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Abstract
Ecologically distinct species - species with distinct trait combinations - are not directly prioritized in current conservation frameworks. The consequence of this blind spot means species with the most distinct ecological strategies might be lost. Here, we quantify ecological distinctiveness, based on six traits, for 10,960 bird and 5,278 mammal species, summarizing species-level ecological irreplaceability. We find that threatened birds and mammals are, on average, more ecologically distinct. Specific examples of ecologically distinct and highly threatened species are Great Indian Bustard, Amsterdam Albatross, Asian Elephant and Sumatran Rhinoceros. These species have potentially irreplaceable ecological roles and their loss could undermine the integrity of ecological processes and functions. Yet, we also identify ecologically distinct widespread generalists, such as Lesser Black-backed Gull and Wild Boar. These generalist species have distinct ecological strategies that allow them to thrive across multiple environments. Thus, we suggest that high ecological distinctiveness is associated with either high extinction risk or successful hyper-generalism. We also find that ecologically distinct species are generally charismatic (using a previous measure of public perceptions of charisma). We thus highlight a conservation opportunity: capitalizing on public preferences for charismatic species could provide support for the conservation of the most ecologically distinct birds and mammals. Overall, our prioritization framework supports the conservation of species with irreplaceable ecological strategies, complementing existing frameworks that target extinction risk and evolutionary distinctiveness.
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1. Introduction
A fundamental goal of conservation biology is to safeguard the diversity of life. Yet, global conservation funding falls short of what is required to prevent the loss of the world's biodiversity (McCarthy et al., 2012). Conservation expenditure must therefore be prioritized to effectively and efficiently minimise extinction and maintain nature’s variability. Indices of priority species are an important tool for the allocation of scarce conservation resources (Isaac et al., 2012). Traditionally, species prioritization frameworks have focussed on vulnerability (i.e., extinction risk), endemism, and ‘flagship’ status (Brooks et al., 2006; IUCN, 2018; Jenkins et al., 2013; Veríssimo et al., 2011). Although these aspects are important in identifying priority species, they focus on a single biodiversity dimension - taxonomic diversity. Yet biodiversity in all its dimensions (i.e., taxonomic, phylogenetic and ecological diversity) is likely required for the persistence of ecosystems (Gamfeldt et al., 2008; Hooper et al., 2005). 
[bookmark: _Hlk24992712]The application of phylogenetic diversity to set conservation priorities is gaining momentum (Brum et al., 2017; Gumbs et al., 2018; Isaac et al., 2007; Pollock et al., 2017; Thuiller et al., 2015). Phylogenetic diversity captures the isolation of lineages through deep time and has been applied to species prioritization through the Evolutionarily Distinct and Globally Endangered (EDGE) index, to highlight the role of species-level evolutionary irreplaceability (Gumbs et al., 2018; Isaac et al., 2012, 2007). However, phylogenetic diversity does not directly account for species’ ecological strategies (trait combinations) and thus species’ ecological irreplaceability. Although, researchers have advocated that maximizing phylogenetic diversity will potentially capture ecological diversity, as species traits often reflect shared evolutionary history (Mazel et al., 2018; Monnet et al., 2014; Vane-Wright et al., 1991; Winter et al., 2013). Yet, traits are not necessarily concordant with phylogeny, as phylogenetically divergent species can converge on analogous ecological strategies, due to similar adaptive responses to similar selection pressures (see, e.g. Pianka et al., 2017; Thuiller et al., 2015; Winemiller et al., 2015). For example, pangolins and armadillos, which belong to separate Orders, both have armoured bodies and consume termites and ants. Thus, while maximizing phylogenetic diversity can sometimes help to support trait diversity, phylogenetic diversity captures trait diversity unreliably (Mazel et al., 2018; Redding and Mooers, 2015). 
[bookmark: _Hlk24709933]Here we quantify species-level ecological distinctiveness and thus recognise ecological (trait) diversity as a complementary dimension of biodiversity, as has been previously acknowledged spatially (Brum et al., 2017; Pollock et al., 2017; Thuiller et al., 2015) and in a conservation context (Bowen and Roman, 2005; Redding and Mooers, 2015). Traits reflect species’ adaptations to their environment, where species live and how they interact (Violle et al., 2007). Traits also jointly determine a species ecological role and function (Wilman et al., 2014); thus trait combinations are increasingly being used to summarise species’ ecological strategies (Brum et al., 2017; Cooke et al., 2019b). Moreover, a diversity of ecological strategies is required to support and maintain ecosystem processes and functions (Hector and Bagchi, 2007). However, species, and their ecological strategies, are disappearing, with strong implications for the environment (Cooke et al., 2019b). For instance, within an assemblage, the loss of species with distinct ecological strategies may have very different consequences from the loss of species with common ecological strategies (Larsen et al., 2005; Monnet et al., 2014; Mouillot et al., 2013b). Yet, the relationship between the distinctiveness of species’ ecological strategies and extinction risk remains little explored (although see Redding and Mooers, 2015). 
[bookmark: _Hlk24992770]To summarize species’ ecological distinctiveness, based on their traits, we employ the ‘functional distinctiveness’ metric (Grenié et al., 2017; Violle et al., 2017). Here we use the term ecological distinctiveness in preference to functional distinctiveness, as the focal traits may or may not directly reflect the ecosystem functions performed by species (Huang et al., 2012), but do directly relate to their ecological strategies (Cooke et al., 2019b). Our analyses therefore build upon the functional rarity literature (Grenié et al., 2018, 2017; Violle et al., 2017), but upscale ecological distinctiveness to a global assessment and thus do not directly incorporate information on taxonomic rarity, such as local abundance or regional restrictedness (Grenié et al., 2017). Instead, we ask how rare the traits of a given species are compared to all other species globally. Our goal is to identify the most distinct ecological strategies for birds and mammals; thus, recognizing species with potentially irreplaceable ecological roles, which could underpin the integrity of ecological processes and functions (Duffy, 2002; Larsen et al., 2005). Our framework therefore builds upon and complements existing taxonomic, e.g. the IUCN Red List (IUCN, 2018), and evolutionary, e.g., the EDGE index (Gumbs et al., 2018; Isaac et al., 2007; Jetz et al., 2014), conservation frameworks.
With these measures we investigate: (1) whether ecologically distinct species are at greater risk of extinction, (2) the relationship between ecological distinctiveness and evolutionary distinctiveness, and (3) which trait extremes dominate the most ecologically distinct species. We make three predictions. First, we predict that threatened species will be more ecologically distinct. This prediction is based on multiple lines of evidence. For instance, extinction risk is evolutionary and ecologically non-random (Cooke et al., 2019b; Purvis et al., 2000), specific traits, e.g., large body size, can therefore lead to higher extinction risk (Ripple et al., 2017); filtering out similar taxa so that survivors of extinction processes are more distinct. In addition, we previously found a disproportionate reduction in total ecological diversity associated with the loss of threatened species (Cooke et al., 2019b), suggesting that threatened species have relatively high ecological distinctiveness. Moreover, specialist species are often at higher risk of extinction (Clavel et al., 2011; Otto, 2018; Sekercioglu, 2011), and we therefore expect these taxa to have specialized trait adaptations for specific environmental conditions, which might make them ecologically distinct (Chapman et al., 2018; Gaston, 1994). Second, we predict that evolutionarily distinct species will also be more ecologically distinct, based on the theory that non-redundant ancestry leads to unique evolutionary features (Faith, 1992), which is then reflected in unique trait combinations for species (Monnet et al., 2014). Third, we predict that body mass will have the greatest influence on ecological distinctiveness, as body mass has a broad range across both mammals and birds. Plus, body mass is arguably the most important trait of birds and mammals, underlying many of their physiological, ecological and evolutionary processes (Rapacciuolo et al., 2017; Smith and Lyons, 2013; Smith et al., 2011).
2. Materials and methods
We performed our analyses separately for 10,960 extant bird and 5,278 extant terrestrial mammal species, to ensure comparability to previous prioritization frameworks, such as the EDGE framework (Gumbs et al., 2018; Isaac et al., 2007). We excluded marine mammals due to the energetic, thermal and metabolic differences that shape ecological strategies in the marine realm (Gearty et al., 2018; Tucker and Rogers, 2014).
All analyses were carried out using R version 3.5.1 (R Core Team, 2018).
2.1 Taxonomy
Taxonomies often vary, due to name revisions at the generic or specific levels, lumping or splitting lower taxa (genera, species) among higher taxa (families), and nomenclature changes (Chamberlain et al., 2012). We used a taxonomy of 10,960 bird and 5,278 mammal species (IUCN, 2018) derived from the IUCN (International Union for Conservation of Nature and Natural Resources) taxonomic framework. All other datasets were then matched to this reference taxonomy.
2.2 Trait data
We selected six traits - body mass, litter/clutch size, habitat breadth, diet type, diet diversity and generation length - that together summarize a species’ form, function and ecological strategy (Cooke et al., 2019b). Body mass reflects the type and amount of resources that species consume and release (Chillo and Ojeda, 2012; Cooke et al., 2019a) and influences species’ contributions to functions such as pollination, predation, and seed-dispersal (Jordano et al., 2007; Ripple et al., 2015, 2014; Sekercioğlu, 2006; Sekercioğlu et al., 2004). Additionally, body mass relates to the scale at which species respond to their environment, to species’ dispersal ability and their susceptibility to disturbance (Fritz et al., 2009; Luck et al., 2012; Newbold et al., 2013). Litter/clutch size indicates species’ reproductive strategies and output (fecundity), and therefore their contribution to trophic processes, for instance by routing basal energy into food-webs via many offspring (Newbold et al., 2013). Habitat breadth indicates a species’ habitat specialism and extent of resource use, and thus the functional influence of a species across habitat types (Chillo and Ojeda, 2012; Cooke et al., 2019a). Plus, a species’ habitat breadth relates to its ability to utilise and compete in a diversity of environments (Luck et al., 2013). Diet type and diet diversity are fundamental traits, because all organisms must acquire and assimilate resources for maintenance, growth and reproduction (Simberloff and Dayan, 1991; Winemiller et al., 2015). Diet type defines the ecological roles and major trophic interactions of species (Burin et al., 2016; Chillo and Ojeda, 2012; Duffy, 2002), and thus relates to functions such as scavenging, pollination, seed dispersal and nutrient cycling (Ripple et al., 2017; Sekercioğlu, 2006; Wenny et al., 2011); whereas diet diversity dictates species’ diet breadth, how species respond to changes in resource availability and summarizes the diversity of food web interactions for a species (Burin et al., 2016; Duffy, 2002; Newbold et al., 2013). Generation length signifies the turnover rate of breeding individuals in a population and therefore relates to the different rates at which taxa survive and reproduce (Cooke et al., 2018; IUCN Standards and Petitions Subcommittee, 2014). Thus, generation length reflects species’ ability to recover after perturbations, where species with short generation length can repopulate or recolonize more quickly after disturbance (Newbold et al., 2013).
We extracted raw trait data (i.e., excluding estimated values) for body mass, litter/clutch size, habitat breadth and diet type from a database for 10,252 birds and 5,232 mammals - compiled by Cooke et al. (2019a) from four main sources (Jones et al., 2009; Myhrvold et al., 2015; Pacifici et al., 2013; Wilman et al., 2014). Habitat breadth was coded using the IUCN Habitats Classification Scheme and was quantified as the number of suitable habitats listed for each species (Cooke et al., 2019a). Diet type categorizes species into five groups according to their primary diet: plant/seed, fruit/nectar, invertebrates, vertebrates (including carrion), and omnivore (score of ≤ 50 in the four other diet categories) (Cooke et al., 2019a; Wilman et al., 2014). For diet diversity, we calculated a Shannon Index on the proportions of 10 diet categories (Santini et al., 2019) extracted from the EltonTraits database (Wilman et al., 2014). BirdLife supplied generation length for birds but restrictions apply to these data, which we used under license for the current study. However, these data can be manually downloaded from the BirdLife website (http://datazone.birdlife.org/species/search). For mammals we obtained generation length values from Pacifici et al. (2013), although we corrected three mammal generation length observations that have since been found to be anomalous (Cooke et al., 2018): Cephalophus adersi, Cephalophus leucogaster and Cephalophus spadix. 
We supplemented the trait data with additional data from multiple sources (Dunning, 2008; Jones et al., 2009; Myhrvold et al., 2015; Pacifici et al., 2013; Wilman et al., 2014), so that every species had at least one trait value. We therefore updated the trait data to reflect the changes to the IUCN taxonomy since the trait data was first compiled. The updated trait data (excluding generation length for birds, due to data restrictions) are provided as Appendix A.
Trait data were transformed where it improved normality: log10 for body mass, generation length and litter/clutch size; square root for habitat breadth; and all numeric traits were standardized to zero mean and unit variance (z-transformation) (Figs. B.1 and B.2). Transformation and standardization is recommended, so that each trait has the same weight in the analyses and the units used to measure the traits have no influence (Villéger et al., 2008).
2.3 Trait imputation
[bookmark: _Hlk20227680]Complete trait data were not available for all species. To avoid excluding species, which can lead to reduced statistical power and introduce bias (Kim et al., 2018; Penone et al., 2014; Taugourdeau et al., 2014), we estimated missing data using Multivariate Imputation with Chained Equations (MICE). MICE has been shown to have greater accuracy, improved sample size and smaller error and bias than single imputation methods and the data deletion approach (Penone et al., 2014; Taugourdeau et al., 2014). We implemented MICE based on the functional (the transformed traits) and phylogenetic (the first 10 phylogenetic eigenvectors extracted from trees for birds (Prum et al., 2015) and mammals (Fritz et al., 2009)) relationships between species (Cooke et al., 2019a). We estimated missing data for birds and mammals for body mass (0.4% imputed for birds; 0% imputed for mammals), litter/clutch size (44% for birds; 37% for mammals), habitat breadth (18% for birds; 6% for mammals), diet type (26% for birds; 4% for mammals), diet diversity (26% for birds; 4% for mammals) and generation length (0.2% for birds; 0.4% for mammals). To estimate values, we used the mice() function (mice package (Van Buuren and Groothuis-Oudshoorn, 2011)). We imputed 25 trait datasets to capture the uncertainty in the imputation process. We then performed subsequent analyses across the 25 trait datasets and calculated the associated total variance according to Rubin’s rules - accounting for within imputation variance, between imputation variance and the number of imputations (Vink and van Buuren, 2014).
2.4 Ecological distinctiveness
Species priority lists can differ depending on the isolation metric chosen (Redding et al., 2014). There are many metrics available both for evolutionary (Redding et al., 2014) and ecological isolation (Grenié et al., 2018; Villéger et al., 2008). For instance, trees have previously been used to evaluate the link between evolutionary distinctiveness and trait diversity (Redding and Mooers, 2015), and although trees can potentially be easier to compare (Redding and Mooers, 2015), they can be problematic (Petchey and Gaston, 2006). For example, ecological trees tend to bias the initial distribution of ecological distances towards overestimating the dissimilarity between species pairs (Maire et al., 2015) and are sensitive to the species included in the analysis (Huang et al., 2012). Alternatively, there are two main isolation metric types available: pairwise metrics (average distance to all other species) and neighbour metrics (distance to the nearest relative) (Grenié et al., 2017; Redding et al., 2014). 
[bookmark: _Hlk26439169]Here, our primary analyses focus on ecological distinctiveness, also known as functional distinctiveness (Grenié et al., 2017) - a pairwise metric, as we aimed to quantify how uncommon the traits of a given species are compared to all other species globally (Grenié et al., 2018; Violle et al., 2017). We therefore focus on those species located in less species-dense areas of trait space, such as the edges, e.g., ecological outliers (Cooke et al., 2019b; Violle et al., 2017). Prioritizing ecologically distinct species should therefore conserve species with rare trait combinations, maintaining ecological diversity (Cooke et al., 2019b; Grenié et al., 2018).
We calculated the ecological distinctiveness of a species as the average distance in trait space from it to all other species in its Class, using distinctiveness_com() in the funrar package (Grenié et al., 2017). Ecological distances were calculated as Gower pairwise distances between species, which allows mixed trait types (e.g., continuous, categorical, ordinal data) while giving them equal weight (Villéger et al., 2008), using compute_dist_matrix() in the funrar package (Grenié et al., 2017). 
[bookmark: _Hlk26436016]However, the traits are not independent, thus equal weighting can lead to overemphasis of specific ecological aspects, due to correlations between the traits. For instance, the strongest correlations (Spearman’s rank correlation coefficients) across the traits are between body mass and generation length for birds (Spearman’s ρ10958 = 0.53; Fig. B.3) and between litter size and generation length for mammals (Spearman’s ρ5276 = -0.64; Fig. B.4). To evaluate the effect of non-independence between the traits, we extracted distances between species from a Principal Coordinates Analysis (PCoA), weighted by the eigenvalues. We performed the PCoA on the Gower distances - due to mixed trait types, using the dudi.pco() function in the ade4 package (Dray and Dufour, 2007). PCoA rotates the matrix of Gower distances to summarise inter-species (dis)similarity in a low dimensional, Euclidean space (Legendre and Legendre, 1998). We then extracted the distances from the PCoA and weighted them by the eigenvalues, we used these weighted distances to recalculate ecological distinctiveness. However, our primary analyses focused on the equally weighted measure of ecological distinctiveness, as the correlations between the traits are generally low (Figs. B.3 and B.4), and the selected traits represent different ecological features (Cooke et al., 2019b). Thus, we used the PCoA as a comparative approach.
Furthermore, because ecological distinctiveness is computed using multiple traits, it can be difficult to disentangle the influence of individual traits on the metric. We therefore recalculated ecological distinctiveness excluding each trait one by one and then compared the values to ecological distinctiveness when measured across all six traits. We did not reduce the number of traits lower than five because we might have missed important dimensions of the possible trait space (Mouillot et al., 2014). This analysis of ecological distinctiveness by dimension also helps to reveal the influence and dependence between the traits, contrasting the PCoA approach. 
[bookmark: _Hlk31359544][bookmark: _Hlk24710386]In addition, to evaluate the impact of our metric choice, we also calculated ecological uniqueness, using uniqueness_stack() in the funrar package (Grenié et al., 2017). Ecological uniqueness is the distance of a focal species to its nearest neighbour, thus species with high ecological uniqueness are more distant to their closest neighbour in trait space (Grenié et al., 2017) and could therefore have unique ecological strategies. Importantly, ecological uniqueness is more akin to the fair proportion measure of evolutionary distinctiveness used here than is our pairwise ecological distinctiveness measure (see discussion in Redding et al. (2014)).
We also projected ecological distinctiveness and ecological uniqueness onto the first three principal components (selected based on screeplots - first three principal components explained 52% of the variation in traits for birds and 62% for mammals) extracted from the PCoA. The projection of ecological distinctiveness and ecological uniqueness helped us assess how these metrics capture the shape and structure of trait space for birds and mammals.
2.5 Extinction risk
We used the rl_history() function in the rredlist package (Chamberlain, 2016) to download up-to-date (as of 8th Jan 2019) IUCN categories for birds and mammals (IUCN, 2018). We then performed a multiple comparison Kruskal-Wallis rank-sum test to compare ecological distinctiveness across IUCN categories, using the kruskal() function in the agricolae package (de Mendiburu, 2017). We also performed post-hoc tests using Fisher's least signiﬁcant diﬀerence to diﬀerentiate between groups (de Mendiburu, 2017). 
2.6 Evolutionary distinctiveness
[bookmark: _Hlk31359114]Evolutionary distinctiveness measures the relative contribution of a species to the total evolutionary history of their taxonomic group (Gumbs et al., 2018). The evolutionary distinctiveness of a species is high when the species shares its path to the root with few other species or has a long unshared branch length with all the other species (Isaac et al., 2007; Redding et al., 2014, 2008). We obtained evolutionary distinctiveness scores for 10,960 bird species and 5,454 mammal species from the EDGE website (https://www.edgeofexistence.org/edge-lists/, accessed October 2018), but excluded marine mammals and species that were not classified by the IUCN (e.g., taxonomic mismatches or domesticated species, such as Equus caballus).
2.7 Geographic range
We also calculated geographic range size for birds and mammals, using spatial polygons from the IUCN (IUCN, 2018) and BirdLife (BirdLife International and Handbook of the Birds of the World, 2018). Although we expect range size to be associated with habitat breadth, they are derived independently (range size is calculated from distributional data and habitat breadth is derived from IUCN habitats listed as suitable by species’ experts). We filtered the polygons to include only those coded as presence: ‘Extant’ (i.e., we removed polygons coded as presence: ‘Probably Extant’, ‘Possibly Extant’, ‘Possibly Extinct’, ‘Extinct’ or ‘Presence Uncertain’). We re-projected the polygons to cylindrical equal area and then calculated their area in square kilometres, using the area() function in the raster package (Hijmans, 2019), and summed the area across all extant polygons per species. We could not calculate range size for 1,928 birds and 294 mammals, due to lack of spatial data, changes to taxonomy and/or no ‘Extant’ polygons, resulting in data for 9,032 birds and 4,984 mammals.
3. Results
3.1 Ecological distinctiveness
[bookmark: _Hlk31359387]Bird ecological distinctiveness (mean across 25 imputed trait datasets) ranges from 0.28 (Chestnut-winged Cinclodes Cinclodes albidiventris) to 0.69 (Greater Rhea Rhea americana) (Fig. 1). Mammal ecological distinctiveness (mean across 25 imputed trait datasets) ranges from 0.33 (Stephen’s Woodrat Neotoma stephensi) to 0.62 (Leopard Panthera pardus) (Fig. 1). Mean bird ecological distinctiveness is 0.37 (median = 0.36) and mean mammal ecological distinctiveness is 0.41 (median = 0.41). Of the twenty most distinctive birds, five are threatened (Critically Endangered, Endangered or Vulnerable), while seven of the twenty most distinctive mammals are threatened; thus, threatened species are proportionally overrepresented among the most distinctive birds and mammals. Priority species based on ecological uniqueness differ to those based on ecological distinctiveness (Fig. B.5). In particular, the correlation between ecological uniqueness and ecological distinctiveness is lower for mammals: Spearman’s ρ5276 = 0.05 than for birds: Spearman’s ρ10958 = 0.52. Yet, six bird species (Fig. 2a and Fig. B.5a) and seven mammal species (Fig. 2b and Fig. B.5b) are present in the top twenty species for both ecological uniqueness and ecological distinctiveness.
[image: ]
Fig. 1.  The twenty most ecologically distinct species globally for (a) birds and (b) mammals. Mean (thick line), 95% confidence intervals around the mean (box) and minimum and maximum (whiskers) for ecological distinctiveness across 25 imputed trait datasets according to Rubin’s rules, based on 10,960 bird species and 5,278 mammal species. Colours depict IUCN Red List status. For ecological distinctiveness scores for all bird and mammal species see Appendix C.
3.2 Ecological distinctiveness and threat status
Ecological distinctiveness differs between IUCN categories for both birds (Fig. 2a; Kruskal-Wallis χ2 = 137, df = 5, P < 0.001) and mammals (Fig. 2b; χ2 = 110, df = 5, P < 0.001). For birds ecological distinctiveness is highest for Critically Endangered (CR; mean ecological distinctiveness = 0.40, statistical sub-group = a), Endangered (EN; 0.39, a) and Vulnerable species (VU; 0.39, a), followed by Near Threatened species (NT; 0.38, b), then Data Deficient species (DD; 0.37, bc), and then Least Concern species (LC; 0.37, c) (Fig. 2a). Ecological distinctiveness for mammals is highest for CR species (0.42, a), followed by EN (0.42, ab) and VU species (0.42, ab), then NT (0.42, b), then LC (0.41, c), and then DD species (0.40, d) (Fig. 2b). Thus, in general, threatened (CR, EN, VU) bird and mammal species are more ecologically distinct than non-threatened (NT, LC) species. Moreover, threatened bird species are more ecologically unique than non-threatened bird species, although there is no difference for mammals (Fig. B.6).
[image: ]
Fig. 2. Ecological distinctiveness within each IUCN category for (a) 10,960 bird species and (b) 5,278 mammal species. The jittered points represent mean ecological distinctiveness across 25 imputed trait datasets for each species. Also included are violins of data density and boxplots where the central thick line is the IUCN category mean distinctiveness and the edges of the rectangle are the 95% confidence intervals around the mean. Letters show statistical sub-groups from a Kruskal-Wallis rank-sum test (group ‘a’ has the highest distinctiveness). 
3.3 Ecological distinctiveness and evolutionary distinctiveness
[bookmark: _Hlk31360622]Ecological distinctiveness is very weakly positively correlated with log evolutionary distinctiveness for birds (Spearman’s ρ10958 = 0.024), and there is a very weak negative correlation for mammals (Spearman’s ρ5276 = -0.018) (Fig. 3). By contrast, the correlations between ecological uniqueness and evolutionary distinctiveness are stronger than the correlations between ecological distinctiveness and evolutionary distinctiveness. Specifically, ecological uniqueness is weakly positively correlated with log evolutionary distinctiveness for birds (Spearman’s ρ10958 = 0.17), and there is also a weak positive correlation for mammals (Spearman’s ρ5276 = 0.26) (Fig. B.7). 

[image: ]Fig. 3. Very weak correlation between ecological distinctiveness and log evolutionary distinctiveness for (a) 10,960 bird species (Spearman’s ρ10958 = 0.024) and (b) 5,278 mammal species (Spearman’s ρ5276 = -0.018). Points represent mean ecological distinctiveness across 25 imputed trait datasets for each species. Colours depict IUCN Red List status.
3.4 Ecological distinctiveness and range size
Although threatened species are, on average, more ecologically distinct than non-threatened species (Fig. 2), we find a weak positive correlation between range size and ecological distinctiveness for both birds (Spearman’s ρ9030 = 0.11; Fig. 4a) and mammals (Spearman’s ρ4982 = 0.19; Fig. 4b).
[image: ]Fig. 4. Weak positive correlation between ecological distinctiveness and log range size for (a) 9,032 bird species (Spearman’s ρ9030 = 0.11) and (b) 4,984 mammal species (Spearman’s ρ4982 = 0.19). Points represent mean ecological distinctiveness across 25 imputed trait datasets for each species. Colours depict IUCN Red List status. 
3.5 Ecological distinctiveness by dimension
Ecological distinctiveness for the top twenty bird species is predominantly driven by large body mass, long generation length and high habitat breadth (Fig. 5a). For mammals, the primary drivers of distinctiveness for the top twenty species are large body mass, high habitat breadth and a carnivorous diet (Fig. 5b).
[image: ]Fig. 5. The difference between ecological distinctiveness for all six traits together and for each trait removed individually for the top twenty ecologically distinct (a) bird and (b) mammal species. Boxplots show the mean (centre line), 95% confidence intervals around the mean (box), minimum and maximum (whiskers) for ecological distinctiveness per species across 25 imputed trait datasets, according to Rubin’s rules. Positive values indicate a decrease in a species’ ecological distinctiveness when we removed the trait, while negative values indicate an increase in distinctiveness when we removed the trait. Alternate rows are coloured red and blue to ease comparison across the plots. The long dashed grey lines represent the global mean difference for each trait. Boxes with 95% confidence intervals not overlapping the global mean have solid outlines (i.e., a greater than average decrease in the species’ ecological distinctiveness when we removed the trait) and those with overlapping confidence intervals have dotted outlines.
3.6 Sensitivity analysis
[bookmark: _Hlk24972159]Ecological distinctiveness is highest at the edges of the PCoA trait space, furthest from the most speciose regions, for both birds (Fig. B.8a) and mammals (Fig. B.8c). By contrast, ecological uniqueness highlights individual isolated species within the PCoA trait space for birds (Fig. B.8b) and mammals (Fig. B.8d), this is particularly apparent for mammals, reflecting the clustered distribution of mammals in trait space (Fig. B.8d).
Ecological distinctiveness and PCoA ecological distinctiveness (ecological distinctiveness based on distances, weighted by eigenvalues, extracted from a PCoA) are highly correlated for both birds (Spearman’s ρ10958 = 0.99) and mammals (Spearman’s ρ5276 = 0.95), and thus priority species are similar for the equally weighted and PCoA approaches (Fig. B.9). Accordingly, threatened bird and mammal species have higher PCoA ecological distinctiveness (Fig. B.10) and PCoA ecological distinctiveness is very weakly positively correlated with log evolutionary distinctiveness for birds (Spearman’s ρ10958 = 0.048) and for mammals (Spearman’s ρ5276 = 0.033) (Fig. B.11).
[bookmark: _Hlk23259715]Overall, our results and conclusions are qualitatively similar for ecological uniqueness (Figs. B.5, B6 and B.7) and for PCoA ecological distinctiveness (Figs. B.9, B.10 and B.11). Thus, our findings appear robust to the choice of metric and the correlations between the traits, although ecological uniqueness could offer alternative insights on the irreplaceability of species’ ecological strategies.
[bookmark: _GoBack]4. Discussion
We find, as predicted, that on average, threatened birds and mammals are more ecologically distinct than non-threatened species. Continuing to conserve threatened species should therefore simultaneously reduce extinction and support global ecological diversity, thus maintaining nature’s variability. 
However, our findings also support the need for a balanced consideration of both non-threatened (i.e., common) and threatened (i.e., rare) species (Chapman et al., 2018; Gaston, 2011). Most of the top twenty ecologically distinct birds and mammals are non-threatened, including ubiquitous species, such as Lesser Black-backed Gull (Larus fuscus), Wild Boar (Sus scrofa), Coyote (Canis latrans) and Black Rat (Rattus rattus). We therefore demonstrate that, although threatened birds and mammals are more ecologically distinct on average, non-threatened species can have extremely distinct ecological strategies, contrary to our predictions. Thus, we find that both common and rare species make unique contributions to ecological diversity (as also reported for hydrothermal vents; Chapman et al., 2018).
We find that these ecologically distinct non-threatened species (e.g., Lesser Black-backed Gull, Wild Boar) are generally large-bodied, habitat generalists, which are often widespread and successful in multiple environments - in other words, hyper-generalists. For example, we observe a positive correlation between range size and ecological distinctiveness. Yet a common ecological tenet is that generalist species are at a disadvantage when competing with specialists - a ‘jack of all trades is a master of none’ mechanism (Büchi and Vuilleumier, 2014; Burin et al., 2016; Marvier et al., 2004). For instance, when a specialist and a generalist species compete for the specialist’s preferred resource, the specialist species should ecologically outperform the other (Burin et al., 2016). Instead, here we suggest that the evolution of distinct ecological strategies could allow some generalist species to separate themselves from direct competitors and reduce interspecific competition, via negative frequency-dependence selection, allowing them to successfully colonise and occupy a diversity of environments (Chapman et al., 2018; Levine and HilleRisLambers, 2009; Violle et al., 2017).
We suggest that it is ecologically difficult to be a hyper-generalist, hence it is rare to be common (Gaston, 2011). Hyper-generalists are therefore distinctive - while this is counter-intuitive, we suggest that generalists potentially require specialist traits to survive in a diverse set of environmental conditions and habitats, although this requires further investigation. In addition, these species could be promoted by human assisted dispersal and/or human impacts (human commensals; e.g., Black Rat, Lesser Black-backed Gull), as generalists can often take advantage of disturbed or heterogeneous landscapes, such as human-dominated systems (Büchi and Vuilleumier, 2014; Marvier et al., 2004; Monnet et al., 2014). Moreover, hyper-generalist species are potentially ecologically important, as they are often involved in engineering environments and interact with many other species (Gaston, 2011). If unchecked, a decline of these distinctive hyper-generalists could lead to cascading ecological effects. The evolutionary and ecological adaptations of these species therefore requires further research to understand why these species are so successful in different environments and how they contribute to ecosystem processes and function across scales. Overall, we suggest that high ecological distinctiveness is associated with either high extinction risk or successful hyper-generalism.
[bookmark: _Hlk22551604][bookmark: _Hlk22551726]The most ecologically distinct species, as quantified here, often have unique roles in their environment. For example, predators, such as White-tailed Sea-eagle (Haliaeetus albicilla), Leopard (Panthera pardus), Bald Eagle (Haliaeetus leucocephalus), Grey Wolf (Canis lupus) and Puma (Puma concolor) can effect grazing and mesopredation pressure, productivity, disease dynamics and carbon sequestration (Estes et al., 2011; O’Bryan et al., 2018; Ripple et al., 2014; Ritchie et al., 2012; Ritchie and Johnson, 2009); while African (Loxodonta africana) and Asian Elephants (Elephas maximus), and Hippopotamus (Hippopotamus amphibius) can alter vegetation structure and composition, fundamentally restructuring ecosystems (Bakker et al., 2016; Terborgh et al., 2018, 2016). Thus, the ecologically distinct species highlighted here have critical roles in ecosystems across the globe. The loss of these ecologically distinct species could therefore potentially disrupt species interactions and undermine the integrity of ecological processes and functions (Duffy, 2002; Larsen et al., 2005). Moreover, population declines for these ecologically distinct species could also lead to strong impacts, as species’ abundances effect their contributions to ecological processes (Gaston, 2011; Winfree et al., 2015). For instance, species’ ecological effects are often assumed to be proportional to their abundance or biomass (Grime, 1998), although there is evidence that rare species can also have important ecological roles (Leitão et al., 2016; Mouillot et al., 2013a), especially across time and under disturbance (Violle et al., 2017). Thus, it is important to maintain the abundance, as well as the existence, of ecologically distinct species. Furthermore, there is potential to incorporate abundance data into future assessments of ecological distinctiveness, when comparable data becomes available (e.g., accounting for differences in detectability), and this could reveal species that are both ecologically rare and ecologically distinct, as well as species with crucial ecological roles at the local scale (Grenié et al., 2018, 2017).
We find that ecologically distinct species are generally charismatic. For example, six (Elephant, Panther, Polar Bear, Wolf, Hippo and Rhino) of the top twenty most charismatic animals, based on public perceptions of charisma (Albert et al., 2018), correspond to species in the top twenty most ecologically distinct mammals. Public preferences for charismatic bird and mammal species (Morse-Jones et al., 2012; Smith et al., 2012) are reflected in greater willingness-to-pay for conservation focusing on these species (Albert et al., 2018; Colléony et al., 2017; Martín-López et al., 2007). We therefore highlight a conservation opportunity, where the protection of ecologically distinct species can be facilitated through the public support of charismatic species. The use of charismatic species to elicit funding is controversial, as it can divert focus to species that are not the most threatened or ecologically important (Albert et al., 2018; Brodie, 2009; Colléony et al., 2017; Restani and Marzluff, 2002). However, here we show that charismatic species may be deserving of their elevated attention, due to their often-distinct ecological strategies and therefore potentially unique ecological roles. In addition, funding for charismatic species can result in additional benefits (e.g., flagship species), through conservation actions shared with other species (Bennett et al., 2015), because these species tend to be broad ranging and lead to conservation of the habitats encompassing many other species. Flagship marketing remains a key fund raising tool for international agencies (e.g., IUCN and United Nations), non-governmental organisations, local governments, and the scientific community (Bennett et al., 2015). Thus, capitalizing on the appeal of charismatic and/or flagship species will help to conserve the most ecologically distinct species and maintain a diversity of ecological strategies across the globe, supporting and maintaining ecosystem processes and functions (Hector and Bagchi, 2007).
[bookmark: _Hlk31363270]Our species priority lists differ for ecological uniqueness and ecological distinctiveness. The difference between ecological uniqueness and ecological distinctiveness is greater for mammals than for birds, potentially due to the more clustered distribution of mammals in trait space, although this requires further investigation. Ecological uniqueness identifies species that are more distant to their closest neighbour in trait space (Grenié et al., 2017), and uniqueness appears to capture different attributes to ecological distinctiveness, highlighting ecological oddities, such as the Kakapo (Strigops habroptila) and Naked Mole Rat (Heterocephalus glaber). In addition, ecological uniqueness shows stronger (albeit still weak) correlation with evolutionary distinctiveness, compared to the correlation between ecological distinctiveness and evolutionary distinctiveness. We therefore highlight surrogacy between ecological uniqueness (and thus nearest-neighbour metrics of ecological isolation) and evolutionary history, supporting previous predictions that evolutionary distinct species are likely to have more unique features or trait combinations (Faith, 1992; Redding and Mooers, 2015). Thus, there is also potential for the use of ecological uniqueness for conservation prioritization, and indeed ecological uniqueness could be complementary to ecological distinctiveness or might be preferred under different conservation objectives. For example, ecological uniqueness could help to identify individual species isolated in trait space, which could be informative at regional scales where ecological redundancy between species is low (Cooke et al., 2019a). Nonetheless, the species present in the top twenty for both ecological uniqueness and ecological distinctiveness were generally charismatic, reaffirming the importance of the ecological strategies of charismatic species. By contrast, ecological distinctiveness summarizes how uncommon the traits of a given species are compared to all other species globally (Grenié et al., 2018), which can depress differences between species, due to the averaging effect (Redding et al., 2014). The ranking of ecologically distinct species can therefore be sensitive to small differences between species. However, ecological distinctiveness also shows more consistent structuring across trait space than ecological uniqueness and highlights species at the edges of trait space - ecological outliers (Violle et al., 2017). The conservation of species with high ecological distinctiveness should help to maintain a broad range of ecological strategies and minimize predicted directional trait shifts, by conserving those species at the edges of trait space, potentially supporting high ecological strategy diversity and continued ecosystem functioning (Cooke et al., 2019b; Hector and Bagchi, 2007). 
5. Conclusions
We demonstrate that evolutionary distinctiveness is a poor surrogate for ecological distinctiveness. We therefore suggest that joint consideration of a species’ evolutionary and ecological distinctiveness could better summarise the irreplaceability of a species and inform conservation prioritization. However management actions must be timely, as well as targeted (Gumbs et al., 2018). Hence, species at imminent risk of extinction are widely considered to be the first priority for immediate conservation action (Gumbs et al., 2018). We therefore propose that highly threatened species that are also ecologically and evolutionarily distinct require urgent attention, as the loss of these species could result in disproportionate ecological consequences (Cooke et al., 2019b) and an over-proportional loss of evolutionary history (Davis et al., 2018; Steel et al., 2018). Ecological distinctiveness, as quantified here, highlights the potential ecological costs of species loss, and therefore provides a complementary perspective to existing conservation prioritization frameworks, e.g., the EDGE approach (Isaac et al., 2007; Redding and Mooers, 2010). We therefore add to the growing consensus that, beyond focusing on the number of species or on those with major extinction risks, other facets of biodiversity need to be considered (Bowen and Roman, 2005; Brum et al., 2017; Isaac et al., 2007; Thuiller et al., 2015). Specifically, we suggest that prioritisation that accounts for extinction risk, ecological distinctiveness and evolutionary distinctiveness can contribute to the overall goal of conservation - maintaining living variation. Thus, we suggest that our quantification of ecological distinctiveness could better inform species prioritization and the direction of conservation actions, highlighting species with irreplaceable ecological strategies.
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Appendix A
The 25 imputed trait datasets (excluding generation length for birds, due to data restrictions) for all bird and mammal species (Appendix_A.xlsx). The traits have been transformed log10 for body mass, generation length and litter/clutch size; square root for habitat breadth. Body mass (body_mass_median), litter/clutch size (litter_clutch_size), generation length (GL), habitat breadth (hab_breadth), diet type (diet_5cat) and diet diversity (shdd).
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Supporting figures and analyses, including trait distributions, correlations between traits and analysis of ecological uniqueness and PCoA ecological distinctiveness (Appendix_B.docx).
Appendix C
Ecological distinctiveness scores for all bird and mammal species (Appendix_C.xlsx). Mean (Di_mean), max (Di_max), min (Di_min) and standard error (according to Rubin’s rules; Di_se) for ecological distinctiveness across the 25 trait datasets. Also included are the results for PCoA ecological distinctiveness and ecological uniqueness.
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Data statement
The raw trait data (i.e., excluding imputed values) for body mass, litter/clutch size, habitat breadth and diet type - compiled by Cooke et al. (2019a) from four main sources (Jones et al., 2009; Myhrvold et al., 2015; Pacifici et al., 2013; Wilman et al., 2014) are available on figshare: https://figshare.com/articles/Global_trade-offs_of_functional_redundancy_and_functional_dispersion_for_birds_and_mammals/5616424
BirdLife supplied generation length for birds but restrictions apply to these data, which we used under license for the current study. However, these data can be manually downloaded from the BirdLife website (http://datazone.birdlife.org/species/search).
The 25 imputed trait datasets (excluding generation length for birds, due to data restrictions) are provided as Appendix A. The traits have been transformed log10 for body mass, generation length and litter/clutch size; square root for habitat breadth. Body mass (body_mass_median), litter/clutch size (litter_clutch_size), generation length (GL), habitat breadth (hab_breadth), diet type (diet_5cat) and diet diversity (shdd).
Evolutionary distinctiveness scores for mammals and birds were freely downloaded here: https://www.edgeofexistence.org/edge-lists/
The calculated ecological distinctiveness scores for all bird and mammal species are provided as Appendix C, as well as the scores for PCoA ecological distinctiveness and ecological uniqueness.
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