilarity, turnover and nestedness components (ρ = 0.291,

F

  I G U R E 3 Cross-taxon congruence tests for taxonomic and functional diversity facets between macrophyte and fish assemblages across the studied catchments. Panels show smoothed colour density representations of observed paired assemblage values for each facet: (a-d) taxonomic richness, taxonomic dissimilarity, and its turnover and nestedness components; (e-h) functional richness, functional dissimilarity and its turnover and nestedness components. Values displayed in each panel correspond to the (a, e) Spearman rank correlation coefficient and (b-d, f-h) Mantel statistic (***p < 0.001). Colour density is obtained through a two-dimensional kernel density estimate, and low, medium, and high density represent 25%, 50%, and 75% of maximum density. Black lines in the panels represent the linear regression trends diversity, including taxonomic and functional α-and β-diversity, along

F

  I G U R E 4 Effects of the three alternative hypotheses on fish and macrophyte diversity patterns across catchments. The plots show the mean effects and associated confidence intervals associated with each hypothesis-energy (ENE), area/environmental heterogeneity (HET), and dispersal (DIS) hypotheses-resulting from multiple regression models on (a) taxonomic richness, (e) functional richness, and (b-d) taxonomic and (f-h) functional (b, f) total dissimilarity and its corresponding (c, g) turnover and (d, h) nestedness components (*p < 0.05, **p < 0.01 & ***p < 0.001). Response variables for the richness model (a, e) correspond to the first two axes of a PCA on each group of environmental variables (see Section 2 and Figure S3). Response variables for the dissimilarity model (b-d, f-h) correspond to the average value of all pairwise comparisons between each assemblage with all its peers. See Section 2 for a detailed description of the models | 9 XU et al.

  the catchments examined in this study. Nonetheless, our results also provide strong evidence of the existence of consistent crosstaxon congruence patterns in multiple facets of diversity between fishes and macrophytes, driven by underlying variation in environmental drivers. Cross-taxon congruence studies can provide valuable information for predicting assemblage patterns across multiple taxonomic groups at broad spatial scales. Such studies should be of interest to ecologists, conservation biologists and environmental managers aiming to understand anthropogenic effects on species diversity and to prioritise large-scale conservation efforts.

FIGURE 1 |

 1 FIGURE 1 | Spatial patterns of taxonomic richness (A), taxonomic distinctness (B), functional richness (C), functional evenness (D), functional divergence (E), and functional dispersion (F) of freshwater macrophyte assemblages across Chinese watersheds.

FIGURE 2 |

 2 FIGURE 2 | Pairwise congruence between taxonomic richness (TRic), taxonomic distinctness (TDis), functional richness (FRic), functional evenness (FEve), functional divergence (FDiv), and functional dispersion (FDis) of freshwater macrophyte assemblages across Chinese watersheds. Congruence was assessed by comparing the spatial concordance for each pair of biodiversity facets across watersheds grouped by percentiles (10% intervals).

FIGURE 3 |

 3 FIGURE 3 | Paired scatterplots and Pearson correlations between diversity indices of freshwater macrophyte assemblages across Chinese watersheds (Abbreviations as in Figure 2). Red and blue represents positive and negative correlations, respectively.

FIGURE 4 |

 4 FIGURE 4 | Variation partitioning for diversity indices of freshwater macrophyte assemblages across Chinese watersheds (Abbreviations as in Figure2).

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Table 1

 1 The morphological measurements on each fish species (a) and the functional traits calculated by the

	measurements (b)	
	a. Morphological measurements	
	Code	Name	Protocol for measurement
	Blmax	Maximum Body length	Maximum adult length (obtained from FishBase (Froese & Pauly, 2018))
	Bl	Body length	Standard length (snout to caudal fin basis)
	Bd	Body depth	Maximum body depth
	Hd	Head depth	Head depth at the vertical of eye
	CPd	Caudal peduncle depth	Minimum depth of the caudal peduncle
	CFd	Caudal fin depth	Maximum depth of the caudal fin
	Ed	Eye diameter	Vertical diameter of the eye
	Eh	Eye position	Vertical distance between the centre of the eye to the bottom of the body
	Mo	Oral gape position	Vertical distance from the top of the mouth to the bottom of the body
	Jl	Maxillary jaw length	Length from snout to the corner of the mouth
	PFl	Pectoral fin length	Length of the longest ray of the pectoral fin

Table 2

 2 The structure of datasets used in the four main chapters.

	chapter III chapter IV chapter V chapter VI

Chapter III Morphological diversity of freshwater fishes differs between realms, but morphologically extreme species are widespread Morphological diversity of freshwater fishes differs between realms, but morphologically extreme species are widespread

  

	Table S1 Number of known freshwater fish species for the main fish orders and corresponding
	number and proportion of species considered in this study.	
	Order Siluriformes	Global Ecology and Biogeography, 28(2), 211-221 Number of Percentage of Total number of species species considered species considered (%) Guohuan Su 1 , Sébastien Villéger 2 , Sébastien Brosse 1 2740 2117 77.26
	Cypriniformes 1 Laboratoire Evolution et Diversité Biologique (EDB), Université de Toulouse, CNRS, 3268 1969 60.25 Perciformes 2040 1965 96.32 ENFA, UPS, Toulouse, France Characiformes 1674 1467 87.63 2 MARBEC, Univ Montpellier, CNRS, Ifremer, IRD, Montpellier, France Cyprinodontiformes 996 589 59.14
	Others	1234	980	79.42
	Total	11952	9150	76.56

Table S2

 S2 Number of species considered per morphological trait and statistics about the distribution of trait values within the global freshwater fish fauna. Maximum Body Length is in centimetres; the nine other traits are unitless ratios, see Fig.S1for details on traits.

				Species No.	Min	2.50%	Median	97.5%	Max	Mean	SD	Kurtosis Skewness
	Maximum Body Length	8531	1.00	3.00	12.00	100.00	800.00	21.04	34.95	136.52	8.91
	Relative Eye Size		7648	0.00	0.16	0.40	0.66	0.87	0.40	0.13	2.58	0.10
	Oral Gape Position		7648	0.00	0.00	0.41	0.71	0.94	0.38	0.20	2.66	-0.45
	Relative Maxillary Length	6891	0.00	0.00	0.37	0.99	7.06	0.41	0.32	115.15	7.36
	Eye Vertical Position	7643	0.16	0.36	0.54	0.75	1.00	0.55	0.10	4.00	0.28
	Body Elongation		7677	1.12	2.08	4.00	9.95	43.73	4.43	2.34	44.73	4.64
	Body Lateral Shape		7671	0.19	0.35	0.57	0.83	0.99	0.57	0.12	3.01	0.27
	Pectoral Position	Fin	Vertical	7613	0.00	0.00	0.27	0.65	0.86	0.28	0.16	3.45	0.40
	Pectoral Fin Size		7082	0.00	0.08	0.18	0.33	0.51	0.19	0.06	4.54	0.52
	Caudal Peduncle Throttling	7249	0.00	1.23	2.45	4.75	15.45	2.59	1.04	27.60	3.07

Table S3

 S3 Phylogenetic signals for morphological traits based on the phylogenetic tree of 493 freshwater fish species. Traits with λ values significantly different from zero are in bold (*** P < 0.001).Table S4Number (and proportion) of species per order in each realm considered in this study.

	Order		Afrotropical	Australian	Nearctic	Neotropical	Oriental	Palearctic
	Siluriformes	379 (16.29%)	44 (11.67%)	31 (4.59%)	1323 (36.09%) 310 (20.6%)	49 (5.57%)
	Cypriniformes	377 (16.2%)	Pagel's λ 3 (0.8%)	268 (39.7%)	P 21 (0.57%)	839 (55.75%)	527 (59.95%)
	Maximum body length Perciformes	952 (40.91%)	0.935 190 (50.4%)	*** 163 (24.15%) 447 (12.19%)	196 (13.02%)	105 (11.95%)
	Relative Eye size Characiformes	178 (7.65%)	0 (0%)	0.900	1 (0.15%)	*** 1289 (35.16%) 0 (0%)	0 (0%)
	Oral gape position Cyprinodontiformes Relative maxillary length Others Eye vertical position Total	154 (6.62%) 287 (12.33%) 2327 (100%)	0.912 0.944 140 (37.13%) 138 (20.45%) 227 (6.20%) 0 (0%) 74 (10.96%) 359 (9.79%) *** *** 0.536 *** 377 (100%) 675 (100%) 3666 (100%)	5 (0.33%) 155 (10.30%) 1505 (100%)	10 (1.14%) 188 (21.39%) 879 (100%)
	Body elongation			0.999		***
	Body lateral shape			0.789		***
	Pectoral fin vertical position			0.935		***
	Pectoral fin size			0.962		***
	Caudal peduncle throttling Bd Body depth	Maximum body depth	0.937		***
	Hd	Head depth	Head depth at the vertical of eye		
	CPd	Caudal peduncle depth	Minimum depth of the caudal peduncle		
	CFd	Caudal fin depth	Maximum depth of the caudal fin		
	Ed	Eye diameter	Vertical diameter of the eye			

Table

S5

is too large, so it is provided as a separate file. a. Morphological measurements Code Name Protocol for measurement Blmax Maximum Body length Maximum adult length (obtained from FishBase (Froese & Pauly, 2018)) Bl Body length Standard length (snout to caudal fin basis) Eh Eye position Vertical distance between the centre of the eye to the bottom of the body Mo Oral gape position Vertical distance from the top of the mouth to the bottom of the body Jl Maxillary jaw length Length from snout to the corner of the mouth PFl Pectoral fin length Length of the longest ray of the pectoral fin PFi Pectoral fin position Vertical distance between the upper insertion of the pectoral fin to the bottom of the body All measurements were made on pictures except Blmax values, which were downloaded from Fishbase.org b.

Morphological traits Morphological traits Formula Potential link with fish functions References

  The contribution of each morphological trait to the first 5 axes is expressed as percentages and values higher than 15% are in bold font.

	Maximum body length	BLmax	Size is linked to metabolism, trophic impacts, locomotion ability, nutrient cycling	Toussaint et al. 2016b
	Body elongation		𝐵𝑙 𝐵𝑑	Hydrodynamism			Reecht et al. 2013
				Position of fish and/or of its prey in the water
	Eye vertical position		𝐸ℎ 𝐵𝑑	column			Winemiller 1991
	Relative eye size		𝐸𝑑 𝐻𝑑	Visual acuity			Boyle & Horn, 2006
	Oral gape position Eigenvalues		𝑀𝑜 𝐵𝑑	PC1 Feeding position in the water column PC2 PC3 2.24 1.78 1.72	PC4 Dumay et al. 2004, Lefcheck et al. 2014 1.12	PC5 1.00
	Relative maxillary length Proportion of Variance Cumulative Proportion		𝐽𝑙 𝐻𝑑	22.4 Size of mouth and strength of jaw 17.8 22.4 40.2	17.2 57.4	11.2 Toussaint et al. 2016b 10.0 68.6 78.6
	Body lateral shape (b).		𝐻𝑑 𝐵𝑑	Hydrodynamism and head size		Toussaint et al. 2016b
	Pectoral fin vertical position Relative Eye size		𝑃𝐹𝑖 𝐵𝑑	Pectoral fin use for swimming PC1 PC2 9.4 3.1	PC3 14.1	PC4 Dumay et al. 2004 23.3	PC5 2.2
	Pectoral fin size Oral gape position Relative maxillary length	𝑃𝐹𝑙 𝐵𝑙	30.8 Pectoral fin use for swimming 1.2 18.0 <1	5.3 6.6	<1 Fulton et al. 2001 <1	2.7 3.8
	Caudal peduncle throttling Eye vertical position Body elongation Body lateral shape		𝐶𝐹𝑑 𝐶𝑃𝑑	<1 Caudal propulsion efficiency through 39.4 1.8 <1 <1 39.6 reduction of drag 8.0 28.5 1.8	<1 Webb 1984 15.7 5.1	5.1 <1 1.3
	Pectoral fin vertical position	22.4	9.2	<1	2.9	<1
	Pectoral fin size			7.7	8.0	18.7	9.3	6.0
	Caudal peduncle throttling	2.7	4.8	<1	4.8	70.1
	Maximum body length			<1	5.8	12.1	38.5	8.5

Fig. S1. Morphological measurements (a) and morphological traits (b) measured on each fish species. (a).

Table S1 .

 S1 Predictor variables considered in the analysis, their abbreviation and reference sources.

		Abbrevi	
	Variables		Sources
		ations	
	Mean annual temperature		
		TEM	
	(°C)		https://www.worldclim.org/data/worldclim21.html
	Mean annual precipitation		
		PRE	
	(mm/year)		https://www.worldclim.org/data/worldclim21.html
	Annual actual		
		EVP	https://www.worldclim.org/data/worldclim21.html
	evapotranspiration (mm/year)		
	Mean annual surface runoff		
		ROF	Leprieur et al. 2011
	(mm/year)		
	Mean annual net primary		http://files.ntsg.umt.edu/data/NTSG_Products/MO
		NPP	
	productivity (gC/m 2 /yr)		D17/GeoTIFF/MOD17A3/GeoTIFF_30arcsec/
	River basin area (km 2 )	RBA	Tedesco et al. 2017
	Altitudinal range (m)	ALR	https://www.worldclim.org/data/worldclim21.html
	Mean slope (°)	MSP	https://www.earthenv.org/topography
	River basin diversity		
		RBD	Diaz et al. 2014
	(Shannon diversity index)		
	Temperature anomaly		
			WorldClim; CCSM and MIROC3.2 MEDRES
	(difference between current and		
		TEA	https://www.worldclim.org/data/worldclim21.html
	Last Glacial Maximum mean		
			https://pmip.lsce.ipsl.fr/
	annual temperature (°C)		
	Basin median latitude (°)	BML	This study
	Ecoregion	ECO	Brosse et al. 2013
	Endorheic	EOC	Leprieur et al. 2011
	Species richness	SR	This study

Table S2 .

 S2 Results of the procedure used for model calibration using predictor variables. bf: bag fraction; tc: tree complexity; lr: learning rate; CV-D2: cross validated proportion of the deviance explained of 10-folds CV; nt: optimal number of trees estimated of 10-folds CV.

	bf 0.7 .	tc lr 13 0.005 0.6632 3950 CV-D2 nt . . . .	bf 0.8	tc lr 13 0.005 0.6844 4250 CV-D2 nt
	0.7 0.8 .	13 0.005 0.6793 3550 9 0.005 0.6629 5250 . . . .	0.7 0.6	13 0.01 13 0.01	0.6637 0.6843 2700
	0.7 0.7 .	13 0.01 11 0.005 0.6627 4550 0.6783 2250 . . . .	0.8 0.5	13 0.005 0.6637 13 0.005 0.6841 4600
	FRic 0.8 0.6 0.8	13 0.005 0.6781 3450 13 0.01 0.6625 2400 1 0.005 0.4837 10000	FDis 0.8 0.5	13 0.01 11 0.01	0.6636 0.684	3900
	bf 0.6 . 0.5	tc lr 13 0.01 . . 1 0.005 0.4833 9550 CV-D2 nt 0.6769 1950 . .	bf 0.7 .	tc lr 13 0.005 0.6636 CV-D2 nt . . . .
	0.8 0.6 . 0.7	3 0.01 13 0.005 0.6763 3400 0.8022 6150 . . . . 1 0.005 0.4815 8950	0.6 0.6 .	13 0.01 13 0.005 0.6635 0.4686 1700 . . . .
	0.8 0.5 . 0.5	3 0.005 0.8006 10000 13 0.01 0.6758 1750 . . . . 1 0.001 0.4329 10000	0.6 0.6 .	13 0.005 0.4662 3650 13 0.01 0.6634 . . . .
	0.7 0.7 0.8 0.6	3 0.01 11 0.01 1 0.01 1 0.001 0.4317 10000 0.7971 8300 0.6757 2500 0.4988 7400	0.5 0.7 0.7	13 0.005 0.465 11 0.005 0.6626 1 0.005 0.5439 9600 2950
	0.8 . 0.7 0.7	5 0.01 . . 1 0.005 0.4969 8950 0.795 6100 . . 1 0.001 0.4303 10000	0.7 . 0.6	13 0.005 0.4643 3500 . . . . 1 0.005 0.5434 8850
	0.8 . 0.8 0.8	5 0.005 0.7927 9650 . . . . 1 0.005 0.4889 7500 1 0.001 0.4284 10000	0.7 . 0.8	13 0.01 . . 1 0.005 0.5434 10000 0.4633 2200 . .
	0.8 . 0.5 0.5	7 0.01 . . 1 0.001 0.468 0.7859 6050 . . 10000 1 0.0005 0.4017 10000	0.8 . 0.5	13 0.01 . . 1 0.001 0.4848 10000 0.4633 2200 . .
	0.7 0.8 0.6 0.6	3 0.005 0.7854 10000 1 0.01 0.4985 4750 1 0.001 0.4667 10000 1 0.0005 0.4008 10000	0.5 0.8 0.6	13 0.01 1 0.01 1 0.001 0.4828 10000 0.4629 1850 0.4687
	. 0.7 0.7 0.7	. 1 0.005 0.4977 7100 . . . 1 0.001 0.4655 10000 1 0.0005 0.3996 10000	. 0.7 0.7	. 1 0.005 0.4681 . . 1 0.001 0.4809 10000 .
	. 0.8 0.8 0.8	. 1 0.005 0.4952 6750 . . . 1 0.001 0.4642 10000 1 0.0005 0.3984 10000	. 0.8 0.8	. 1 0.005 0.4597 . . 1 0.001 0.479	. 10000
	. 0.5 0.5	. 1 0.001 0.4664 10000 . . . 1 0.0005 0.4465 10000	. 0.5 0.5	. 1 0.001 0.4374 10000 . . . 1 0.0005 0.4401 10000
	0.7 0.6 0.6	1 0.01 1 0.001 0.4637 10000 0.5443 650 1 0.0005 0.4451 10000	0.7 0.6 0.6	1 0.005 0.3051 7650 1 0.001 0.4337 10000 1 0.0005 0.4389 10000
	0.5 0.7 0.7	1 0.005 0.5439 2050 1 0.001 0.4614 10000 1 0.0005 0.444 10000	0.8 0.7 0.7	1 0.01 1 0.001 0.4305 10000 0.3009 4550 1 0.0005 0.4379 10000
	0.6 0.8 0.8	1 0.01 1 0.001 0.4592 10000 0.5413 650 1 0.0005 0.4426 10000	0.8 0.8 0.8	1 0.005 0.2968 5750 1 0.001 0.4276 10000 1 0.0005 0.437 10000
	0.5 0.5	1 0.001 0.5412 5100 1 0.0005 0.4155 10000	0.5 0.5	1 0.001 0.2805 10000 1 0.0005 0.392 10000
	0.7 0.6 FIde_PC5	1 0.005 0.5411 1600 1 0.0005 0.4131 10000	0.6 0.6	1 0.001 0.2801 10000 1 0.0005 0.389 10000
	0.7 0.7 bf	1 0.001 0.5408 5350 1 0.0005 0.4109 10000 tc lr CV-D2 nt	0.7 0.7	1 0.001 0.2795 10000 1 0.0005 0.3861 10000
	0.6 0.8 0.8	1 0.005 0.5398 1550 1 0.0005 0.4087 10000 13 0.01 0.642 2200	0.8 0.8	1 0.001 0.2787 10000 1 0.0005 0.3835 10000
	0.6 0.7	1 0.001 0.5387 5150 13 0.005 0.6414 3900	0.5	1 0.0005 0.2472 10000
	0.7 FIde_PC3 0.8	1 0.0005 0.5387 8900 13 0.005 0.6402 3850	0.6 FIde_PC4	1 0.0005 0.2457 10000
	0.5 bf 0.7	1 0.0005 0.5371 7750 tc lr CV-D2 nt 13 0.01 0.6401 2050	0.7 bf	1 0.0005 0.244 tc lr CV-D2 nt 10000
	0.6 0.8 0.6	1 0.0005 0.5343 7500 13 0.01 0.6653 2300 13 0.005 0.6396 3800	0.8 0.5	1 0.0005 0.2424 10000 13 0.01 0.6857
	0.8 0.8	11 0.01 11 0.01	0.664 0.6394 2750 2550	0.8	13 0.01	0.6857
	FIde_PC1 0.8 0.6	13 0.005 0.664 13 0.01 0.6385 2150 3750	FIde_PC2 0.6	11 0.01	0.6845

Table S3 .

 S3 Results of spatially explicit simultaneous autoregressive (SAR) error models for functional diversity in the global freshwater fish fauna

	BML	-0.044 (*)	0.028 (ns)	-0.085 (***)	0.235 (***)	0.058 (***)	0 (ns)	0.015 (***)
	(2 453 river basins), including coefficient estimates and the associated significant levels for each variable. The significance is given in ECO 0.188 (***) 0.074 (***) -0.138 (***) 0.053 (**) -0.042 (***) 0 (ns) 0 (ns)
	parentheses: *** p<0.001; ** p<0.01; * p<0.05; ns p>0.05). The last two rows show the R-squared values and Moran's I statistic of the SAR EOC -0.102 (***) -0.029 (**) 0.023 (*) -0.072 (***) -0.03 (***) 0 (ns) -0.006 (***)
	model for each functional index. TEM: temperature, EVP: evapotranspiration, ROF: runoff, NPP: net primary productivity; RBA: river basin SR -0.01 (ns) 0.001 (ns) -0.018 (ns) 0.032 (***) 0.031 (***) 0.016 (***) 0.003 (***)
	area, ALR: altitude range, MSP: mean slope, RBD: river basin diversity; TEA: temperature anomaly, BML: basin median latitude, ECO:
	ecoregion, EOC: endorheic; SR: species richness. R-squared 0.62 0.55	0.57	0.57	0.52	0.82	0.37
	Moran's I statistic	-0.055 (ns)	-0.073 (ns)	-0.043 (ns)	-0.048 (ns)	-0.07 (ns)	-0.017 (ns)	-0.025 (ns)
		Coefficient estimate (significance)				
	Variables	FIde_PC1	FIde_PC2	FIde_PC3	FIde_PC4	FIde_PC5	FRic	FDis
	TEM	-0.047 (*)	-0.049 (*)	0.157 (***)	-0.034 (ns)	-0.122 (***)	0 (ns)	0.008 (***)
	EVP	-0.047 (*)	-0.078 (***)	0.061 (**)	-0.108 (***)	0.014 (ns)	-0.001 (ns)	-0.002 (ns)
	ROF	0.009 (ns)	0.034 (*)	-0.061 (***)	0.013 (ns)	0.003 (ns)	0 (ns)	0.001 (ns)
	NPP	0.055 (***)	0.157 (***)	-0.035 (*)	0.001 (ns)	-0.028 (*)	0.001 (ns)	0.008 (***)
	RBA	-0.004 (ns)	0.006 (ns)	0.018 (*)	-0.041 (***)	-0.013 (*)	-0.002 (***)	-0.002 (*)
	ALR	-0.074 (***)	-0.021 (ns)	-0.011 (ns)	-0.016 (ns)	-0.016 (ns)	0.001 (ns)	0.001 (ns)
	MSP	0.044 (***)	0.109 (***)	0.025 (ns)	0.005 (ns)	-0.024 (**)	-0.001 (*)	0.003 (**)
	RBD	0.031 (***)	0.002 (ns)	-0.019 (ns)	0.026 (**)	-0.006 (ns)	0 (ns)	0.003 (***)
	TEA	-0.03 (ns)	-0.04 (*)	-0.049 (**)	-0.058 (**)	0.035 (**)	0 (ns)	0.006 (***)

Table S1

 S1 Number of species in each group for each realm and in the world freshwater fish fauna. The number of exported species that are also translocated species is in parentheses.

				Introduced species	
		Non-introduced species	Non-established species	Established species Translocated species Exported species
	Afrotropical	1419	877	20	11 (6)
	Australian	232	125	18	1 (1)
	Nearctic	400	112	129	34 (29)
	Neotropical	2956	651	30	29 (12)
	Oriental	994	475	21	15 (7)
	Palearctic	590	145	105	39 (27)
	World	6460	2272	311	107 (69)

Table S2

 S2 Results of K-S test between the groups of species on the five PC axis for each realm.(*** P < 0.001, ** P < 0.01, *P < 0.05).

	PC2 (18.0%)	0.07	0.42	0.44	0.72		0.23	0.85
	PC3 (17.1%) b. Morphological traits	**	0.21	*	*		0.62	0.89
	PC4 (11.1%)	*	0.21	***	0.11		0.98	*
	PC5 (10.2%) Morphological traits	Afrotropical Australian Nearctic * 0.95 * Formula Potential link with fish functions Neotropical 0.06	Oriental 0.23 References Palearctic 0.33
			Non-introduced vs Introduced Size is linked to metabolism, trophic	
	PC1 (22.3%) Maximum body length	*** BLmax	0.37 impacts, locomotion ability, nutrient * ***	*** Toussaint et al. 2016 ***
	PC2 (18.0%)	***	*** cycling	***	***		***	***
	PC3 (17.1%)	***	0.58	***	***		***	***
	PC4 (11.1%) PC5 (10.2%) Body elongation a. Morphological measurements *** *** 𝐵𝑙 𝐵𝑑 PC1 (22.3%) *** PC2 (18.0%) *** Code Name Eye vertical position 𝐸ℎ a) 𝐵𝑑 PC3 (17.1%) *** PC4 (11.1%) *** Blmax Maximum Body length Bl Body length Relative eye size 𝐸𝑑 Eigenvalues 𝐻𝑑 Proportion of Variance	*** * Hydrodynamism *** 0.11 Position of fish and/or of its prey in the *** *** Non-introduced vs Non-established 0.34 * *** *** *** *** Protocol for measurement water column PC1 PC2 PC3 0.50 *** *** *** *** *** Maximum adult length (obtained from FishBase (Froese & Pauly, 2018)) *** *** *** *** Reecht et al. 2013 *** *** *** Winemiller 1991 PC4 PC5 *** *** *** *** *** Standard length (snout to caudal fin basis) Visual acuity 2.23 1.80 1.71 1.11 1.02 Boyle & Horn, 2006 22.3 17.9 17.1 11.1 10.2
	PC5 (10.2%) PC1 (22.3%) Body depth Head depth Oral gape position Bd Hd Cumulative Proportion	*** 0.17 𝑀𝑜 𝐵𝑑	* 0.25 Maximum body depth 0.21 Non-introduced vs Established *** 0.42 * Head depth at the vertical of eye Feeding position in the water column 22.3 40.3 57.4	*** ** Lefcheck et al. 2014 ** *** Dumay et al. 2004, 68.5	78.6
	PC2 (18.0%) PC3 (17.1%) PC4 (11.1%) Caudal peduncle depth 0.92 * *** Caudal fin depth Relative maxillary length CPd CFd b) 𝐽𝑙 𝐻𝑑 Relative Eye size	* 0.78 ** Minimum depth of the caudal peduncle *** 0.88 *** 0.08 *** *** Size of mouth and strength of jaw PC1 PC2 Maximum depth of the caudal fin 9.3 6.4	PC3 11.2	** ** *** Toussaint et al. 2016 ** * *** PC4 21.7	PC5 3.2
	PC5 (10.2%) PC1 (22.3%) PC2 (18.0%) Eye diameter Eye position Body lateral shape Ed Eh Oral gape position Relative maxillary length Mo Oral gape position 0.07 0.06 0.42 𝐻𝑑 𝐵𝑑 Pectoral fin vertical position Eye vertical position 𝑃𝐹𝑖 𝐵𝑑 Body elongation	0.74 0.36 0.70 Vertical diameter of the eye * Non-established vs Established 0.17 0.33 0.27 0.51 * Hydrodynamism and head size 30.9 <1 18.1 <1 Vertical distance between the centre of the eye to the bottom of the body * *** 0.53 0.29 0.18 0.82 6.3 <1 2.4 Toussaint et al. 2016 6.1 <1 3.8 Vertical distance from the top of the mouth to the bottom of the body <1 40.6 <1 <1 4.9 Pectoral fin use for swimming Dumay et al. 2004 <1 2.0 37.9 15.9 <1
	PC3 (17.1%) PC4 (11.1%) PC5 (10.2%) Maxillary jaw length * *** 0.42 Body lateral shape Jl PFl Pectoral fin length Pectoral fin size 𝑃𝐹𝑙 Pectoral fin vertical position 𝐵𝑙 Pectoral fin size	0.38 0.37 0.82 Length from snout to the corner of the mouth * 0.87 * *** ** 0.90 7.5 30.5 <1 Length of the longest ray of the pectoral fin Pectoral fin use for swimming 22.6 9.0 <1 7.9 4.1 22.7	** *** 0.44 Fulton et al. 2001 0.24 0.58 0.06 4.8 2.8 10.3	1.9 <1 4.8
	PC1 (22.3%) Pectoral fin position 0.55 Caudal peduncle throttling PFi 𝐶𝐹𝑑 𝐶𝑃𝑑 Caudal peduncle throttling Maximum body length	Non-introduced vs Translocated 0.38 * Vertical distance between the upper insertion of the pectoral fin to the 0.40 0.10 *** bottom of the body Caudal propulsion efficiency through reduction of drag 2.5 4.3 <1 2.5 72.4 Webb, 1984 <1 2.7 15.0 41.3 6.3
	PC2 (18.0%)	0.80	*	**	0.82		**	*
	PC3 (17.1%) All measurements were made on pictures except Blmax values, which were downloaded from Fishbase.org. 0.95 0.91 *** 0.57 ** 0.13
	PC4 (11.1%) Fig. S1. Morphological measurements (a) and morphological traits (b) measured on each fish *** * *** ** *** ***
	PC5 (10.2%) species.	0.61	0.87	0.38 Non-introduced & Exported 0.08		**	***
	PC1 (22.3%)	0.10	0.39	*	0.18		*	***
	PC2 (18.0%)	0.08	0.93	**	0.48		0.50	0.28
	PC3 (17.1%)	***	0.35	***	*		0.13	0.06
	PC4 (11.1%)	***	0.27	***	***		***	***
	PC5 (10.2%)	**	0.95	**	0.62		0.81	***
				Translocated vs Exported		
	PC1 (22.3%)	0.41	0.11	0.09	0.66		*	0.92

  TA B L E 1 Statistical methods used in this study

	Method	Purpose	Response variable	Predictor variable a
	Spearman's rank correlation	Correlation between taxonomic and func-	Taxonomic and functional	Taxonomic and functional
		tional richness	richness	richness
	Mantel's permutation test	Correlation between taxonomic and	Taxonomic and functional total	Taxonomic and functional total
		functional (total, turnover, nestedness)	dissimilarity and its constitu-	dissimilarity and its constitu-
		dissimilarity	ent nestedness and turnover	ent nestedness and turnover
			components	components
	Principal component analy-	Reduction of the multidimensionality	-	-
	sis (PCA)	and elimination of collinearity between		
		environmental predictors		
	Multiple linear regression	Effects of environment on richness	Taxonomic and functional	PCA components related to
	with Gaussian errors		richness	energy, heterogeneity and
				dispersal hypotheses
	Multiple regression on	Effects of environment on dissimilarity	Taxonomic and functional total	Euclidean distance matrices of
	distance matrices		dissimilarity and its constitu-	PCA components related to
			ent nestedness and turnover	energy, heterogeneity, and
			components	dispersal hypotheses

TABLE 1 |

 1 Variables retained, adjusted R 2 , and significance values from the forward-selected multiple regression models examining the effect of environmental and spatial factors on six aspects of macrophyte biodiversity.

	Functional diversity index	Factors	Selected variables	R 2 adj	F	P
	Taxonomic richness	Environment	MAP + MAPVAR -ALTVAR + SOLARVAR + AREA	0.494	42.66	<0.001
		Space	dbMEM4 -dbMEM1 + dbMEM2 -dbMEM34	0.618	27.56	<0.001
			+ dbMEM6 -dbMEM5 -dbMEM15 + dbMEM23			
			+ dbMEM49 -dbMEM3 -dbMEM46 + dbMEM10			
			+ dbMEM38			
	Taxonomic distinctness	Environment	ALTVAR + MATVAR -MAPVAR	0.321	34.62	<0.001
		Space	-dbMEM4 + dbMEM2 + dbMEM1 + dbMEM5	0.661	42.56	<0.001
			+ dbMEM6 -dbMEM3 + dbMEM7 + dbMEM15			
			+ dbMEM21 + dbMEM9			
	Functional richness	Environment	MAP + MAPVAR + SOLAR	0.612	110.4	<0.001
		Space	dbMEM2 + dbMEM4 -dbMEM1 -dbMEM3	0.695	81.88	<0.001
			+ dbMEM6 + dbMEM15			
	Functional evenness	Environment	MAP + ALTVAR + SOLARVAR + MAPVAR	0.331	34.62	<0.001
		Space	-dbMEM4 -dbMEM3 + dbMEM1 + dbMEM34	0.381	12.94	<0.001
			-dbMEM38 + dbMEM56 -dbMEM44 -dbMEM49			
			+ dbMEM5 + dbMEM59 -dbMEM69			
	Functional divergence	Environment	MAP + SOLARVAR + MAT	0.567	94.14	<0.001
		Space	dbMEM2 -dbMEM1 + dbMEM6 -dbMEM3 + dbMEM9	0.794	137.4	<0.001
			-dbMEM13			
	Functional dispersion	Environment	MAP + MAT + SOLARVAR + SOLAR	0.901	150.3	<0.001
		Space	-dbMEM1 + dbMEM2 + dbMEM6 -dbMEM3	0.614	85.9	<0.001
			-dbMEM5 + dbMEM4 + dbMEM17 -dbMEM21			
			-dbMEM13 -dbMEM40 + dbMEM39 + dbMEM9			
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Abstract

1. An intensively debated issue in ecology is whether variability in the patterns of diversity of different groups of organisms is congruent in space, a phenomenon referred to as cross-taxon congruence. Whereas this has been previously mainly tested in terms of taxonomic dissimilarity, the role of ecological processes in determining the congruence of multiple diversity facets (i.e. α-and β-diversity, taxonomic, and functional) remains poorly understood.

2. We used a data set of observation records for 469 macrophyte and 543 fish taxa at the catchment-scale from the existing literature and data bases to test the existence of multi-faceted congruence patterns and investigate the variables driving them across 214 catchments covering the whole Chinese mainland.

3. We found cross-taxon congruence of multiple diversity aspects between fish and macrophyte communities. The energy (i.e. diversity is limited by energy availability), area/environmental heterogeneity (i.e. diversity is higher in larger and more heterogeneous areas), and dispersal (i.e. diversity is driven by dispersal) hypotheses were all significantly attributed to the cross-taxon congruence, suggesting the existence of key repeated mechanisms underlying assemblage organisation.

4. Our study provides new evidence that can further our understanding of the factors and underlying processes explaining cross-taxon congruence patterns at broad spatial scales in the freshwater realm, the studies of which significantly lag those in the marine and terrestrial realms. The present findings also provide important baseline information for freshwater conservation initiatives.
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