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How to partition biodiversity?
The development and application of functional diversity (FD) indices was preceded by works that pioneered the partitioning of species diversity. Detecting and explaining variations in the composition and structure of assemblages through space and/or time is at the heart of many ecological studies. It is particularly relevant in the context of biological invasions to understand the impacts of invaders on native communities. In two seminal papers, Robert Whittaker (1960; 1972) set the foundations for the study of these changes by partitioning diversity into three components coined β (beta), α (alpha) and γ (gamma). In Whittaker’s work, beta diversity links the local (alpha) diversity to the regional or global (gamma) diversity through the formula: β = γ/α, with alpha and gamma diversities estimated using classic diversity indices (e.g. Shannon Index, Simpson’s diversity, species richness, Chao1). The additive formula β = γ-α was later proposed by Lande (1996) for concave diversity indices (i.e. indices for which the regional diversity should be greater than or equal to the average local diversity). Whittaker posited that variations in the species composition among communities or sites (there is no notion regarding the delimitation of the site, often regarded as local diversity) along a habitat gradient could be estimated as the extent of differentiation (i.e. the degree of (dis)similarity between samples or communities) and by differences in species composition among communities (i.e. the ratio of the total number of species in the regional pool and the average species richness in sites). Since Whittaker’s seminal papers, many measures have been used to quantify this beta-diversity (Koleff et al., 2003; Legendre et al., 2005; Tuomisto, 2010a) and the various definitions of beta-diversity have been debated (Tuomisto, 2010b; Anderson et al., 2011; Chao et al., 2012). Beta-diversity can be estimated using dissimilarity metrics or diversity indices included in the additive or multiplicative formula. Some commonly used beta diversity indices include Bray-Curtis dissimilarity, percent similarity index, Jaccard’s index, Sorensen’s index (Koleff et al., 2003) or Rao’s quadratic entropy (Botta-Dukát, 2018). More recently, several authors have suggested that beta diversity actually results from two processes: nestedness in the composition of assemblages resulting from species loss, and turnover resulting from pure species replacement (Baselga, 2010; Podani and Schmera, 2011; Baselga, 2012, Podani et al., 2013; Legendre, 2014). The partition of diversity has been extended to phylogenetic (Leprieur et al., 2012) and functional (Botta-Dukát, 2018; Chao et al., 2019) diversities. It can also be applied to any taxonomic level, Operational Taxonomic Unit, species, genus, family, etc
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More continuous measures of distance-decay diversity patterns, such as zeta diversity (i.e. the number of species shared by multiple assemblages, Hui and McGeoch, 2014) can also be computed. This spatial scaling of diversity also finds parallels in terms of temporal scale, and both spatial and temporal scales can be assessed concomitantly (Jarzyna and Jetz, 2018; De Cáceres et al., 2019; Legendre, 2019). To make comparisons among diversities taken at different spatial scales, diversity indices need to be divisible so that diversity metrics can be consistently computed at all relevant scales. The requirements for diversity indices to be divisible are beyond the scope of this review (Routledge, 1979; Jost, 2007; Leinster and Cobbold, 2012; Chiu and Chao, 2014; Marcon et al., 2014; Reeve et al., 2014), but encompass the need for alpha and beta diversities to (i) be independent, (ii) represent “true” numbers (e.g. effective numbers of species or of functional groups), and (iii) sum to gamma diversity. For example, while Hill or pseudo-Hill numbers can allow for partitioning taxonomic diversity (TD) (Jost, 2007), FD or phylogenetic diversity (PD) (Leinster and Cobbold, 2012; Reeve et al., 2014), such similarity-based approaches aggregate pairwise similarities at the community level and are not necessarily good representations of intraspecific FD.

Using diversity indices and their spatio-temporal partitioning as tools to answer ecological questions further relies on available theories for interpretation. For instance, in the context of community assembly within metacommunities, one can tease apart different ecological processes (drift, dispersal, or filtering) using structural equation models applied to taxonomic beta diversities (Jabot et al., 2020). Legendre (2019) also adapted the partitioning of TD to spatio-temporal changes in communities. That framework included indicators to estimate the contribution of sites/species to changes in community composition. FD indices can inform on the mechanisms linking trait distributions to ecosystem functions if they can be “regressed” on external estimations of functions, and usually perform better than TD indices (Gagic et al., 2015). Santini et al. (2017) provided a first comparison of how different FD, PD and TD indices can change in response to perturbations, and thus inform on the impact of perturbations on communities. While some indices, such as functional richness, are arguably good at evincing consistent trends when communities are subjected to a given perturbation (e.g. rare species decline or habitat loss) others like PD or functional divergence seem to be very ill-suited to predicting any of these perturbations (Santini et al. 2017). However, this comparison has only been performed in isolated, virtual communities. More comparisons of diversity indices, at different spatial scales, are needed to decipher the underlying ecological processes behind alpha/beta/gamma values of TD/PD/FD indices.
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