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Many phylogenetically distinctive species are the last surviving member of a once diverse clade. The loss of these species would thus represent the last stage in the loss of the clade, which likely occurred over a long evolutionary history. However, the implementation of conservation actions targeting threatened phylogenetically distinctive species remains limited and has relied on a single view of how phylogenetic distinctiveness should be measured.

Here, we develop a simple mathematical framework to connect different points of view of the measurement of a species' distinctiveness. The framework allows controlling the depth of the phylogenetic tree that most influences the definition of phylogenetic distinctiveness and considers the risk of extinction of the target species and other species in a given timeframe.

As an example, we analyze a small dataset on perissodactyls to illustrate how the proposed framework works in practice. Notably, we highlight that based on the particular biological criterion of threat and distinctiveness, conservation measures for the critically endangered wild African ass (Equus africanus) must be bolstered since the population size of this species is still declining despite current conservation efforts. We hope that our framework will help guide the use of phylogenetic distinctiveness as one of the main criteria to consider when designing conservation actions on a global scale.

Introduction

Phylogenetic distinctiveness occurs when a species is isolated in a phylogenetic tree of extant species because it has few relatives. This concept emerged from the awareness that the value of a species should not be solely based on its extinction probability when assessing conservation priorities [START_REF] Steel | Hedging one's bets: quantifying a taxon's expected contribution to future phylogenetic diversity[END_REF]). Among numerous other possible criteria, the presence of distinctive species could be used to evaluate the importance of preserving a given area, but the concept of phylogenetic distinctiveness was designed to prioritize species rather than whole ecosystems. It is often necessary to prioritize a minimal number of species for conservation due to the limited amount of financial and human resources allocated to conservation (e.g., [START_REF] Mace | Prioritizing choices in conservation[END_REF][START_REF] Forest | Gymnosperms on the EDGE[END_REF] and this process has been referred to as 'the agony of choice' [START_REF] Vane-Wright | What to protect?-Systematics and the agony of choice[END_REF]. Species-based conservation appears to be more appealing to the general public and financial contributors than ecosystem conservation, which is a 'fuzzier' idea; it also avoids the difficulty of delimiting ecosystems and identifying ecosystem functions that need to be monitored and preserved [START_REF] Mace | Prioritizing choices in conservation[END_REF]. Fortunately, ecosystems may benefit from preservation actions that target some of their species. In this context, phylogenetic distinctiveness has been considered from an ethical perspective as a means of preserving our "evolutionary heritage" [START_REF] Collen | Investing in evolutionary history: implementing a phylogenetic approach for mammal conservation[END_REF] and the "immense history of the Earth, of which we are a small part" [START_REF] Cadotte | Rarest of the rare: advances in combining evolutionary distinctiveness and scarcity to inform conservation at biogeographical scales[END_REF]. Although at times debated (e.g., [START_REF] Kelly | Phylogenetic trees do not reliably predict feature diversity[END_REF], it has also repeatedly been considered for its potential to preserve feature distinctiveness, which, from a practical perspective, could lead to a number of potential future benefits to human societies, thus highlighting the importance of ensuring the survival of distinctive species [START_REF] Faith | Conservation evaluation and phylogenetic diversity[END_REF]. For these reasons, prioritizing outlier phylogenetically distinctive species for conservation has been recommended (e.g., [START_REF] Forest | Gymnosperms on the EDGE[END_REF]. Several studies have established, for example, that the introduction of invasive (predator) species and habitat modification, such as urbanization, particularly impact phylogenetically distinctive species worldwide [START_REF] Doherty | Invasive predators and global biodiversity loss[END_REF][START_REF] Ibáñez-Álamo | Global loss of avian evolutionary uniqueness in urban areas[END_REF].

To develop conservation actions for distinctive and threatened species, a range of indices (i.e., mathematical formulas) were developed that combine the distinctiveness of a species and its extinction risk (see a review in [START_REF] Redding | Measuring evolutionary isolation conservation[END_REF]. Indeed, to evaluate the relevance of conservation priorities, "at the very least, we need to combine quantitative measures of [...] distinctiveness with more familiar ecological considerations of abundance and geographical distribution" (May, 1990). The development of distinctiveness indices (May, 1990;[START_REF] Vane-Wright | What to protect?-Systematics and the agony of choice[END_REF] began just after the publication of [START_REF] Atkinson | Introduced animals and extinctions[END_REF] statement, "Given two threatened taxa, one a species not closely related to other living species and the other a subspecies of an otherwise widespread and common species, it seems reasonable to give priority to the taxonomically distinct form" (for details on the history of the field, see [START_REF] Cadotte | Rarest of the rare: advances in combining evolutionary distinctiveness and scarcity to inform conservation at biogeographical scales[END_REF][START_REF] Pavoine | From phylogenetic to functional originality: guide through indices and new developments[END_REF]. Phylogenetic distinctiveness indices are intended to quantify the extent to which the fate of a clade depends on a single species. As such, phylogenetic distinctiveness indices decrease with an increase in the number of ancestors a species shares with other extant species [START_REF] Vane-Wright | What to protect?-Systematics and the agony of choice[END_REF], the number of direct descendants of each ancestor (May, 1990) and/or the closeness of its sister species [START_REF] Redding | Measuring evolutionary isolation conservation[END_REF][START_REF] Pavoine | From phylogenetic to functional originality: guide through indices and new developments[END_REF]. Combined with extinction risks, these indices can help identify conservation actions that optimize what is preserved (May, 1990) by maximizing the gain and minimizing the loss of biodiversity [START_REF] Faith | Threatened species and the potential loss of phylogenetic diversity: conservation scenarios based on estimated extinction probabilities and phylogenetic risk analysis[END_REF][START_REF] Cadotte | Rarest of the rare: advances in combining evolutionary distinctiveness and scarcity to inform conservation at biogeographical scales[END_REF].

Instead of assigning equal weight to all species, these indices embody Atkinson's statement by assessing the value of prioritizing the conservation of a species based on its phylogenetic distinctiveness and level of endangerment.

The Zoological Society of London (ZSL) popularized the index "evolutionary distinctiveness" (ED) [START_REF] Isaac | Mammals on the EDGE: Conservation priorities based on threat and phylogeny[END_REF]. They also developed an associated integrative measure, the "evolutionary distinctiveness and global endangerment" (EDGE) index, that combines the ED of a species with its extinction risk and has been used extensively (e.g., [START_REF] Gumbs | Tetrapods on the EDGE: Overcoming data limitations to identify phylogenetic conservation priorities[END_REF]. The ZSL developed the EDGE program (https://www.edgeofexistence.org/) to collect donations and fund conservation actions that protect some of the top valued EDGE species around the world. It is thus not surprising that most subsequent developments have been inspired by and referred to EDGE.

For example, some authors integrated the probability of extinction of a target species into the EDGE framework [START_REF] Maddison | Tuatara: conservation priority in a phylogenetic context, Version 1[END_REF][START_REF] Mooers | Converting endangered species categories to probabilities of extinction for phylogenetic conservation prioritization[END_REF]. EDGE does not incorporate the probability of extinction of other species when prioritizing a target species and several alternative solutions have been proposed to overcome this limitation [START_REF] Steel | Hedging one's bets: quantifying a taxon's expected contribution to future phylogenetic diversity[END_REF][START_REF] Faith | Threatened species and the potential loss of phylogenetic diversity: conservation scenarios based on estimated extinction probabilities and phylogenetic risk analysis[END_REF]. Only a few studies have compared conservation priority settings based on EDGE with those based on alternative indices. A notable study is that of [START_REF] Redding | Measuring evolutionary isolation conservation[END_REF], which showed that phylogenetic distinctiveness indices can be placed at various positions along a gradient; one end of the gradient represents a strong influence of the terminal branch attaching a species to the phylogenetic tree and the other end represents a strong influence of the average phylogenetic distance between a species and all other species in the phylogenetic tree. However, they also highlighted that ED (and thus EDGE) lies at one extreme of this gradient where the influence of the terminal branch is strong. This devalues the role of a species in helping maintain the set of evolutionary branches that also support its related species; the loss of any species decreases the survival probability of the evolutionary history (branches) of its clade (e.g., [START_REF] Steel | Hedging one's bets: quantifying a taxon's expected contribution to future phylogenetic diversity[END_REF]).

Here, we show that EDGE can be directly modified to account for the probability of other species' extinction when prioritizing a single species. Then, starting with this reformulation of EDGE, we propose a simple mathematical framework that enables the following: (1) accounting for the probability of the extinction of other species when prioritizing a target species; (2) controlling for the influence of recent, intermediate and ancient evolutionary histories, in a continuous way, to detect distinctive and threatened species; and (3) making connections with alternative indices and clarifying their properties.

To illustrate our approach, we applied it to a small dataset on the Perissodactyla order of mammals. This group has been well studied, with ample available data, and its phylogenetic tree displays an interestingly imbalanced shape. Perissodactyla is composed of 16 extant wild species, 12 of which are threatened with extinction; the population size of eight species in Perissodactyla is still declining despite current conservation actions (IUCN, 2021). This order of mammals is thus a good model system for assessing the potential of our approach before it is applied to larger groups.

Methods

ED and the measurement of a species' distinctiveness

Consider a collection (be it for example an assemblage, a community, or a clade) of N species.

Let T be a phylogenetic tree with the N species as tips. Let b be a branch, L b its length and N b the number of species that descend from it. We denote t T as the whole set of N species (tips of the phylogenetic tree) and t b the subset of species that descend from branch b of T. Let C(j, root) be the set of branches between species j and the root of the tree. All indices discussed here require rooted phylogenetic trees without any constraint on the definition of branch lengths, although most applications concern time-scaled trees where branches express the time of evolution. We also define i  as the extinction probability of species i (1 ≤ i ≤ N) within a certain amount of time and

1 i i  
 as its survival probability. Probabilities are assumed to be independent from each other such that, notably, the expected number of lost species within the collection after that period is

1 N i i N      and the expected number of safe species is 1 N i i N N N         .
The formula of the ED index as applied to species j is:

  ,root b j b C j b L ED N    (1) 
Redding and [START_REF] Redding | Incorporating evolutionary measures into conservation prioritization[END_REF], [START_REF] Isaac | Mammals on the EDGE: Conservation priorities based on threat and phylogeny[END_REF], [START_REF] Collen | Investing in evolutionary history: implementing a phylogenetic approach for mammal conservation[END_REF] and [START_REF] Redding | Measuring evolutionary isolation conservation[END_REF] pointed out that ED j is strongly influenced by the length of the terminal branch that connects species j to the rest of the tree. [START_REF] Pavoine | On the relationships between rarity, uniqueness, distinctiveness, originality and functional/phylogenetic diversity[END_REF] thus suggested, as an alternative to ED, the parametric index eq

  
, in which a critical parameter named α controls the influence of recent versus ancient evolutionary history:

  11 1 ,root eq 1 b jb b C j NN L N               α ≠ 1 (2) eq j  
 is undefined at α = 1, but its limit can be used [START_REF] Pavoine | On the relationships between rarity, uniqueness, distinctiveness, originality and functional/phylogenetic diversity[END_REF], leading to:

    1 ,root eq 1 log j b N b b C j LN       (3) eq j  
 varies between the length, j h , of the terminal branch that connects j to the rest of the tree ( eq jj h

       ) and the distance,   ,root jb b C j HL   
, from tip j to the root of the tree ( eq jj a H

      ). Within this range of variation, the special case of α = 2 reduces to [START_REF] Pavoine | On the relationships between rarity, uniqueness, distinctiveness, originality and functional/phylogenetic diversity[END_REF]:

2 1 eq 1      N ji i j d N (4)
where d ji is the sum of branch lengths between species j and its most recent common ancestor with species i. 2 eq   j is known in the ecological literature as APD for "average phylogenetic distance" [START_REF] Redding | Measuring evolutionary isolation conservation[END_REF]. [START_REF] Steel | Hedging one's bets: quantifying a taxon's expected contribution to future phylogenetic diversity[END_REF].

The widely used EDGE index

Heightened ED

EDGE was adapted [START_REF] Maddison | Tuatara: conservation priority in a phylogenetic context, Version 1[END_REF] to integrate the extinction probability of the target species but not of other species: [START_REF] Mooers | Converting endangered species categories to probabilities of extinction for phylogenetic conservation prioritization[END_REF] suggested using   ln  jj ED , but it has the disadvantage of leading to negative values, and [START_REF] Maddison | Tuatara: conservation priority in a phylogenetic context, Version 1[END_REF] suggested simply using  jj ED . To account not only for the species' own extinction risk but also for the extinction risks of its relatives, [START_REF] Steel | Hedging one's bets: quantifying a taxon's expected contribution to future phylogenetic diversity[END_REF] introduced the HED index ψ j as the heightened evolutionary distinctiveness of species j and the HEDGE indices ψ j ' and ψ j ''

as the heightened evolutionary distinctiveness and globally endangered scores of species j. ψ j depends on the extinction risk of species j's relatives but not on its own extinction risk. It allows the identification of species whose relatives are threatened:

  , ,root      b j b i t i j i b C j L (6)
Then, the HEDGE indices ψ j ' and ψ j '' are equal to ε j ψ j and σ j ψ j , respectively, such that ψ j = ψ j ' + ψ j '' [START_REF] Steel | Hedging one's bets: quantifying a taxon's expected contribution to future phylogenetic diversity[END_REF]. Note that the acronym HEDGE has often been equated to ψ j ' (e.g., [START_REF] May-Collado | Phylogenetic analysis of conservation priorities for aquatic mammals and their terrestrial relatives, with a comparison of methods[END_REF]Wood et al., 2019). Similar to EDGE, ψ j ' increases with the extinction probability of species j. ψ j ' represents how much nonredundant phylogenetic information species j will represent at some point in the future [START_REF] Mooers | Converting endangered species categories to probabilities of extinction for phylogenetic conservation prioritization[END_REF].

Pushing EDGE farther in a probabilistic framework

All indices of threat and distinctiveness, including the indices that we develop here, are dependent on the definition of the extinction risks (or probabilities). This definition may influence the ranking of species from the most to the least distinctive and threatened [START_REF] Mooers | Converting endangered species categories to probabilities of extinction for phylogenetic conservation prioritization[END_REF]. [START_REF] Mooers | Converting endangered species categories to probabilities of extinction for phylogenetic conservation prioritization[END_REF] suggested that one way to facilitate the comparison between HEDGE and EDGE is to define the extinction probability of a species as 2 / 40

j GE j   (their
Isaac model of conversion of IUCN categories to extinction probabilities) and use this definition in HEDGE. Here, we develop a probabilistic version of EDGE so that various definitions of extinction probabilities can be envisaged when comparing HEDGE and EDGE.

Before integrating probabilities into EDGE, we return to the original formulation of

EDGE:   ln 1 ln 2    j j j EDGE ED GE (7)
Due to the properties of the logarithm function, Eq. 7 is equivalent to Eq. 5. Ln-transformed ED j could take negative values; [START_REF] Isaac | Mammals on the EDGE: Conservation priorities based on threat and phylogeny[END_REF] avoided this by adding one unit to ED j , which yields ln(1 + ED j ). Unfortunately, this transformation may influence the order in which species are assigned conservation priorities. Consider species A and B in Fig. 1. The first species, species A, is near threatened (GE A = 1), with a distinctiveness of 10 million years (ED A = 10), and the second species, species B, is vulnerable (GE B = 2), with a distinctiveness of 3 million years (ED B = 3). According to EDGE, species A should be given priority in conservation programs (EDGE A = ln( 22); EDGE B = ln( 16)). However, if branch lengths on the tree were not expressed in millions of years but in billions of years; then, ED A would be 0.01, and ED B would be 0.003. With this change in unit, the recommendations for the conservation of these two species are reversed: EDGE A = ln(2.020), and EDGE B = ln(4.012).

We thus recommend using the following alternative formula for any new applications of the EDGE framework that rank species for conservation:

  ln 2 1   j GE jj EDGE ED (8)
Now, we can view EDGE* from a probabilistic perspective. The ranking obtained by EDGE (and EDGE*) relies on the arbitrary assumption that the extinction risk of a species is doubled when its status is changed to the next more severe IUCN category. The conservation of species A and B in the example above would also be reversed if, instead of changing the unit of measurement of branch length, a modification were made so that switching from one category to the next more severe category increased the extinction risk three-fold rather than two-fold: EDGE A = ln(33), and EDGE B = ln(36). Despite being difficult to estimate reliably, extinction probabilities could provide less arbitrary values for evaluating the extinction risk of a species [START_REF] Mooers | Converting endangered species categories to probabilities of extinction for phylogenetic conservation prioritization[END_REF].

In addition, we note that even if the ED of species j (ED j , Eq. 1) does not account for the extinction probabilities of other species, it can be modified to do so. This can be done simply by replacing the actual number of species that descend from branch b ( b N ) by the expected number of species if species j survives, but the survival of other species is indicated by the survival probabilities (σ i s). This yields:

  ,root , 1        b b j b C j i i t i j L pED (9)
Then, to address the criticism [START_REF] Steel | Hedging one's bets: quantifying a taxon's expected contribution to future phylogenetic diversity[END_REF][START_REF] Faith | Threatened species and the potential loss of phylogenetic diversity: conservation scenarios based on estimated extinction probabilities and phylogenetic risk analysis[END_REF] that EDGE does not account for the extinction probabilities of other species when defining distinctiveness, a probabilistic version of EDGE could be

  ln 1     j j j pEDGE pED (10)

New unifying framework

All indices presented above, which were developed to identify distinctive and threatened species, can be seen as the (ln-transformed or not) product of two functions: one (say function f) that quantifies the extent to which the target species is threatened with extinction and another (say function g) that measures how much of the evolutionary history is borne by a species [START_REF] Mooers | Converting endangered species categories to probabilities of extinction for phylogenetic conservation prioritization[END_REF]. g depends on the lengths of the branches that connect the target species to the root of the phylogenetic tree and on the number or survival of the species descending from them, while f depends only on the risk extent or probability of extinction of the target species. We base our new framework on the same core principle (Fig. 1).

The transformation that led from ED to the probabilistic pED in the previous section can also be applied to eq j  

 to obtain a new index that both accounts for the extinction probability of other species and controls the influence of terminal branch length:

        1 1 ,, 1 ,root , 11 11 Tb T ii i t i j i t i j jb b C j i i t i j L                         α ≠ 1 (11)   j is simply eq j  
 , where the number of species in the whole tree (N) and that of species that descend from branch b (N b ) are replaced by their estimates:

, 1     T i i t i j and , 1     b i i t i j
, respectively. Similar to eq j    , α δ j is undefined at α = 1; its limit can be used such that 1 j  can be defined as

      , 1 ,root , ln 1 1 ln 1 b T i i t i j jb b C j i i t i j L                  (12) An interesting case is obtained for α = 2: , 2 , T T i ji i t i j j i i t i j d         (13)
As eq

j   
, for α = 2, α δ j reduces to the average phylogenetic distance to all other species. α δ j increases when the survival probabilities of species that share branches with species j (all species descending from the same branches) decrease. For any species j, α δ j is the amount of evolutionary history whose survival depends on the survival of species j. For a fixed phylogenetic tree, the maximum value of

j  
is H j , the distance from tip j to the root of the tree. It is obtained for all values of α when all species descending from the same branches as species j have a null probability of survival or when α →+∞ in all other cases. Its minimum value is h j , the distance from tip j to the rest of the tree (i.e., the length of the terminal branch).

The minimum is obtained when α →-∞, while eq jj  

  when all species descending from the same branches as species j have a null probability of extinction. α →-∞ and α →+∞ thus represent extreme points of view on the "responsibility" of a species in the survival of evolutionary history. With α →-∞, one would expect species j's survival to depend only on its unique evolutionary history. This ignores the fact that its extinction could threaten the evolutionary history it shares with already threatened species or with species that may become threatened in the (near) future. With α →+∞, one would expect species j's survival to depend on all its evolutionary history since the root of the phylogenetic tree. This, in contrast, ignores the fact that other species are already partly "responsible" for the survival of some shared branches of the tree. Increasing α in α δ j thus gives more weight to the responsibility of species j in its shared deep evolutionary history.

j  
is an index of distinctiveness. It does not depend on the extinction probability of species j itself. It could thus be used to identify distinctive species whose loss could considerably decrease phylogenetic diversity because their relatives are threatened. Then, it is important to determine whether such distinctive species are themselves threatened. Following [START_REF] Steel | Hedging one's bets: quantifying a taxon's expected contribution to future phylogenetic diversity[END_REF], two complementary indices could thus be developed:

      j j j and       j j j , such that j j j         
. We propose j    as an index that navigates, by varying α, through different viewpoints to rank species from the least to the most distinctive and threatened.

A case study

Complementary to the theoretical example in Fig. 1, we chose to analyze a small, real-world dataset to illustrate the different properties of the indices introduced above. We considered all 16 extant wild Perissodactyla species. We obtained a strict consensus phylogenetic tree (function consensus.edge, R package phytools; Revell, 2012) for these species based on 9,999 credible birth-death, tip-dated completed trees downloaded from http://vertlife.org/phylosubsets on 2021/09/24 [START_REF] Upham | Inferring the mammal tree: Species-level sets of phylogenies for questions in ecology, evolution, and conservation[END_REF]. We used mean branch length, ignoring credible trees in which the branch was absent [START_REF] Revell | phytools: An R package for phylogenetic comparative biology (and other things)[END_REF]. We obtained the probability that a species is driven extinct within the next 100 years with the model of Andermann et al. (2021) in the Crit E EX mode, which simulates future extinction considering, for each species, its current conservation status (IUCN, 2021), chances of conservation status changes (with mammals as a reference group), and generation length (obtained from [START_REF] Pacifici | Generation length for mammals[END_REF].

As a complement, we show in Appendix A that differences in the definition of the most distinctive and threatened species by the indices introduced above are not exclusive properties of small datasets: they also appear in large, species-rich phylogenetic trees and lead to discrepancies in the definition of top priorities for conservation.

We applied the ED, eq

   , EDGE, pEDGE, HED ( j  ), HEDGE j   , j   , and j   
indices to perissodactyls. We considered values of α varying from -10 to 10 with a step of 0.01. We calculated pairwise Spearman rank correlations between these indices to compare their behaviors when used to rank species along a gradient of conservation priority.

Results

Phylogenetic tree

We obtained a strict consensus tree of wild, extant Perissodactyla that revealed an unexpected position for Equus africanus, which was expected to be positioned close to the other asses Equus kiang and Equus hemionus (see, e.g., [START_REF] Rosenbom | Reassessing the evolutionary history of ass-like equids: Insights from patterns of genetic variation in contemporary extant populations[END_REF]. Compared to that of the tapir-rhino clade, the resolution of the Equus clade is still controversial (e.g., [START_REF] Cirilli | Evolution of Old World Equus and origin of the zebra-ass clade[END_REF]. To expand our dataset, we then considered the extinct (Equus capensis, Equus neogeus, and Equus ovodovi) and domestic (Equus caballus) species of Equus available from [START_REF] Upham | Inferring the mammal tree: Species-level sets of phylogenies for questions in ecology, evolution, and conservation[END_REF], which led to unresolved positions of E. africanus and Equus zebra, even in the majority-rule consensus tree. Thus, we verified that using this unresolved tree would not change the general conclusions of our study (see Appendix B, which shows this is the case).

Adjusting the influence of recent evolution on species distinctiveness

The highest rank correlation (r = 1) between ED and eq

  
was observed for α values between -0.02 and 0.20, and the relationship between the two indices ED and 0.02 eq   was

quasi-linear (Fig. 2a). With increasing α, we observed two switches, first from rhinos to tapirs and then from tapirs to Equus species (Fig. 3). These switches occur because, as α increases, the deeper (older) branches of the phylogenetic tree increasingly drive the differences in the distinctiveness of species (Fig. 2b; see also Appendix A). Thus, low negative values of α indicate species (e.g., Dicerorhinus sumatrensis, Ceratotherium simum, Diceros bicornis, and

Tapirus indicus) whose loss would affect a large amount of recent evolutionary history, including the unique evolutionary history that the species represent. Positive values (especially α >2; see Fig. 2b) indicate species whose loss would not only lead to the loss of their unique evolutionary history and evolutionary history shared with close relatives (the Tapirus species) but would also threaten the more profound evolutionary history of their clade (several Equus species). In summary, the higher α is, the deeper the threatened evolutionary history.

Considering other species' extinction risks

When we measured species distinctiveness considering the extinction probabilities of the other species (with α δ j ), we observed many subtle changes due to the differences in the extinction probabilities of species (Fig. 4). The main priority species were globally conserved with the identification of several rhinos (D. sumatrensis, C. simum, and D. bicornis) and the tapirs as distinctive species for the recent and intermediate evolutionary histories of their clades and several Equus species for high values of α (where the ancient evolutionary history influences α δ j values). However, considering the extinction probabilities of the other species, the importance of certain species increased (e.g., C. simum and Tapirus terrestris), while that of others decreased (e.g., E. africanus). E. africanus is not a top distinctive species because its high extinction risk increases the α δ j values of its relatives. The strongest observed correlation (r = 0.997) between α δ j and HED (ψ j ) was obtained for α values between -3.06 and -2.1. The strongest observed correlation (r = 1) between α δ j and pED was obtained for α values between -0.17 and 0.38.

Considering a species' own extinction risk

When we added a species' own extinction risk to measure its priority coefficient value ( j    index), the drastic switches in phylogenetic distinctiveness with increasing α disappeared.

Changes in j

   values were more progressive and subtler than those in eq

  
and α δ j , and drastic changes in j    values did not affect all species (Fig. 4). This made it easier to identify the species to which conservation priority must be given to protect both its unique (recent) bicornis, and Rhinoceros sondacus also ranked among the most distinctive and threatened species regardless of the value of α, but it was revealed to be especially important to conserve the unique recent evolutionary history of D. sumatrensi and to preserve moderate to ancient evolutionary histories for D. bicornis and R. sondacus.

The Spearman correlations between j    and HEDGE ψ j ' varied, depending on the value of parameter α, from 0.791 to 0.997 with a median of 0.921. The strongest correlation (0.997) was obtained for values of α from -3.33 to -3.07, for which j    and ψ j ' differed only in the ranking of two species (E. zebra and C. simum); they were ranked based on the two indices as either the 10th and 11th or the 11th and 10th most threatened distinctive species, respectively. Notably, the values of j    with α from -3.33 to -3.07 and those of ψ j ' were close (Table 1). Correlations were also relatively strong between j    and both EDGE and pEDGE, with a minimum of 0.867, a median of 0.900 and a maximum of 0.991 for EDGE and a minimum of 0.871, a median of 0.921 and a maximum of 0.994 for pEDGE. The strongest correlation between EDGE and j    was observed for α values from -0.22 to 0.03, the same values of α for which differences in species rankings between EDGE and j    were the assignments of close rankings (the 2nd and 3rd between D. bicornis and R. sondaicus; the 7th and 8th between Tapirus pinchaque and Equus ferus; and the 14th and 15th between

Equus quagga and E. hemionus). The strongest correlation between pEDGE and j    was observed for three intervals of α values, and differences resulted in two permutations of close rankings: there were differences in the rankings of pairs of low scores (the 10th and 11th

highest and the 13th and 14th highest out of 16 species) for the interval [-0.58, -0.45]; there were differences in the ranking of medium scores (from 6th to 9th) for the interval [0.23, 0.26]; and there were differences in the ranking of both medium and high scores of distinctive and endangered species (the 1st and 2nd highest and the 6th and 7th) for the interval [0.47, 0.58] (Fig. 4).

Discussion

Selecting a single nonparametric index for prioritizing conservation can have important consequences when the resources allocated to conservation are limited. This may not be a problem if the decision results from a conscious and well-considered choice. However, the selection of one index over another has concrete consequences for the allocation of money for conservation, meaning some species are given a greater chance of surviving while others are left to their fate; we consider that the research and debate regarding appropriate indices are crucial for guiding and potentially redirecting future conservation actions toward some neglected species.

Accounting for other species' extinction risks in distinctiveness

Like previous authors (e.g., [START_REF] Steel | Hedging one's bets: quantifying a taxon's expected contribution to future phylogenetic diversity[END_REF][START_REF] Faith | Threatened species and the potential loss of phylogenetic diversity: conservation scenarios based on estimated extinction probabilities and phylogenetic risk analysis[END_REF]Wood et al., 2019), we highlighted the fact that EDGE does not account for other species' extinction probabilities in the calculation of the distinctiveness of a target species. It thus departs from our framework which is more similar to the HEDGE formulation of [START_REF] Steel | Hedging one's bets: quantifying a taxon's expected contribution to future phylogenetic diversity[END_REF] in this regard. HEDGE was the first alternative to EDGE that accounted for other species' extinction probabilities.

Although in some cases using EDGE or HEDGE might have no effect on identifying the few most distinctive and threatened species to preserve, small differences between the two approaches were repeatedly considered to have important conservation implications, and it was thus claimed that the shared responsibility of species in safeguarding evolutionary histories must be accounted for when designing conservation actions (e.g., [START_REF] Mooers | Converting endangered species categories to probabilities of extinction for phylogenetic conservation prioritization[END_REF][START_REF] May-Collado | Phylogenetic analysis of conservation priorities for aquatic mammals and their terrestrial relatives, with a comparison of methods[END_REF]Wood et al., 2019).

Trade-off between a species' distinctiveness and its own extinction risk

In the last decade, EDGE has been used as a reference index to allocate money to the preservation of distinctive and threatened species. EDGE simulates a scenario where extinction risk doubles when a species' IUCN status changes from one category of risk to the next more severe category. This choice was made when EDGE was applied to the mammalian phylogeny because it was considered to avoid species priority rankings being dominated by critically endangered or endangered species [START_REF] Isaac | Mammals on the EDGE: Conservation priorities based on threat and phylogeny[END_REF][START_REF] Collen | Investing in evolutionary history: implementing a phylogenetic approach for mammal conservation[END_REF]. However, other applications of EDGE have shown that it nevertheless tends to favor the conservation of (the most) threatened species (e.g., [START_REF] Collen | Investing in evolutionary history: implementing a phylogenetic approach for mammal conservation[END_REF] in which 95% of the top 100 EDGE mammalian species were critically endangered or endangered species; [START_REF] Gumbs | Tetrapods on the EDGE: Overcoming data limitations to identify phylogenetic conservation priorities[END_REF] which 97% of the top 100 EDGE tetrapods were critically endangered or endangered species; our case study with EDGE values of Perissodactyla first driven by the IUCN status). This is consistent with the fact that money tends to be allocated first to threatened species. However, this contradicts, for example, May-Collado and Agnarsson (2011), who called for the close monitoring of highly distinctive species that are experiencing population decline even if they are not currently threatened. Indeed, management of critically endangered species may be risky, may be expensive, or may even have no chance of success [START_REF] Mace | Prioritizing choices in conservation[END_REF]. This is where Steel et al.'s ψ (HED) and our α δ index are interesting, as they allow the detection of distinctive species whose relatives are threatened, considering these species critical regardless of their own extinction risk. Indeed, although it is legitimate to aspire to save the most endangered species first, it might not be desirable to wait until critical distinctive species are highly threatened before taking action with conservation programs [START_REF] Redding | Incorporating evolutionary measures into conservation prioritization[END_REF]. In our case study, we notably identified C. simum, the white rhino, as a near-threatened distinctive species whose population size is declining (IUCN, 2021).

Trade-off between preserving recent evolution now and not risking the loss of old evolution later

Our framework allows us to control for the influence of recent evolution when prioritizing species. A strategy that discards deep branches of a phylogeny (with low values of α) is one that targets the greatest amount of recent evolutionary history protected by a species-level conservation action even if the deep evolutionary history of the clade to which the species belongs is less threatened than that of another clade in the tree. Conversely, it might be that, in certain circumstances, we prefer to risk losing recent evolutionary history in some part of the tree to better secure deep evolutionary history in another part of the tree (a point of view driven by the high values of α). The chance of losing a deep branch in a length of time as short as 100 years is of course far lower than the chance of losing a terminal branch. For example, in our case study, the probability of losing all Equus species within 100 years amounts to 4.5 10 -7 and that of losing all rhinos and tapirs to 3.1 10 -7 (32% lower). However, these probabilities could greatly increase if we increased the time frame.

Distinctiveness indices differ in their consideration of the shared ancient evolutionary history expressed by deep phylogenetic branches [START_REF] Collen | Investing in evolutionary history: implementing a phylogenetic approach for mammal conservation[END_REF][START_REF] Redding | Measuring evolutionary isolation conservation[END_REF].

EDGE was shown to be strongly influenced by the terminal branch [START_REF] Redding | Measuring evolutionary isolation conservation[END_REF].

Nevertheless, let us consider its probabilistic alternative HEDGE ψ'. According to HEDGE, if the probabilities of survival of all species approach 1, then the distinctiveness of a species is the length of the terminal branch. HEDGE is thus even more influenced by the terminal branch than EDGE or pEDGE, the probabilistic version of EDGE that we introduced here. If the probabilities of survival of all species approach 1,   reduces to eq    , and the influence of the terminal branch can still be controlled for.

Almost all existing indices of phylogenetic distinctiveness, and all of the most frequently used indices, are dominated by the influence of the unique evolutionary history of a species (measured by the length of the branch that connects a species to the tree, or merely the time since its first common ancestor with its closest relative). [START_REF] Redding | Measuring evolutionary isolation conservation[END_REF] highlighted that, in contrast, the average phylogenetic distance to another species drives a different viewpoint on species distinctiveness by giving more credit to the deep phylogenetic branches (ancient evolutionary history) in that it "consider[s] phylogenetic information from across the entire tree and ha[s] little emphasis on information from nearer the tips". The different viewpoints were first merged in a single mathematical framework by [START_REF] Pavoine | On the relationships between rarity, uniqueness, distinctiveness, originality and functional/phylogenetic diversity[END_REF] without consideration of species extinction risk and are extended in this study in index α δ j by including the influence of species extinction risk. Our parametric framework allows the detection of distinctive species (with α δ), threatened distinctive species ( α δ'), and safe distinctive species ( α δ'') while controlling the importance one wishes to give to the deep branches of a phylogeny.

Acknowledging and connecting the different viewpoints on distinctiveness

Our framework benefits from two decades of research on species distinctiveness.

Navigating different viewpoints on distinctiveness, we established links between indices and clarified their behavior. This framework addresses the need to avoid a complicated set of seemingly unconnected measures, which is currently the case in the conservation biology literature (as synthesized, for example, in [START_REF] Redding | Measuring evolutionary isolation conservation[END_REF], while still allowing for the exploration of different points of view conveyed by the previous indices (by varying α in j   , j    and j    ). Indeed, the advantage of using a parametric index to facilitate the definition of conservation strategies is that we can search for species whose fate is critical because they are a top priority from all points of view (according to a large range of negative and positive values for α). For example, in our study of perissodactyls, we highlighted E. africanus as a threatened distinctive species whose loss would threaten recent, intermediate, and old histories of wild perissodactyls all at once.

Conclusion

Finally, we are aware that the definition of conservation policies does not depend only on urgency (which is linked to the severity of the extinction risk) and biological criteria such as phylogenetic distinctiveness. The entire societal and political decision-making process considers usage by human populations, for example, for tourism, food, and medicine (actual or part of a future possibility), which are part of the diverse relationships between humans and nonhumans. Since a supportive public is key for the funding of conservation, distinctive and threatened species need to be appealing to the public [START_REF] Macdonald | Identifying ambassador species for conservation marketing[END_REF] and the feasibility of a campaign based on the appeal of distinctive species must be evaluated. The measures of phylogenetic distinctiveness nevertheless act complementarily to these other criteria, contributing to discussions of the relative importance of each of these criteria when designing conservation actions, an importance that may vary with historical, emotional, cultural, legislative and economic factors (Mace et al., 2008). We hope that our framework will help avoid the unintended consequences of taking a single point of view when prioritizing species for conservation. By developing a formula that connects different views of distinctiveness, we hope to elucidate a specific biological criterion, phylogenetic distinctiveness, so it can be implemented effectively when defining conservation projects worldwide in the near future. and values of HEDGE j   , -3.33 δ j ' and -3.07 δ j ' (rounded here to 3 decimal places) values decreases with the number of species descending from it and that this decrease is steep as soon as α is lower than 2 and particularly drastic for negative values of α. 

  and its shared (intermediate to old) evolutionary histories: E. africanus. E. africanus was ranked as the 3 rd most threatened distinctive species for α values lower than -4.79, 5 th or 4 th for α values in [-4.79, 0.71], 3 rd again for α values in [0.72, 0.78], 2 nd for α values in [0.79, 1.14], and 1 st as soon as α reached and exceeded 1.15. The three rhinos D. sumatrensi, D.

  Figure 1. Theoretical example illustrating the calculation of the global indices of threat and distinctiveness. Indices are those of the main text: EDGE, pEDGE, ψ', and α δ', with α equal to -3, 0 or 3. A theoretical phylogenetic tree (top left) is given with nine species as tips. Values above the branches are branch lengths. The IUCN category (Cat.) is provided together with an associated extinction probability (ε) defined here according to the pessimistic scenario of Mooers et al. (2008). Values for indices of threat and distinctiveness are given for each species; however, focus is placed on the first two species (A and B) with details on the basic information (bottom left box) needed to calculate their distinctiveness (bottom right box) according to each index (ED for EDGE, pED for pEDGE, ψ for ψ', and α δ for α δ'). Basic information includes branch length, the number of other species descending from the branch (apart from the focal species), and the expected number of other species descending from the branch (sum of the survival probabilities, σ = 1 -ε, for all descendant species apart from the focal species). The focal species' own threat level is then combined with its distinctiveness to obtain the final global values of threat and distinctiveness (see equations for the indices in the main text). Codes for IUCN categories: LC = least concern; NT = near-threatened; VU = vulnerable; EN = endangered; CR = critically endangered.
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