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Rationale for diversity approaches

Taxonomic diversity (TD) describes species diversity in the considered sample, based on the relative abundance of species (Peet, 1974). Phylogenetic diversity (PD) extends TD by taking into account phylogenetic relationships among species of the studied community (Faith, 1992). FD encompasses all indices pertaining to species traits, and how different species occupy (dis)similar locations in trait space (Mason et al., 2005; Petchey and Gaston, 2006; Cadotte et al., 2011). ID represents the diversity of ecological interactions among species within a community (Poisot et al., 2012; Ohlmann et al., 2019). Some works (e.g. Leinster and Cobbold, 2012) have tried to unify different types of indices under the same general formula, or to connect them to make their statistical dependencies explicit (e.g. Scheiner et al., 2017). However, Leinster and Cobbold (2012) only used functional distances among species, and did not consider trait correlation nor intraspecific variability. In consequence, these attempts forego some of the information contained in trait data. 

Compared to other two classic types of descriptive analyses, i.e. multivariate regressions and classifications, diversity-based approaches offer some advantages: they are inherently geared towards the partition of variation between spatial scales (i.e. using alpha, beta and gamma diversities); they can vary in their dependence on rare traits or species by using different families of indices (Chao and Chiu, 2016); they can be interpreted more easily than principal axes from multivariate approaches or interaction modules from network node classifications; they are connected to the Hutchinsonian theory of ecological niches. Meanwhile, diversity-based approaches are not necessarily exclusive of multivariate regression approaches or classifications – when many functional traits are used, principal component analysis (PCA) or distance-based redundancy analysis (db-RDA) might help correct for statistical dependencies between traits (Mason et al., 2007) and classifications could be made based on the clustering of species traits, e.g. using Gaussian mixture of experts models (Murphy and Murphy, 2020). 


The variety of functional diversity indices
Different types of indices rely on different theoretical frameworks. Attribute-based indices often stem from the mass-ratio hypothesis (especially in the plant literature), which states that ecological processes are driven by the attributes of the dominant species in the community (Grime, 1998). By contrast, functional diversity (FD) assessments using dendrogram- and distance-based indices assume that diversity is driven by the biotic interactions among species which influence the complementarity in the functional attributes within the community. To date, Rao’s quadratic entropy applied to FD has been the most employed index (Schmera et al., 2017; Botta-Dukát, 2018). It has the advantage to account for relative abundances, can be used to compare TD, PD and FD (the pairwise distances in Rao’s index can either be taxonomic, phylogenetic or functional distances), and is also used for diversity partitioning (see below). 

FD indices are usually calculated from trait values aggregated at the species-level. However, several authors have advocated for the integration of intraspecific trait variability in the quantification of FD (Jung et al., 2010; Albert et al., 2012; Siefert et al., 2015). Calculating FD indices directly on individual trait values instead of species mean values is feasible (Cianciaruso et al., 2009), but may be biased by autocorrelation in trait values among individuals from the same species, or by an unbalanced number of individuals per species. To that end, two methodological frameworks were developed to account for intraspecific trait variability and to evaluate its relative importance compared to interspecific trait variability (Violle et al., 2012; Carmona et al., 2016; Taudiere and Violle, 2016). 

Data and constraints on diversity indices
To estimate functional richness using a convex hull volume algorithm, the number of species must exceed the number of dimensions / traits (Villéger et al., 2008). Maire et al. (2015) found that building relevant functional spaces generally requires at least four dimensions. Using a small number of traits may indeed overestimate functional redundancy and limit the characterisation of interspecific variability; conversely, a large number of traits should increase functional uniqueness and introduce correlations among functional traits (Laliberté and Legendre, 2010). Functional traits can be used altogether in the quantification of FD, or can be clustered into groups associated with different ecological functions. For example, consider a community of species characterized by eight traits divided into four traits related to resource acquisition and four traits related to migration. FD of that community could be estimated by applying a given FD index (e.g. functional richness) to the eight traits or by separately applying the FD index to traits related to resource acquisition on one side, and to the traits related to migration on the other side. In either case, the chosen traits should be biologically meaningful and allow for ecological strategy discrimination among species (or individuals). 

Ideally, a larger variety of FD indices can be computed based on (i) species abundances or relative abundances or biomass and (ii) measures of traits (one or more) taken from multiple individuals of each species, to obtain a measure of intraspecific variance in species traits and to gauge trait correlations among and within species (Albert et al., 2011; Violle et al., 2012). Ideally, trait variability within and among species should be amenable to a description as trait distributions (Carmona et al., 2016; 2019).
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