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Global patterns and determinants of lake macrophyte taxonomic, functional and phylogenetic beta diversity
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Documenting the patterns of biological diversity on Earth has always been a central challenge in macroecology and biogeography. However, for the diverse group of freshwater plants, such research program is still in its in-fancy. Here, we examined global variation in taxonomic, functional and phylogenetic beta diversity patterns of lake macrophytes using regional data from six continents. A data set of ca. 480 lake macrophyte community observations, together with climatic, geographical and environmental variables, was compiled across 16 regions worldwide. We (a) built the very first phylogeny comprising most freshwater plant lineages; (b) exploited a wide array of functional traits that are important to macrophyte autoecology or that relate to lake ecosystem functioning; (c) assessed if different large-scale beta diversity patterns show a clear latitudinal gradient from the equator to the poles using null models; and (d) employed evolutionary and regression models to first identify the degree to which the studied functional traits show a phylogenetic signal, and then to estimate community-environment relationships at multiple spatial scales. Our results supported the notion that ecological niches evolved independently of phylogeny in macrophyte lineages worldwide. We also showed that taxonomic and phylogenetic beta diversity followed the typical global trend with higher diversity in the tropics. In addition, we were able to confirm that species, multi-trait and lineage compositions were first and foremost structured by climatic conditions at relatively broad spatial scales. Perhaps more importantly, we showed that large-scale processes along latitudinal and elevational gradients have left a strong footprint in the current diversity patterns and community-environment relationships in lake macrophytes. Overall, our results stress the need for an inte-grative approach to macroecology, biogeography and conservation biology, combining multiple diversity facets at different spatial scales.

Introduction

Unravelling the mechanistic basis of large-scale biodiversity patterns has been a major research objective for ecologists and biogeographers for decades. Explanations for these patterns stem from the combined effect of evolutionary, historical and climatic factors such as the last glacial maximum, past dispersal barriers and the latitudinal variation of energy availability [START_REF] Willig | Latitudinal gradients of biodiversity: pattern, process, scale, and synthesis[END_REF]. Although the need to understand large-scale patterns is widely recognised, for example, in the context of niche conservatism (Alahuhta et al., 2017a) and ecosystem functioning and resilience [START_REF] Pessarrodona | Can ecosystem functioning be maintained despite climate-driven shifts in species composition? Insights from novel marine forests[END_REF], most studies in this research field focus on well-known, and often charismatic, terres-trial vertebrates and woody plants [START_REF] Moles | Global patterns in plant height[END_REF][START_REF] Swenson | The biogeography and filtering of woody plant functional diversity in North and South America[END_REF]. Instead, other organisms and ecosystems have thus far received considerably less attention (see [START_REF] Heino | A macroecological perspective of diversity patterns in the freshwater realm[END_REF] for a comprehensive review). When it comes to the diverse group of freshwater plants, such research program is still in its infancy. More specifically, despite [START_REF] Darwin | The Origin of Species by Means of Natural Selection[END_REF] early intuition that the geographical distribution of freshwater plants cannot be accounted by the physical harshness of the environ-ment, it was not until the 21st century that we began generating quantitative estimates of how macroecological gradients affect macrophyte diversity patterns (e.g. [START_REF] Les | Biogeography of discontinuous distributed hydrophytes: a molecular appraisal of intercontinental disjunctions[END_REF][START_REF] Chambers | Global diversity of aquatic macrophytes in freshwater[END_REF]Alahuhta et al., 2017b;[START_REF] Alahuhta | Global patterns in the metacommunity structuring of lake macrophytes: regional variations and driving factors[END_REF][START_REF] Murphy | World distribution, diversity and endemism of aquatic macrophytes[END_REF]. However, obtaining such estimates has been hampered by the availability and low quality of functional and phylogenetic data.

Much of our current understanding of global biodiversity patterns comes from analyses of species diversity data. However, biodiversity is a complex multi-faceted concept that embraces many aspects of biological variation, ranging from phenetic and taxonomic differences to functional complementarity among species [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]. Most commonly, species-based beta diversity (SβD), i.e. compositional differences between communities (Whittaker,1960), has been used as a surrogate for all these different facets. An important source of criticism to this traditional approach is that it is silent on functional and phylogenetic differences among species [START_REF] Devictor | Spatial mismatch and congruence between taxonomic, phylogenetic and functional diversity: the need for integrative conservation strategies in a changing world[END_REF], thereby leading to potentially spurious conclusions about large-scale biodiversity patterns. A persistent focus on taxonomic diversity may thus compromise our ability to untangle the mechanistic basis linked to the spatial and temporal dynamics of biodiversity [START_REF] Mcgill | Rebuilding community ecology from functional traits[END_REF].

To address these limitations, [START_REF] Graham | Phylogenetic beta diversity: linking ecological and evolutionary processes across space in time[END_REF] first proposed phylogenetic beta diversity (PβD) as a measure of the evolutionary dissimilarity between communities, providing a more comprehensive framework to explain the role of historical imprints on community membership and how evolutionary legacy underlies patterns of niche divergence [START_REF] Mouquet | Ecophylogenetics: advances and perspectives[END_REF]. Meanwhile, functional beta diversity (FβD), reflecting the morphological, ecological and physiological similarities between communities [START_REF] Loiseau | Performance of partitioning functional beta-diversity indices: influence of functional representation and partitioning methods[END_REF], was shown to better explain ecosystem functioning and species niche relationships than other classical measures of species diversity (García-Girón et al., 2019a;[START_REF] Jones | Is phylogenetic and functional trait diversity a driver or a consequence of grassland community assembly?[END_REF]. Recently, there have been several calls (e.g. [START_REF] Cadotte | Do traits and phylogeny support congruent community diversity patterns and assembly inferences?[END_REF] to better understand whether ecologically relevant functional traits are conserved along the phylogeny or not (i.e. whether or not phylogenetic signals exist in the functional traits important for coexistence). To do this, phylogenetic signal is typically addressed by testing if closely related species share more similar traits than expected by chance [START_REF] Blomberg | Testing for phylogenetic signal in comparative data: behavioral traits are more labile[END_REF]. Although this original framework has been criticised by some authors (e.g. [START_REF] Mouquet | Ecophylogenetics: advances and perspectives[END_REF], phylogenetic signal tests still provide comprehensive insights into community assembly by, for example, helping to evaluate hypotheses about niche similarities and evolution [START_REF] Cadotte | Do traits and phylogeny support congruent community diversity patterns and assembly inferences?[END_REF].

It is now becoming clear that a simultaneous analysis of several diversity facets should provide the most basic building blocks to embrace the multifaceted nature of biodiversity and, at the same time, reveal aspects of community assembly beyond inferences that can be drawn from more traditional species-centred approaches [START_REF] Jones | Is phylogenetic and functional trait diversity a driver or a consequence of grassland community assembly?[END_REF]. This reasoning is especially true from a conservation perspective. Indeed, mapping the imprint of functional and evolutionary processes on beta diversity has been recently proposed as an additional and promising tool to improve large-scale conservation planning in the long run [START_REF] Devictor | Spatial mismatch and congruence between taxonomic, phylogenetic and functional diversity: the need for integrative conservation strategies in a changing world[END_REF], allowing environmental managers and conservation practitioners to focus not only on individual species rarity and distinctness, but also on ecosystem functioning and evolutionary legacy [START_REF] Owen | Global conservation of phylogenetic diversity captures more than just functional diversity[END_REF].

Here, for the first time, we examine the spatial variation of SβD, FβD and PβD using lake macrophyte data sets from 16 regions worldwide (Fig. 1a). To do this, we built the very first phylogeny comprising most freshwater plant lineages and examined functional traits that are important to macrophyte autoecology or that relate to lake ecosystem functioning. More specifically, we studied (i) if a phylogenetic signal is found in the functional traits of macrophytes on a global scale; (ii) if different large-scale beta diversity patterns show a clear latitudinal gradient from the equator to the poles; (iii) if SβD, FβD and PβD respond to similar ecological drivers (i.e. local environment, geography and climate) involved in community assembly (i.e. within-region approach); withinregion approach) the degree to which the studied functional traits showed a phylogenetic signal. For each beta diversity dimension (i.e. taxonomic, functional and phylogenetic), we calculated the mean overall value and tested whether the mean value was different from that expected by chance using null models. We also investigated macrophyte beta diversity patterns in relation to local variables, geographical coordinates and climate variables for each metacommunity using a combination of partial redundancy analysis (pRDA), variation partitioning and multivariate multi-scale codependence analysis (mMCA). Adjusted R 2 values from the pure fractions of variation partitioning (i.e. pure local, spatial and climate variables, and the full model including all variables) were regressed in the across-regions approach against a set of environmental variables (i.e. elevation range, area, geographical coordinates, and estimated maximum lake age) obtained from a convex hull that connected all 30 lakes in a region. See the main text for details. s, species; p, sites; t, traits; SβD, species-based (taxonomic) beta diversity; FβD functional beta diversity; PβD phylogenetic beta diversity; PCO, Principal Coordinate Analysis; PCPS, Principal Coordinates of Phylogenetic Structure; X, mean longitude of convex hull; Y, mean latitude of convex hull; and GAMs, generalised additive models; H, hypotheses (see the main text).

(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) and (iv) how well community-environment relationships across multiple metacommunities (i.e. across-regions approach) can be accounted for by classical ecogeographical gradients (i.e. elevation range, spatial extent, latitude, longitude, and age of the oldest lake within each region; Fig. 1b). Based on a previous study on species niche conservatism for local macrophyte communities (Alahuhta et al., 2017a), we expected to find some level of phylogenetic signal across the study regions (H1). However, as rates of trait evolution and speciation may differ among regions [START_REF] Mouquet | Ecophylogenetics: advances and perspectives[END_REF], biogeographical comparisons would reveal different degrees of phylogenetic signals. Following Rapoport's rule [START_REF] Stevens | The latitudinal gradients in geographical range: how so many species co-exist in the tropics[END_REF]) that species geographical ranges and niche width should increase at higher latitudes, giving rise to a decrease in beta diversity [START_REF] Soininen | A multivariate analysis of beta diversity across organisms and environments[END_REF], we expected that SßD, FßD and PßD would show a clear decreasing latitudinal trend (H2). In addition, we assumed following [START_REF] Poff | Landscape filters and species traits: towards mechanistic understanding and prediction in stream ecology[END_REF] that large-scale climatic variables (e.g. mean temperature and precipitation) would first select macrophytes that have traits matching the environment, and then these traits would subsequently be sorted by smaller-scale environmental drivers (e.g. water transparency and water total phosphorus concentration; H3). Because latitude and elevation range were found to structure macrophyte diversity patterns in previous studies (e.g. [START_REF] Jones | Area, altitude and aquatic plant diversity[END_REF]Alahuhta et al., 2017b;[START_REF] Alahuhta | Global patterns in the metacommunity structuring of lake macrophytes: regional variations and driving factors[END_REF], we expected that the two predictors would significantly account for variation in SßD, FßD and PßD across regions (H4).

Materials and methods

Test data set

The macrophyte data set and field methods have been described previously (Alahuhta et al., 2017b[START_REF] Alahuhta | Global patterns in the metacommunity structuring of lake macrophytes: regional variations and driving factors[END_REF], and we thus only mention the specific details here. We compiled lake macrophyte data for 16 different regions (ca. 30 study lakes within each region) with variable sizes around the world (Fig. 1a and Supporting Information Appendix S1, Fig. S1). The selected lakes ranged from glacial-origin relatively stable lakes situated in temperate and boreal zones (e.g. Sweden and US states of Minnesota and Wisconsin) to semi-arid shallow Mediterranean lakes (e.g. Morocco and Spain), but all were influenced by anthropogenic pressures to varying degrees (e.g. water-level fluctuations, alien invasive species, nutrient enrichment, and decreased connectivity). The species presence-absence data were obtained during field surveys using broadly the same procedures within each study region (Supporting Information Appendix S1, Table S2).

Explanatory data: within-region approach

Local variables comprised lake area (km 2 ), water transparency measured by Secchi depth (m) and water total phosphorus concentration (mg l -1 ), and were surveyed and determined following similar protocols across the regions (Supporting Information Appendix S1). Climate variables included atmospheric annual mean temperature (°C), annual temperature range (°C), and annual precipitation (mm) defined for each study lake based on 30 years average values (1 km resolution data) obtained from the WorldClim [START_REF] Hijmans | Very high resolution interpolated climate surfaces for global land areas[END_REF]. These variables were chosen because they often account for significant variation in community structure of freshwater plants and correlate with other hydromorphological and water chemistry variables that were not consistently available for all study regions (see [START_REF] Alahuhta | Global patterns in the metacommunity structuring of lake macrophytes: regional variations and driving factors[END_REF]. Geographical coordinates of lake centres were used to represent spatial locations within each region. We utilised geographical coordinates alone because we wanted to balance the study design by including the same number of predictors in each of the three lake-level explanatory variable groups.

Explanatory data: across-regions approach

We used convex hulls to delineate the minimal area containing all surveyed lakes within a region (Alahuhta et al., 2017b). We then used the convex hulls to extract environmental information for each region: (i) elevation range within the convex hull (m); (ii) area of the convex hull (km 2 ); (iii) latitude of the convex hull (from centroid); (iv) longitude of the convex hull (from centroid); and (v) estimated maximum lake age within each region (i.e. a ranked variable ranging from the youngest to the oldest lake, see Supporting Information Table S1). These variables can indirectly affect freshwater plants by indicating variation in habitat suitability, dispersal limitation (García-Girón et al., 2019b), large-scale climate and natural geological properties, and temporal availability for colonisation sources (Alahuhta et al., 2017b).

Further details on the test data set can be found in Supporting Information Appendix S1, Tables S1 andS2.

Trait and phylogenetic information

We selected a total of 10 key functional (including morphological and life history) traits to provide information on the features that could potentially be selected by environmental filters (see Supporting Information Appendix S2 for details). To clarify the covariance structure and relative adaptive significance of each functional trait, we applied the orthogonal rotation approach (PCAmix) implemented in the R package PCAmixdata [START_REF] Chavent | Multivariate analysis of mixed data: the R package PCAmixdata[END_REF]. For the following analyses, we used the mixed-variables coefficient of distance (i.e. a generalization of Gower's distance) to extract a trait distance matrix, which described the functional dissimilarity between all species pairs based on a suite of traits with the largest squared loadings on the first two PCAmix axes. The functional dissimilarity matrix was obtained with the 'vegdist' function of the vegan package [START_REF] Oksanen | Vegan: community ecology package[END_REF]) in R 3.4.4 (R Development Core Team, 2018).

We analysed 310 nucleotide sequences in two regions from the chloroplast DNA -cpDNA (rbcL -542 bp and matK -749 bp) to build the very first phylogeny comprising 71 freshwater plant genera. These sequences were retrieved from GenBank and aligned by Clustal-W using multiple sequence alignment (MSA). Since cpDNA has a relatively slow rate of nucleotide substitutions, we had no problem to obtain an unambiguous alignment. The maximum likelihood (ML) method from the MEGA 5 software [START_REF] Tamura | MEGA 5: molecular evolutionary genetic analysis using maximum likelihood, evolutionary distance, and maximum parsimony methods[END_REF] was used to create the phylogenetic trees. The optimal substitution model was determined for each locus based on the Akaike Information Criterion -AICc (rbcL, Tamura 3-parameter + Gamma distribution with Invariant sites; matK, General Time Reversible + Gamma distribution with Invariant sites) and the reliability of each branch was tested using the bootstrap method with 1000 replications. The molecular data provided a fully resolved genus-level phylogeny for lake macrophytes but failed to resolve evolutionary relationships within species groups (Fig. 2). We transformed the phylogenetic tree to ultrametric and subsequently estimated the phylogenetic dissimilarity matrix using the 'force. ultrametric' and 'cophenetic' functions from the packages phytools [START_REF] Revell | Package 'phytools[END_REF] and stats (R Development Core Team, 2018), respectively.

Testing for a phylogenetic signal in functional traits

The degree to which the studied functional traits showed a phylogenetic signal was assessed by means of a two-step approach consisting of a standard Mantel test followed by a test based on the Brownian motion model (i.e. EM-Mantel, [START_REF] Debastini | Evolutionary models and phylogenetic signal assessment via Mantel test[END_REF]. One of the main advantages of EM-Mantel for estimating phylogenetic signal in a wide array of functional traits is that it allows the use of multiple types of variables (here, continuous and categorical, Supporting Information Appendix S2) simultaneously. The null hypothesis of no phylogenetic conservatism was tested for significance using 999 random permutations with the original R code provided by [START_REF] Debastini | Evolutionary models and phylogenetic signal assessment via Mantel test[END_REF]. Likewise, the strength of phylogenetic signal for individual continuous traits (Supporting Information Appendix S2) was estimated with Blomberg's K-statistic [START_REF] Blomberg | Testing for phylogenetic signal in comparative data: behavioral traits are more labile[END_REF] using the 'multiPhylosignal' function in the picante package [START_REF] Kembel | Picante: R tools for integrating phylogenies and ecology[END_REF]. This test compares the variance of the phylogenetically independent contrast of the trait studied against those obtained with data randomly reshuffled across the tips of the phylogeny [START_REF] Blomberg | Testing for phylogenetic signal in comparative data: behavioral traits are more labile[END_REF]. We also implemented the recently-developed δ-approach of [START_REF] Borges | Measuring phylogenetic signal between categorical traits and phylogenies[END_REF] to unravel the degree of phylogenetic signal of the individual categorical traits (Supporting Information Appendix S2). This approach first calculates the node entropies using a linear version of the Shannon entropy and then implements a Bayesian inferential scheme including two Metropolis-Hastings steps in a Gibbs sampler algorithm [START_REF] Borges | Measuring phylogenetic signal between categorical traits and phylogenies[END_REF]. Under this framework, the higher the δvalue, the greater the quantity of information by the ancestral inferences (i.e. the higher the degree of phylogenetic signal of the categorical trait).

Measuring SßD, FßD and PßD

We first assessed SβD, FβD and PβD by comparing estimates of dissimilarity between all pairs of sampled lakes in each study region to expected levels of dissimilarity under null models. Specifically, we estimated SβD using a modified Raup-Crick dissimilarity metric [START_REF] Raup | Measurement of faunal similarity in paleontology[END_REF]. This metric tests the probability of two communities of a given species richness being more or less dissimilar from the null expectation. The null expectation was generated using 10,000 randomizations with the 'raupcrick' function in the vegan package. node. Bootstrap values of<50%are not included. Note that the rbcL tree provides an overall topology similar to that seen in the matKtree. However, since the rbcLsequence data cover a total of 71 different plant genera (and the matK sequence data cover 62 plant genera), we only retained the former phylogenetic tree for comparative analyses.

For trait and phylogenetic measures, we estimated the mean overall value using mean pairwise distance (MPD) indices (i.e. [START_REF] Swenson | The biogeography and filtering of woody plant functional diversity in North and South America[END_REF]. To do this, we randomised the identities of species in the functional distance matrix and phylogenetic tree, respectively, and then maintained the species richness of each lake to generate 10,000 random communities. After each randomisation, FßD and PßD were calculated for each study region and these values were used to compute the null distribution. Using these metrics, we obtained the standardised effect size (SES) as: mpd.obs-mpd.rnd.mean SES1/4 _________________ mpd.rnd.sd where mpd.obs is the observed ß-diversity, mpd.rnd.mean the mean of the null distribution and mpd.rnd.sd the standard deviation of the null model. The mean pairwise distances are scaled between -1 and 1, with 0 being no different than the random expectation;1 indicating that deterministic environmental filters favour dissimilar species compositions among sites; and -1 meaning that assemblages comprise functionally similar or closely related species [START_REF] Swenson | The biogeography and filtering of woody plant functional diversity in North and South America[END_REF]. To test whether the mean overall values of SßD, FßD and PßD were different from the expected value of zero for random data, we performed a series of twotailed Wilcoxon signed-rank tests using R statistical software.

Prior to direct gradient analyses and regression-based modelling, we created a matrix of orthogonal eigenvectors, each of them describing taxonomic, trait and phylogenetic dissimilarities. To do this, FßD was recalculated with the 'COMDIST' function of the picante R package and PßD was addressed using the phylogenetic fuzzy-weighting method with the Bray-Curtis dissimilarity family as implemented in the PCPS package [START_REF] Debastiani | Package 'PCPS[END_REF]. The pairwise output values for SßD and FßD were synthesised into principal coordinate analysis (PCO) with the 'pcoa' function in the ape R package [START_REF] Paradis | Package 'ape[END_REF]. Following [START_REF] Duarte | Assessing spatial and environmental drivers of phylogenetic structure in Brazilian Araucaria forests[END_REF], we retained as many PCO/PCPS eigenvectors as required to minimise the residual sum of squares when regressing taxonomic, functional and phylogenetic composition to response matrices.

Variation partitioning and regression-type analyses

Under the within-region approach, we applied partial redundancy analyses (pRDA) to identify significant variables structuring variation in community composition, functional traits and freshwater plant lineages. To partition variation this way, separate pRDA analyses were conducted for the 16 study regions using as response matrices: (i) the PCO eigenvectors describing SßD; (ii) the PCO eigenvectors describing FßD; and (iii) the PCO eigenvectors (i.e. principal coordinates of phylogenetic structure, PCPS) describing patterns of PßD. Biotic variation was partitioned into three independent and four shared fractions: pure local variables; pure spatial variables; pure climate variables; their shared fractions; and residual fraction of unexplained variation [START_REF] Legendre | Numerical Ecology[END_REF]. The proportion of variation explained by each of the three variable groups was evaluated using adjusted R2 values (adjR2; [START_REF] Peres-Neto | Variation partitioning of species data matrices: estimation and comparison of fractions[END_REF]. All ecological variables were forced in the analyses to maintain comparability among the 16 study regions and gain equal amount of information for the across-regions approach.

pRDAs isolate the respective effects of local conditions, space and climate, but spatial structures can take several shapes and may not be related exclusively to dispersal. Such kind of information would be highly complementary to variation partitioning by providing explanations for any combined effects of space and the environment (sensu [START_REF] Poff | Landscape filters and species traits: towards mechanistic understanding and prediction in stream ecology[END_REF]. To examine more specifically the spatial structures generated by the joint variation in the environment and community composition in each study region, we performed multivariate multi-scale codependence analysis (mMCA, Guénard and Legendre, 2018). The significance of the spatial codependence between PCO/PCPS describing different beta diversity facets and environmental variables was assessed through permutation tests using the 'permute.cdp' function from the codep package (Guénard et al., 2018). We also performed mMCA on community-weighted means (CWMs) of transformed trait scores and ran single value decomposition (SVD) to map relationships between traits, environmental descriptors and spatial scales in niche space (see Guénard andLegendre, 2018 andvignettes available in Guénard et al., 2018). All environmental variables were centred and standardised to unit variance prior to conducting the analyses.

In the across-region approach, we used generalised additive models (GAM) with a quasipoisson error distribution (logarithmic link function) to analyse responses of adjR2 values obtained from the pure and shared fractions of variation partitioning to individual environmental gradients (i.e. elevation range, area, latitude, longitude, and estimated maximum lake age within convex hulls). Smoothness selection was estimated with generalised cross validation (GCV) and diagnostic information about the fitting procedure and the convergence of the smoothness selection optimisation was calculated using the 'gam. check' function. We focused on the percentage of deviance explained to identify the goodness-of-fit of full models, while the relative contribution of each predictor to the final model was assessed as the drop of deviance explained by the model when the variable was removed. Model fitting was accomplished using the mgcv R package [START_REF] Wood | Package 'mgcv[END_REF]. See Fig. 1b for the main steps of the statistical approach.

Results

Factorial analysis of mixed data (PCAmix) clarified the covariance structure of trait variables, suggesting that all functional traits were likely to influence how freshwater plant species might respond to environmental constraints (Supporting Information Appendix S3). The general Mantel test revealed a strong correlation between trait and phylogenetic distances only in five out of 16 study regions. This likely underlined the low phylogenetic signal of the functional traits when all study regions were combined (Table 1). In addition, phylogenetic conservatism differed when functional attributes were considered separately, with some traits (e.g. offspring size) having relatively strong signals across individual regions (Supporting Information Appendix S4). However, the measured functional traits, both considering individual regions and together combining all regions, were not likely to be more conserved along the phylogeny than what would be expected by a Brownian motion evolutionary model (Table 1).

Functional beta diversity varied from 0.11 in New Zealand to -0.52 in Norway, whereas the highest taxonomic and phylogenetic dissimilarities were both found in Brazil's coastal lakes (0.93 and 0.08, respectively). By contrast, the lowest taxonomic and phylogenetic mean values occurred in Estonia (0.40) and Denmark (-0.31), respectively. Based on null models, SβD was different from that expected by chance in all study regions, whereas the mean values for FβD and PβD were not different from the expected value of zero (Fig. 3), which means that only SβD refers to any kind of deterministic filtering process across the sites. Importantly, SβD (R 2 = -0.69; p < 0.01) and PβD (R 2 = -0.51; p = 0.03) decreased significantly with increasing latitude, whereas FβD showed higher degree of functional redundancy in tropical and high-latitude regions (Fig. 3).

Only the first two PCO/PCPS eigenvectors were selected as response variables for taxonomic, functional and phylogenetic analyses (Supporting Information Appendix S5). Of the pure fractions, local variables were significant in three, five and six regions out of 16 for taxonomic, functional and phylogenetic community structure, respectively (Table 2). Pure spatial variables were important in one region out of 16 in taxonomic and functional analyses, respectively, whereas they contributed significantly to phylogenetic community structure in five regions. Pure climate effects were significant in three, two and five regions out of 16 for taxonomic, functional and phylogenetic community structure, respectively. Overall, the joint influence of all the three variable groups on SβD, FβD and PβD was highly important in Norway, the US state of Wisconsin and Spain, respectively. Other joint effects also showed high-explained variation in Brazil's Paraná river floodplain, Estonia, Florida, Minnesota, Morocco, Norway and Sweden (Supporting Information Appendix S6).

Forward selection identified different significant variables structuring SβD, FβD and PβD in each study region (Supporting Information Appendix S7). The mMCA application revealed different components of the spatial codependence between macrophyte beta diversity patterns and environmental variables (Supporting Information Appendix S8). Clearly, the strongest component associated climate variables with SβD, FβD and PβD at relatively broad spatial scales. The combination of these spatial codependence effects highlights that a large amount of species, functional and evolutionary variation occurs in some regions along a temperature gradient (e.g. China, Hungary, Minnesota) and along a precipitation gradient (e.g. Morocco, Poland) at relatively broad spatial scales, and along local environment gradients (e.g. Brazil's Paraná river floodplain, New Zealand, Spain) at finer spatial scales. Our results further revealed the association of climatic gradients and leaf dry mass content (LDM) at relatively broad spatial scales in nine out of the 16 regional metacommunities. Similarly, we found some evidence for the relationships between recruitment traits (i.e. offspring size) and specific leaf area (SLA) with climate and local environ-mental gradients at different spatial scales. However, trait-environment relationships remained relatively dissimilar among the study regions (Supporting Information Appendix S8).

The 'best' GAM models modestly explained different beta diversity patterns across metacommunities (Table 3), probably due to the number of study regions (N = 16). None of the regional explanatory variables accounted for variation in any pure or joint fraction of SβD. By contrast, regression models selected the following regional descriptors to explain FβD and PβD: latitude, elevation range and longitude. Clearly, the effects of latitude were highly significant in explaining the joint and pure local fractions of FβD and PβD. The association between latitude and the full model explaining FβD was positive, whereas the partial response curves indicated a negative relationship of latitude with the joint and pure local fractions explaining lineage composition (Fig. 4). Elevation range was also a highly important predictor for the pure local fraction of PβD, showing a negative relationship. Similarly, elevation range Fractions ofvariation for each beta diversity facet (i.e. taxonomic -SβD, functional -FβD, and phylogenetic -PβD) explained by local (LV), spatial (XY) and climate (CV) variables in each study region. Values represent adjusted R 2 × 100 based on partial redundancy analysis (pRDA). Significant results (*p < 0.05; **p < 0.01; ***p < 0.001) are marked in bold. and longitude were the second and third most important predictors for the full model explaining the functional metric, having a positive and a negative relationship, respectively.

Region

Discussion

Contrary to our predictions (H1), we found no evidence for phylogenetic niche signals in ecological traits of lake macrophytes across the study regions. Our findings also indicated that species-based beta diversity (SβD) and phylogenetic beta diversity (PβD) exhibited a relatively high degree of spatial congruence on a global scale, especially as compared to functional beta diversity (FβD), decreasing from the equator to the poles. This finding partially supported our second hypothesis (H2) that beta diversity follows the typical global trend with higher diversity in the tropics. Our results also revealed that environmental, spatial and climatic variables together determined SβD, FβD and PβD within each region. More specifically, on the basis of the mMCA results, we were able to confirm our expectations (H3) that species, multi-trait and lineage compositions are first and foremost structured by climatic conditions at relatively broad spatial scales. Importantly, our study suggested that latitudinal and elevational gradients together contributed to variation in FβD and PβD across regions, partially confirming our fourth hypothesis (H4).

Many quantitative studies assessing the phylogenetic niche conservatism hypothesis (e.g. [START_REF] Pavoine | Correlations between phylogenetic and functional diversity: mathematical artefacts or true ecological and evolutionary processes?[END_REF]García-Girón et al., 2019a) found little evidence for closely related species to resemble each other's ecological traits more than species randomly drawn from a phylogeny. [START_REF] Blomberg | Testing for phylogenetic signal in comparative data: behavioral traits are more labile[END_REF] even suggested that situations where evolutionary and multi-trait variations are tightly linked may be the exception rather than the rule (but see [START_REF] Cadotte | Do traits and phylogeny support congruent community diversity patterns and assembly inferences?[END_REF]. In our study, these rather weak phylogenetic niche signals were consistent with analyses based on individual traits and together combining all traits, which showed a relatively consistent trend globally (Table 1). These findings underscore the idea that ecological niches evolve independently of phylogeny in freshwater plants, which is expectable for functional traits that are convergent in different lineages (e.g. growth form and reproduction mode; [START_REF] Barret | Evolutionary processes in aquatic plant populations[END_REF] and have high phenotypic plasticity (e.g. specific leaf area and seed length; [START_REF] Zhou | Spatial congruence or mismatch between phylogenetic and functional structure of seed plants along a tropical elevation gradient: different traits have different patterns[END_REF]. Whatever the case, and despite theoretical criticism of phylogenetic signal analyses (see [START_REF] Mouquet | Ecophylogenetics: advances and perspectives[END_REF] for a comprehensive review) and the fact that some methodological issues certainly require further attention (e.g. which kind of physiological, morphological and life-history traits are most appropriate for calculating multi-trait distance matrices; see the recent review of [START_REF] Cadotte | Do traits and phylogeny support congruent community diversity patterns and assembly inferences?[END_REF], our results found no support for the existence of phylogenetic signals in macrophyte lineages worldwide.

Consistent with a growing body of studies (e.g. [START_REF] Gianuca | Taxonomic, functional and phylogenetic metacommunity ecology of cladoceran zooplankton along urbanization gradients[END_REF]García-Girón et al., 2019a), we found that local, spatial, and climatic variables together accounted for species, functional and phylogenetic variation within regions. However, we also found some degree of context dependency in the results, which was probably due to differences in environmental gradients among the study regions [START_REF] Alahuhta | Global patterns in the metacommunity structuring of lake macrophytes: regional variations and driving factors[END_REF]. Additional insights into community assembly were provided by the assessment of the effect size of taxonomic, functional and phylogenetic facets. Randomness was by far most commonly detected for FßD and PßD, whereas SßD was sorted primarily by deterministic processes. However, it must be noted that apparent randomness in FßD and PßD may also stem from the combined or antagonistic forces of environmental filtering and biotic interactions [START_REF] Mayfield | Opposing effects of competitive exclusion on the phylogenetic structure of communities[END_REF], and the prevalence of randomness and drift may thus be overestimated in our study. This is likely to be the case because pRDA models and mMCA results (Table 2 and Appendix S7, respectively) found evidence for the role of deterministic environmental filtering on FßD and PßD at different spatial scales. We found, surprisingly, no similar trait-environment relationships across spatial scales in the study metacommunities. Instead, macrophyte trait structure was affected by climatic and environ-mental variation via different processes operating at various spatial scales. However, in more than half of the study regions, we found evidence for the spatial codependence between LDM, a key trait of the leaf economics spectrum representing the average density of leaf tissues [START_REF] Cornelissen | Handbook of protocols for standardized and easy measurements of plant functional traits worldwide[END_REF], and climatic gradients at relatively broad spatial scales. This finding may be interpreted as an adaptive strategy reflecting some of the fundamental trade-offs in economics that govern terrestrial and aquatic plants in different biomes [START_REF] Pierce | Combined use of leaf size and economics traits allows direct comparison of hydrophyte and terrestrial herbaceous adaptive strategies[END_REF]Lukács et al., 2017). Perhaps more importantly, our findings suggested that climatic gradients overrode the effects of the local environment on community-weighted means at the largest spatial scales. This partially follows [START_REF] Poff | Landscape filters and species traits: towards mechanistic understanding and prediction in stream ecology[END_REF] idea that large-scale climatic variables (i.e. atmospheric temperature and annual precipitation) first select organisms that have matching speciesspecific traits, and then these sets of species are subsequently sorted by smaller-scale environmental features (i.e. hydromorphological and water quality variables). The latitudinal diversity gradient -decreasing species richness from the equator to the poles -is one of the best-known macroecological patterns in the natural world (see [START_REF] Kinlock | Explaining global variation in the latitudinal diversity gradient: meta-analysis confirms known patterns and uncovers new ones[END_REF]. Strikingly, the spatial patterns observed here for SßD and PßD differed markedly from those that have been observed previously for freshwater plants [START_REF] Crow | Species diversity in aquatic angiosperms: latitudinal patterns[END_REF]Alahuhta et al., 2017b; but see a coarse resolution study by [START_REF] Murphy | World distribution, diversity and endemism of aquatic macrophytes[END_REF], indicating that these processes may operate differently across spatial scales. We observed that SßD and PßD showed a strong latitudinal gradient similar to those found for a wide variety of organisms, both terrestrial and aquatic (see [START_REF] Hillebrand | On the generality of the latitudinal diversity gradient[END_REF][START_REF] Heino | A macroecological perspective of diversity patterns in the freshwater realm[END_REF][START_REF] Kinlock | Explaining global variation in the latitudinal diversity gradient: meta-analysis confirms known patterns and uncovers new ones[END_REF] for reviews), thereby supporting modern ideas based on Rapoport's rule (see [START_REF] Soininen | A multivariate analysis of beta diversity across organisms and environments[END_REF]. By contrast, FßD patterns were less straightforward than those for SßD and PßD, suggesting a higher degree of functional redundancy in tropical and high-latitude metacommunities, probably as a result of the 'ecological packing' in tropical landscapes and the greater resource limitation near the poles [START_REF] Willig | Latitudinal gradients of biodiversity: pattern, process, scale, and synthesis[END_REF]. Although this point certainly requires further research and attention, it seems to confirm [START_REF] Hutchinson | A Treatise on Limnology[END_REF] intuition that freshwater plant communities are more functionally diverse at temperate latitudes.

The combination of climate and latitude has been found to be a dominant predictor of global patterns of angiosperm plant diversity [START_REF] Kreft | Global patterns and determinants of vascular plant diversity[END_REF]. Meanwhile, Alahuhta et al. (2017b) showed that wider elevation ranges may lead to increasing climate harness that, in turn, affect various aspects of macrophyte morphological and life history traits that are known to be temperature sensitive (e.g. specific leaf area and phenology). However, the association between elevation range and beta diversity may also reflect the greater variability of habitats or resources available with greater variation in elevation, further increasing environmental heterogeneity and thus enabling the colonisation of a greater variety of functionally dissimilar and distantly related species (Alahuhta et al., 2017b). Our GAM results are consistent with these and other studies conducted in the freshwater realm (e.g. [START_REF] Heino | A macroecological perspective of diversity patterns in the freshwater realm[END_REF][START_REF] Alahuhta | Global patterns in the metacommunity structuring of lake macrophytes: regional variations and driving factors[END_REF], supporting our hypothesis that elevation range together with latitude strongly affect the strength of community-environment relationships in the across-regions approach. We thus suggest that a trade-off between climate and habitat diversity may contribute to a robust framework for explaining large-scale diversity patterns and communityenvironment relationships in freshwater plants. The rationale behind this framework is that both factors (i.e. climate and habitat diversity) are strongly linked through latitudinal and elevational variations [START_REF] Alahuhta | Global patterns in the metacommunity structuring of lake macrophytes: regional variations and driving factors[END_REF]. Together, these key driving mechanisms integrate the essential ideas about gradient lengths, macroscale correlations and climate continuity in a single framework that bridges different leading ecological theories (e.g. [START_REF] Brown | Toward a metabolic theory of ecology[END_REF][START_REF] Jocque | Climatic control of dispersalecological specialization trade-offs: a metacommunity process at the heart of the latitudinal diversity gradient?[END_REF].

Conclusions

Despite the fact that many hypotheses have been proposed to explain the global patterns of biodiversity, unravelling the mechanisms behind these patterns is one of the major challenges for modern ecology and biogeography. In our study using data on lake macrophyte metacommunities from six continents, we showed how combining different diversity dimensions and spatial scales can provide interesting and complementary results. Despite that we recognised certain deficiencies related to our data sets (e.g. limited numbers of lakes, more regions in Europe than other continents and lack of species-level phylogeny), our findings revealed, for example, that SßD and PßD exhibited a relatively high degree of spatial congruence on a global scale, especially as compared to FßD, both decreasing from the equator to the poles. Likewise, we found little evidence of phylogenetic niche signals in freshwater plant lineages worldwide. Perhaps more importantly, we showed that large-scale processes along latitudinal and elevational gradients have left a strong footprint in the current diversity patterns and community-environment relationships in lake macrophytes. Overall, our results raised the dilemma of which and how different diversity components should be favoured in large-scale conservation programs. We suggest that implementing and assessing conservation strategies using a given diversity dimension as a cure-for-all should be avoided. Instead, environmental management and conservation biology should benefit from pluralistic approaches combining taxonomic, functional and phylogenetic data. We thus believe that global biodiversity assessments will benefit from integrative approaches connecting biogeography, evolutionary biology and functional ecology at multiple spatial scales

Fig. 1 .

 1 Fig. 1. (a) Our study system comprised ca. 30lakes surveyed in 16 regions (coloured triangles) across the world. (b) A flow chart of the statistical analyses used. We identified (i.e.
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 2 Fig. 2. Maximum likelihood phylogenetictree based on (a) rbcL and (b) matKsequences. Numbers at nodes representthe proportion (%) of 1000 bootstrap replicates supporting each
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 3 Fig. 3. Mean overall (a) taxonomic, (b) functional and (c) phylogenetic beta diversity values in the different regions (left) and their latitudinal variation (right). Differences from the expected value of zero for random data were assessed through a series of Wilcoxon signed-rank tests (N = 16). Asterisks in each boxplot indicate significant results (*p < 0.05; ***p < 0.001). Box = interquartile range (IQR); whiskers = maximum and minimum up to 1.5 × IQR; scatter plot. Note that mean values for each beta diversity facet are shown in the scatter plot. See Fig. 1a for colour scales and regions' abbreviations. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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 4 Fig. 4. GAM results for adjusted R 2 values (%) from (a) functional and (b) phylogenetic pRDA models (i.e. All, local variables, geographical variables and climate variables; LV, only local variables). The green lines show the mean fit (solid) and the 95% confidence intervals (dashed) for each region. Note that only statistically significant fractions are shown. See Table 3 for summary statistics (N = 16) and Fig. 1a for colour scales. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1

 1 Phylogenetic signal (EM-Mantel; standard Mantel -R, and Brownian motion simulation -Null K) for macrophyte functional traits in each study region. Significant results (*p <

	0.05; **p < 0.01) are marked in bold.		
		General Mantel	Brownian motion
		test	simulation
		R	Nul l K
	Global data set	0.12	
	Regions		
	Brazil, coastal lakes	0.08	
	Brazil, Paraná river floodplain	0.05	
	China	0.21	
	Denmark	0.05	
	Estonia	0.20*	0.9
	Finland	0.06	
	Florida	0.09	
	Hungary	0.22*	0.9
	Minnesota	0.14	
	Morocco	0.12	
	New Zealand	0.07	
	Norway	0.06	
	Poland	0.17*	0.9
	Spain	0.17*	0.9
	Sweden	0.11	
	Wisconsin	0.27**	0.9

Note that if, and only if, the standard Mantel test is significant (p < 0.05), the second step assesses whether such correlation between phylogeny and functional attributes is higher than what would be expected by chance given a Brownian motion evolutionary model.

Table 2

 2 

Table 3

 3 Results of GAM models performed between ecological gradients (i.e. elevation range, area, latitude, longitude, and estimated maximum lake age within convex hulls) and adjusted R2 values from the pure fractions of variation partitioning (i.e. pure local, spatial and climate variables, and the full model including all variables) for each beta diversity dimension (i.e. taxonomic -SβD, functional -FβD, and phylogenetic -PβD). Significant results (*p < 0.05; **p < 0.01) are marked in bold.

		Summary of GAM models		Variables selected (% drop deviance explained)
		Adj. R 2 × 100	Total explained variance (%)	
	SβD			
	Pure local adj. R 2	2.1	24.2	
	Pure spatial adj. R 2	3.6	31.0	
	Pure climate adj. R 2	4.7	30.2	
	Full model adj. R 2	<0.1	6.2	
	FβD			
	Pure local adj. R 2	2.1	31.9	
	Pure spatial adj. R 2	1.8	34.5	
	Pure climate adj. R 2	10.1	40.1	
	Full model adj. R 2	21.9	48.0	Latitude (9.2**), elevation (6.8*), longitude (5.1**)
	PβD			
	Pure local adj. R 2	16.2	44.1	Elevation (13.9*), latitude (12.7*)
	Pure spatial adj. R 2	<0.1	5.1	
	Pure climate adj. R 2	<0.1	18.7	
	Full model adj. R 2	1.9	34.6	Latitude (13.3*)
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