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ABSTRACT 60 

The use of phylogenies in ecology is increasingly common and has broadened our 61 

understanding of biological diversity. Ecological sub-disciplines, particularly 62 

conservation, community ecology and macroecology, all recognize the value of 63 

evolutionary relationships but the resulting development of phylogenetic approaches has 64 

led to a proliferation of phylogenetic diversity metrics. The use of many metrics across 65 

the sub-disciplines hampers potential meta-analyses, syntheses, and generalizations of 66 

existing results. Further, there is no guide for selecting the appropriate metric for a given 67 
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question, and different metrics are frequently used to address similar questions. To 68 

improve the choice, application, and interpretation of phylo-diversity metrics, we 69 

organize existing metrics by expanding on a unifying framework for phylogenetic 70 

information.  71 

Generally, questions about phylogenetic relationships within or between assemblages 72 

tend to ask three types of question: how much; how different; or how regular? We show 73 

that these questions reflect three dimensions of a phylogenetic tree: richness, divergence, 74 

and regularity. We classify 70 existing phylo-diversity metrics based on their 75 

mathematical form within these three dimensions and identify ‘anchor’ representatives: 76 

for α-diversity metrics these are PD (Faith’s phylogenetic diversity), MPD (mean 77 

pairwise distance), and VPD (variation of pairwise distances). By analysing mathematical 78 

formulae and using simulations, we use this framework to identify metrics that mix 79 

dimensions, and we provide a guide to choosing and using the most appropriate metrics. 80 

We show that metric choice requires connecting the research question with the correct 81 

dimension of the framework and that there are logical approaches to selecting and 82 

interpreting metrics. The guide outlined herein will help researchers navigate the current 83 

jungle of indices. 84 

 85 

Key words: biodiversity hotspots, biogeography, community assembly, conservation, 86 

diversity metrics, evolutionary history, phylogenetic diversity, prioritization, range size. 87 
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 114 

I. INTRODUCTION  115 

Phylogenetic information is a critical component of modern ecology, particularly for the 116 

sub-disciplines of macroecology, community ecology, and conservation biology (Beck et 117 

al., 2012; Cadotte et al., 2010; Crozier, 1992; Davies & Cadotte, 2011; Faith, 1992; 118 

Mouquet et al., 2012; Purvis et al., 2000; Vane-Wright, Humphries & Williams, 1991; 119 

Webb, 2000; Webb et al., 2002; Winter et al., 2009). The growing use of phylogenies 120 

recognizes that the branching pattern on a phylogenetic tree reflects the accumulation of 121 

phenotypic, genetic, behavioural, and/or phenological differences between evolutionary 122 

lineages (Harvey & Pagel, 1991). These accumulated differences may in turn describe, 123 

explain, or predict biological and ecological processes. The potential usefulness of 124 

phylogenies to answer ecological questions, coupled with the exponentially growing 125 

availability of phylogenies for many taxonomic groups, has given rise to a proliferation 126 

of different phylogenetic metrics. Currently, there is an increasing “jungle of 127 

[phylogenetic] indices” (Winter, Devictor & Schweiger, 2013, p. 201) of at least 70 128 

available metrics used to describe phylogenetic diversity (here ‘phylo-diversity’, see 129 

online supporting information, Appendix S1). This jungle reflects not only the increasing 130 

number of phylo-diversity metrics found in the literature, but also the confusion regarding 131 

how the different metrics relate to each other in both mathematical and ecological terms.  132 

Metric choice is often driven by historical precedence, individual experience, and sub-133 

discipline tradition, rather than objective criteria. Phylo-diversity metrics first appeared in 134 

conservation biology in response to the perception that, in the face of widespread 135 

extinctions, minimizing loss of evolutionary diversity should be a priority (Vane-Wright 136 
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et al., 1991). Maximizing the evolutionary diversity of a group of species should 137 

maximize their feature (i.e. phenotypic, behavioural and/or ecological) diversity, and so 138 

phylogenetic measures should be more effective than species-based measures at 139 

preserving such diversity (Faith, 1992). Community ecology and macroecology more 140 

recently incorporated phylogenies into analyses, using evolutionary relationships to 141 

understand observed ecological and macroevolutionary patterns and processes, such as 142 

community assembly or biodiversity gradients. Community ecology tends to use 143 

phylogenetic relatedness between taxa or communities to infer local ecological processes 144 

(Webb et al., 2002) or to predict ecosystem properties (Mouquet et al., 2012), while 145 

macroecology uses phylogenetic information to help disentangle explanations for large-146 

scale patterns of diversity (Fritz & Rahbek, 2012; Jetz et al., 2012; Wiens & Donoghue, 147 

2004; Winter et al., 2009). Despite these different foci, there is considerable overlap in 148 

sub-discipline approaches and interests. Indeed, some metrics are commonly considered 149 

across all ecological sub-disciplines, such as Faith’s PD (Faith, 1992), while others are 150 

restricted to particular sub-disciplines, e.g. evolutionary distinctiveness (ED) (Isaac, 151 

2007; Redding, 2003) for conservation; MPD and mean nearest taxon distance (MNTD) 152 

for community ecology (Clarke & Warwick, 1998; but see Davies & Buckley, 2011; 153 

Webb et al., 2002). 154 

Choosing the most appropriate phylogenetic measure for a particular ecological question 155 

is complicated by the vast collection of phylo-diversity metrics available. Recent 156 

overviews (Chiu, Jost & Chao, 2014; Mouquet et al., 2012; Vellend et al., 2010; Winter 157 

et al., 2013) have called for a unifying framework for phylo-diversity metrics, in order to 158 

clarify the conceptual relationships between existing metrics, to highlight their 159 
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redundancies or complementarity, and ultimately to encourage the correct usage and 160 

interpretation of metrics (Chao, Chiu & Jost, 2010; Chao, Chiu & Jost, 2014; Chiu et al., 161 

2014; Faith, 2008; Pavoine & Bonsall, 2011; Pavoine, Love & Bonsall, 2009; Pearse et 162 

al., 2014; Rosauer & Mooers, 2013; Schweiger et al., 2008; Swenson, 2011; Tucker & 163 

Cadotte, 2013). A recent framework developed by Pavoine & Bonsall (2011) based on 164 

preliminary work by Mouillot et al. (2005) and Ricotta (2007), provides a broad 165 

clarification of the mathematical underpinnings of phylo-diversity metrics, allowing them 166 

to be grouped under three mathematical dimensions (richness, divergence, regularity). 167 

Although the Pavoine–Bonsall framework represents an important step forward in 168 

clarifying the conceptual relationships underlying metrics, it lacks (1) comprehensive 169 

classification of metrics, since it included only a small subset of published phylo-170 

diversity metrics, and (2) guidance for the correct choice of metrics and connection of 171 

research questions with the appropriate dimension. The purpose of this review is to 172 

provide a comprehensive and practical guide to understanding and correctly applying 173 

phylo-diversity metrics to ecological questions. This should help in selecting from among 174 

the at least 70 metrics currently available, while emphasizing the value of distinguishing 175 

between and utilizing the three different dimensions of phylo-diversity metrics. We 176 

establish the connection between the types of ecological questions or hypotheses 177 

researchers test and the corresponding dimension identified by the Pavoine–Bonsall 178 

framework. Our goals are to incorporate existing phylo-diversity metrics into the 179 

framework and verify their fit, analyse redundancy and distinguish among metrics within 180 

dimensions, and provide examples to guide their use. 181 

 182 
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II. A UNIFYING FRAMEWORK FOR PHYLO-DIVERSITY METRICS 183 

(1) Describing the framework 184 

Despite the vast array of phylo-diversity metrics, a simple set of mathematical 185 

underpinnings provides a natural scheme to group the metrics into three conceptual 186 

dimensions (Pavoine et al., 2009): richness, divergence, and regularity. These dimensions 187 

capture the mathematical operation inherent to a metric, which includes: (a) the sum of 188 

accumulated phylogenetic differences among taxa (‘richness’); (b) the mean phylogenetic 189 

relatedness among taxa (‘divergence’), representing the average phylogenetic difference 190 

between taxa in an assemblage; or (c) the variance in differences among taxa, 191 

representing how regular the phylogenetic differences between taxa in an assemblage are 192 

(‘regularity’) (Fig. 1). We use regularity rather than the similar term ‘evenness’, because 193 

the latter has been used previously to describe how abundances are combined with 194 

measures of evolutionary distances (Pavoine & Bonsall, 2011; Pearse et al., 2014).  195 

A second axis of information in this framework reflects whether the metric uses 196 

information about a single set of tips of a phylogenetic tree within an assemblage (i.e. 197 

questions about a single community or regional species pool, hereafter referred to as α-198 

diversity), or about several sets of tips (i.e. comparisons of assemblages over space or 199 

time, hereafter referred to as β-diversity). For the purposes of this paper, ‘assemblage’ 200 

simply denotes a group of taxa of interest: such taxa may, but need not, co-occur in space 201 

or time. Examples include taxa in a local community, regional species pool, or those 202 

selected in a particular conservation strategy. And similarly, although we may refer to 203 

species for simplicity, note that the metrics discussed are often applied to diversity below 204 

species level, or where species have not been described.  205 
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This framework (1) provides an intuitive approach based on the mathematical 206 

formulations of the metrics, (2) assesses both within- and between-assemblage diversity 207 

components, (3) is analogous to the functional diversity framework, thus aiding 208 

comparisons between phylo- and functional diversity (Villéger, Mason & Mouillot, 2008) 209 

and (4) is applicable to both abundance and presence/absence formulations.  210 

Within each dimension, different phylogenetic metrics can be constructed using various 211 

types of phylogenetic components (referred to as ‘units’): these include branch lengths, 212 

pairwise phylogenetic distances between taxa, measures of phylogenetic or evolutionary 213 

isolation (e.g. species distinctiveness, fair proportion; Isaac, 2007; Redding, 2003), or 214 

other measures of tree topology. Thus within each dimension, we differentiate between 215 

metrics based on the phylogenetic unit used for their construction. We refer to groups of 216 

metrics in a particular dimension that are constructed using the same units as ‘families’. 217 

For example, richness metrics composed using branch lengths [e.g. PD, phylogenetic 218 

endemism (PE)] would be considered a family based on their shared dimension and unit 219 

of construction. 220 

 221 

(2) Classifying phylo-diversity metrics using the dimensions framework 222 

Here we use the dimensions framework introduced in Section II.1 to classify phylo-223 

diversity metrics used to answer phylogeny-focused ecological questions. We searched 224 

the ecological literature and identified many common metrics not classified within the 225 

Pavoine–Bonsall framework, for a total of 70 metrics (we counted separately abundance 226 

and presence/absence versions of metrics, and identical metrics published with different 227 

names. Each set of parametric indices was counted a single unit). These metrics are 228 
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diverse, but share many common properties (Pavoine & Bonsall, 2011; Pearse et al., 229 

2014; Vellend et al., 2010). These metrics are included in Table 1, classified based on the 230 

mathematical dimension (richness, divergence, or regularity) and the diversity level (α-231 

diversity or β-diversity). Formulae for all metrics and additional details can be found in 232 

Appendix S1 (metrics from Allen, Kon & Bar-Yam, 2009; Barker, 2002; Bryant et al., 233 

2008; Cadotte et al., 2010; Chen et al., 2012; Chiu et al., 2014; Clarke & Warwick, 1998, 234 

2001; Colless, 1982; Dehling et al., 2014; Faith, 1992; Hardy & Jost, 2008; Hardy & 235 

Senterre, 2007; Helmus et al., 2007; Isaac, 2007; Ives & Helmus, 2010; Izsák & Papp, 236 

2000; Izsák & Szeidl, 2002; Jost, 2006; Jost, 2007; Kembel et al., 2010; Leinster & 237 

Cobbold, 2012; Lozupone et al., 2007; Lozupone & Knight, 2005; Miller, Zanne & 238 

Ricklefs, 2013; Mouchet & Mouillot, 2011; Nipperess, Faith & Barton, 2010; Pavoine et 239 

al., 2009; Pavoine, Ollier & Pontier, 2005; Pavoine & Ricotta, 2014; Pybus & Harvey, 240 

2000; Rao, 1982; Redding, 2003; Rosauer et al., 2009; Safi et al., 2013; Scheiner, 2012; 241 

Swenson, 2011; Vellend et al., 2010; Villéger et al., 2008; Webb, Ackerly & Kembel, 242 

2008; Webb et al., 2002; Weiher & Keddy, 1995). Table 1 also identifies the absence of 243 

published phylo-diversity metrics in some categories; for example, β-diversity in 244 

particular lacks metrics in a number of possible categories. However, particularly for α-245 

diversity metrics, most categories in Table 1 include multiple phylo-diversity metrics. 246 

Further, while it is likely that additional metrics will be found in the literature that are 247 

missed here (or will be developed in the future), we believe that they can be easily placed 248 

within this framework. 249 

 250 

(a) Richness 251 
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Richness metrics sum up the quantity of phylogenetic differences present in an 252 

assemblage, and we can further distinguish metrics according the type of basic units they 253 

sum across. Metrics may sum branch lengths (e.g. Faith's PD; Faith, 1992; PE, Rosauer et 254 

al., 2009; 1.1a in Table 1); pairwise phylogenetic distances [e.g. phylogenetic species 255 

richness (PSR); Helmus et al., 2007; 1.2a in Table 1]; or they may sum the phylogenetic 256 

isolation of the taxa in an assemblage (ED, Safi et al., 2013). Richness metrics that 257 

compare diversity between sets (β-diversity) may calculate the proportion of shared 258 

branch length between two communities (e.g. Unifrac, Lozupone & Knight, 2005; 1.1b in 259 

Table 1) or a proportional measure of pairwise phylogenetic similarities among species 260 

(Pavoine & Ricotta, 2014; 1.2b in Table 1). These metrics capture the difference in 261 

phylogenetic composition between assemblages. 262 

 263 

(b) Divergence 264 

The divergence dimension contains metrics that average the distribution of units extracted 265 

from a phylogenetic tree. Divergence metrics that describe a single assemblage may be 266 

calculated using branch lengths (2.1a in Table 1), pairwise distances (2.2.1a and 2.2.2a in 267 

Table 1), or phylogenetic isolation (2.3a in Table 1). Distances may be measured using all 268 

pairwise distances for a group of taxa (e.g. MPD, Webb et al., 2002; 2.2.1a in Table 1) or 269 

only a subset of the possible pairwise distances (2.2.2a in Table 1), in which case 270 

generally the shortest distances between taxa are considered (e.g. MNTD, Webb et al., 271 

2002). For metrics that compare divergence between assemblages (β-diversity), distances 272 

may be measured using branch lengths (e.g. Hβ, which relies on additive decomposition, 273 
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Mouchet et al., 2011; 2.1b in Table 1), or else all (2.2.1b in Table 1) or the shortest 274 

pairwise distances (2.2.2b in Table 1). 275 

 276 

(c) Regularity 277 

The regularity dimension contains metrics that characterize how the phylogenetic tree 278 

differs from a star phylogeny (i.e. a phylogeny in which all species are equally unrelated). 279 

In other words these metrics quantify how regularly species are located along the 280 

phylogenetic tree and how evenly distant they are from each other species. They are 281 

grouped into three families based on the use of tree topology (3.1a in Table 1), pairwise 282 

distances (all or a subset of pairwise distances; 3.2.1a and 3.2.2a in Table 1), or 283 

phylogenetic isolation (3.3a in Table 1). We did not identify any published metrics 284 

comparing regularity between assemblages. 285 

 286 

(3) Analysing the dimensions framework through simulations 287 

Table 1 represents a consensus built on analysis of mathematical formulations as well as 288 

author opinions, yet metric behaviour may still vary within any particular subcategory 289 

(e.g. a cell in Table 1), since metrics that share general characteristics may still differ in 290 

behaviour. Additionally, some metrics may integrate components from more than one 291 

dimension of a phylogeny. Given the grouping of metrics into the three conceptual 292 

dimensions in Table 1, we predict that the similarity of metrics within a dimension should 293 

be higher (e.g. correlations between their values should be higher) than the similarity of 294 

metrics in different dimensions. We use simulations (described briefly below, and in 295 
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detail in Appendix S2) to evaluate the coherence of metrics within their presumed 296 

dimension, and to identify any metrics that deviate notably from their dimension. 297 

We simulated 100 phylogenetic trees with 64 taxa, with a wide distribution of branch 298 

lengths (δ statistic) and tree symmetry (IC statistic) using the sim.bdtree function in the R 299 

package geiger (Harmon et al., 2008). For each tree we created eight types of landscapes 300 

(each one a region containing 256 communities) that represented simplified outcomes of 301 

possible assembly processes, using the scape function in the R package pez (Pearse et al., 302 

2015). These landscapes varied in whether (1) there was a phylogenetic signal (sensu 303 

Blomberg, Garland & Ives, 2003) in species’ environmental optima, and whether that 304 

signal reflected ‘repulsion’ (divergence of optima), ‘attraction’ (convergence of optima), 305 

or no phylogenetic correlation, (2) range size (repulsion, attraction, no signal), and (3) 306 

spatial autocorrelation in range distribution (Table 2). Thus, assemblages in these 307 

landscapes could vary from having spatially autocorrelated ranges and a strong 308 

phylogenetic signal for range size and environmental optima, to having random assembly 309 

with no phylogenetic structure in range size or environmental optima and no spatial 310 

autocorrelation. In total there were eight landscapes simulated for each tree, giving a total 311 

of 800 distinct landscapes. For the communities in each of these 800 landscapes, we 312 

calculated values for the α-diversity and β-diversity metrics listed in Table 1.  313 

In addition to these analyses using the trees with 64 taxa, we generated 100 trees with 16 314 

taxa and 100 trees with 256 taxa. For each tree size we similarly simulated 800 315 

landscapes, thus constructing a total of 2400 landscapes. We calculated a subset of α-316 

diversity metrics (omitting abundance-weighted and parametric metrics, for a total of 27 317 
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metrics) from Table 1 across each of these landscapes to consider briefly whether metric 318 

behaviour is sensitive to tree size. 319 

We explored the underlying relationships between α-diversity metrics using principal 320 

components analysis (PCA) based on a pairwise Spearman correlation matrix between all 321 

α-diversity metrics for each landscape. We used Spearman correlation, as it is robust to 322 

nonlinear relationships and outliers. We included all metrics for α-diversity from Table 1 323 

for the analysis: for visual clarity, Fig. 2A presents only presence/absence metrics and 324 

excludes abundance-weighted metrics, and parametric metrics and those that include 325 

multiple dimensions (these metrics are included in Fig. 2B and C, respectively). The total 326 

explained variance when all metrics were included for analysis was 41.8% for principal 327 

component 1, and 20.5% for principal component 2. The remaining axes explain much 328 

less variation (PC3 explained 6.9%), and so we display only the first two axes. Note that 329 

we use PCA here as a technique for visualizing the relationships between metrics: 330 

principle component axes are orthogonal and independent, and thus are not expected to 331 

be equivalent to the three dimensions we have identified. Although the dimensions 332 

capture different aspects of that phylogeny, ultimately all are dependent on the same 333 

underlying processes of evolution. Hence, fewer than three independent PCA axes should 334 

be necessary to capture variation related to these three dimensions. 335 

PCA results for the α-diversity metrics (Fig. 2A) suggest that the richness, divergence, 336 

and regularity dimensions are clearly divided within ordination space and to illustrate this 337 

we use the PD, MPD, and VPD metrics as anchors or guidelines for the expected position. 338 

The majority of the richness, divergence, and regularity metrics cluster with other metrics 339 

from the same dimension. In general, richness metrics load on positive values of PC1 and 340 
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2, divergence metrics load on negative values of PC2, while regularity metrics tend to 341 

load on negative values of the first axis. Divergence, as represented by the position of 342 

MPD, is also captured by phylogenetic species variability (PSV) and average taxonomic 343 

diversity (AvTD) because mathematically these metrics are identical (Appendix S1). It is 344 

notable however, that for the divergence dimension, metrics that rely on nearest 345 

neighbour distances (MNTD) or phylogenetic isolation [mean(ED)] do not cluster closely 346 

with MPD, which is composed using all pairwise phylogenetic distances. Regularity, as 347 

represented by the position of VPD, is closely correlated with a number of similar metrics, 348 

including variance in nearest taxonomic distance (VNTD) and the variance in 349 

evolutionary distinctiveness [var(ED)]. These results confirm that the similarity of 350 

metrics within a dimension is generally greater (e.g. correlations between their values are 351 

higher) than the similarity of metrics between different dimensions, although interesting 352 

divergences also occur (see Section III).  353 

β-diversity metrics (Fig. 3) capture the dissimilarity between assemblages. The first PC 354 

axis explains 22.9% of variance and the second PC axis 15.6%. The first axis captures a 355 

gradient from the richness dimension (positive values) to the divergence dimension 356 

(negative values). The entropic metrics [Chiu et al., 2014; qDβ(T)] vary from being highly 357 

correlated with the richness dimension (q = 0, where q is a ‘scaling parameter’ that 358 

determines the influence of rare taxa), to being increasingly associated with the 359 

divergence metrics as the value of q increases. The second axis captures a separate source 360 

of information from the dimensions framework presented here: Swenson (2011) showed 361 

that β-diversity metrics can emphasize either differences among communities towards the 362 

base (‘basal’) or tips (‘terminal’) of a phylogenetic tree. In our simulations negative 363 
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values along the second axis appear to capture basal metrics, such as Rao’s D (equivalent 364 

to Dpw) which is a MPD-based measure of β-diversity, while known terminal metrics 365 

such as Dnn, which is MNTD-based measures of β-diversity, fall close to zero. This 366 

suggests that for β-diversity metrics, metric choice should additionally consider whether 367 

it is more of interest to capture internal versus terminal tree structure (Jin, Cadotte & 368 

Fortin, 2015; Swenson, 2011). Note that a few metrics were not included, for example, 369 

PCD (phylogenetic community dissimilarity), due to computing time requirements. 370 

Tree size of the source pool used to simulate communities influenced the similarity of 371 

metrics: the variation among α-diversity metrics increased when trees were small (16 372 

taxa; Fig. 4). In general, the multidimensional space occupied by metrics measured on 373 

landscapes constructed with 64 and 256 taxa trees overlapped, while the metrics 374 

calculated for the trees with 16 taxa tended to occupy separate areas of the ordination. 375 

Further, some metrics (e.g. IC; Fig. 4) behave similarly regardless of tree size. To 376 

understand completely the sensitivity or robustness of the different phylo-diversity 377 

metrics to changes in tree size, additional in-depth analyses are required. Nonetheless we 378 

feel our conclusions regarding metric behaviour within the dimensions framework will be 379 

general across a variety of tree sizes with the smallest trees accentuating small differences 380 

in metric calculations because the phylogenetic signal exhibited by small clades is 381 

inherently variable (Blomberg et al., 2003).  382 

 383 

III. ADDITIONAL COMPLEXITIES IN METRIC FORMULATION 384 

Although the metrics generally group by dimension, we also consider a number of 385 

additional factors that can alter the usage and interpretation of phylo-diversity metrics. 386 
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Metric behaviour may be complicated by factors such as the inclusion of abundances, 387 

underlying correlations with species richness, and the emphasis on rare versus common 388 

species. 389 

 390 

(1) Abundances 391 

Species abundances are often an important source of information: for example, weighting 392 

schemes using abundances or range sizes have a long history for conservation 393 

prioritization (Vane-Wright et al., 1991). All of the dimensions of phylogenetic 394 

information can be weighted using some measure of abundance or other weight that 395 

allows information about species’ commonness or rarity to be incorporated (Table 1, 396 

metrics in red, and Fig. 2B).  397 

Abundances may be incorporated in several ways. For metrics applied to a local 398 

assemblage, species’ relative abundances may be incorporated. This is the ratio between 399 

species’ absolute abundance (e.g. cover, number of individuals, or biomass) and total 400 

absolute abundance of the community (e.g. total cover, total number of individuals or 401 

total biomass). Relative abundances are then used to weight phylogenetic units such as 402 

pairwise distances [e.g. abundance-weighted MPD (MPDAb); Miller et al., 2013] or 403 

branch lengths [e.g. abundance-weighted PD (PDAb); Vellend et al., 2010)] There are two 404 

general weighting schemes: (1) those where locally abundant species are de-emphasized 405 

relative to locally rare species, which are weighted more highly because they may be 406 

important for conservation (Cadotte & Davies, 2010); versus (2) those that emphasize 407 

abundant species, such as when analysing species contributions to ecosystem function 408 

(Cadotte et al., 2009). Such weighting schemes allow the impact of the number and 409 
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relative abundance of rare and distinctive species in local communities to be considered 410 

explicitly. For questions that consider a larger spatial scale, range sizes or endemism may 411 

be alternative sources of abundance information (Isaac, 2007). For example the 412 

phylogenetic endemism metric (PE; Rosauer et al., 2009) weights the length of a 413 

particular branch by its whole geographic extent (defined as the union of the distribution 414 

of species descending from it). Thus rarity is defined as species with small ranges, rather 415 

than low abundances.  416 

Simulation results (Fig. 2B) suggest that the incorporation of abundance into metrics in 417 

the divergence and regularity dimensions produced metrics that behaved similarly to 418 

other metrics in the same dimensions. Therefore, when abundances within an assemblage 419 

are of interest for questions about divergence and regularity, appropriate metric choices 420 

exist and can be clearly interpreted and reasonably compared to presence–absence 421 

metrics in those dimensions. For richness, the abundance-weighted metrics PE and 422 

abundance-weighted evolutionary distinctiveness (AED) clustered with other metrics in 423 

the richness dimension. However, several richness metrics that include weighting for 424 

abundance, such as PDAb or average abundance-weighted phylogenetic diversity (ΔnPD), 425 

did not cluster with the richness metrics. It may be that sensitivity of these indices to 426 

patterns in abundance evenness leads their behaviour to converge with that of indices 427 

from the other phylogenetic dimensions, and so the user should use caution when 428 

interpreting these particular metrics. 429 

 430 

(2) Parametric indices (Hill numbers and entropies)  431 
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Hill numbers are a group of diversity measures that aim to quantify diversity in units of 432 

equivalent numbers of equally abundant species (Hill, 1973). Hill numbers incorporate 433 

information about abundances and variance in abundances, retain constant units 434 

(‘effective number of species’), and have recently been extended to include phylogenetic 435 

information (Chao et al., 2010; Chiu et al., 2014; Leinster & Cobbold, 2012). These 436 

frameworks rely on a unified formula of phylo-diversity that is adjusted using a single 437 

‘scaling parameter’, q. The value of q should determine the influence of rare taxa.  438 

Within the richness/divergence/regularity framework, changes in the value of the q 439 

scaling parameter affect the dimension of the parametric index being measured, rather 440 

than simply altering the influence of rare species, as is the case for the taxonomic 441 

versions of these metrics (Fig. 2C). For example in the Chao framework [Chao et al., 442 

2010; qD(T)], q = 0 and q = 2 metrics correspond to a richness and a divergence metric, 443 

respectively. By contrast the Leinster framework [Leinster & Cobbold, 2012; qDZ(p)] 444 

varied little in how it classified communities in our framework despite changes in q. Note 445 

that the Scheiner framework (Scheiner, 2012), although reliant on q, differs from the 446 

parametric indices in that it sums species-level ED instead of summing across edges in 447 

the phylogeny. Parametric indices require further theoretical treatment and applications to 448 

determine their properties fully, and so care must be taken in selecting and interpreting 449 

them. 450 

 451 

(3) Metrics that depend on species richness 452 

The original Pavoine–Bonsall framework was defined independently of species richness 453 

so that multiplying an index by species richness (e.g. PSR=PSV*species richness) would 454 
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not change its classification (both PSR and PSV were considered in the Pavoine–Bonsall 455 

framework as divergence indices). Richness is here defined more broadly to include any 456 

counting of evolutionary units, be they branch lengths or other phylogenetic distances. As 457 

a result, some metrics are classified differently from in the original work, and our 458 

richness dimension is intrinsically more influenced by species richness than the other two 459 

dimensions.  460 

Several indices that we classified a priori in other dimensions were found to be strongly 461 

correlated with the richness dimension, as a result of their underlying relationships with 462 

species richness. We suggest that this explains the behaviour of the parametric indices 463 

based on Hill numbers discussed above, as these are, by definition, dependent on species 464 

richness. Several entropic measures of evolutionary distinctiveness [Cadotte et al., 2010; 465 

HED, HAED], and metrics in the Scheiner framework combine phylogenetic regularity with 466 

species richness, which leads their behaviour to be strongly correlated with the richness 467 

dimension (PD), since PD and species richness are also often highly correlated. Rao’s 468 

quadratic entropy (Rao’s QE) is primarily an index of divergence (Clarke & Warwick, 469 

1998; Rao, 1982) as most of its variation occurs along the divergence dimension – but it 470 

is also slightly correlated with the richness dimension since it includes the diagonal of the 471 

distance matrix. The equitability of HED, EED (Cadotte et al., 2010), behaves differently 472 

from both its component dimensions because it quantifies the deviation of ED from a star 473 

phylogeny (all species equally related so they are maximally and equally distinct).  474 

For some metrics, simple transformations can be applied to remove this dependence. For 475 

example, indices based on Hill numbers can be divided by species richness to remove its 476 

effect. The effects of species richness and abundance evenness can be removed by using 477 
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appropriate null models (Pavoine et al., 2013), which can also ease comparisons with 478 

functional diversity, since species richness and abundance evenness may artificially 479 

exaggerate correlations between phylogenetic diversity and functional diversity.  480 

 481 

IV. CONNECTING ECOLOGICAL QUESTIONS AND HYPOTHESES WITH 482 

PHYLO-DIVERSITY METRICS 483 

The dimensions classification framework unites metrics developed across ecological sub-484 

disciplines and used for different purposes. However, the framework does not easily 485 

resolve the problem of choosing among metrics for a particular analysis. Ecological 486 

questions, whether from conservation, community ecology, or macroecology, all consider 487 

how accumulated differences between species (reflected by divergences along a 488 

phylogeny) may relate to biological processes or patterns. Evolutionary history is 489 

considered an outcome or predictor of processes of interest. We suggest that questions 490 

about these processes or patterns can be simplified and unified to recognize the three 491 

general themes of: how much total diversity is present in an assemblage (or among 492 

assemblages); how different, on average, are taxa in an assemblage (or among 493 

assemblages); and/or how regular or variable are the differences between taxa in an 494 

assemblage (or among assemblages) (Fig. 5). We review below the types of questions 495 

asked by ecologists using phylogenies, identify commonalities, and connect these 496 

questions with appropriate phylo-diversity metrics.  497 

 498 

(1) Applying richness metrics  499 
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Richness metrics can be used to measure or describe observed patterns of diversity; these 500 

values may also be compared to equivalent taxonomic and functional measures. As 501 

richness metrics sum the quantity of phylogenetic differences in an assemblage, they are 502 

often assumed to capture ‘feature diversity’ under some models of trait evolution (Kelly, 503 

Grenyer & Scotland, 2014). In this context, measures of phylogenetic richness may be 504 

used to answer questions about the quantity and distribution of extant biodiversity, 505 

arguably better than species-based metrics (Rosauer & Mooers, 2013). Phylogenetics 506 

offers metrics which are relatively insensitive to taxonomic inflation (Isaac, 2007), and 507 

which can easily incorporate taxa (or other evolutionary units) for which there is little 508 

information, other than their placement on the tree of life. Feature diversity may be 509 

considered a valuable indicator of either future utility or future evolutionary potential 510 

(Forest et al., 2007; Mace, Gittleman & Purvis, 2003) and so conservation biologists have 511 

been interested in the protection of total feature diversity for questions of prioritization of 512 

taxa and/or areas (e.g. Bennett et al., 2014; Forest et al., 2007; Isaac, 2007; Jetz et al., 513 

2014; Purvis, 2008; Rodrigues et al., 2011). For example, Tucker et al. (2012) asked how 514 

Proteaceae phylogenetic diversity was distributed spatially in the Cape Floristic Province. 515 

To capture the total evolutionary richness in a spatial unit, they considered two richness 516 

metrics – PD, and the sum of abundance-weighted ED (BED) – and compared the 517 

distributions of these metrics with Proteaceae species richness in the region.  518 

Phylogenetic richness (either α- or β-diversity) has also been used as a predictor or 519 

response variable in numerous studies, across multiple spatial or temporal scales and for 520 

diverse natural systems. Variation in phylogenetic richness through space and time is 521 

often hypothesized to be an outcome of different ecological and evolutionary processes 522 
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(Cavender-Bares et al., 2009; Mouquet et al., 2012). For example, as invasive species 523 

represent a non-random combination of traits, and phylogenetic metrics can be used to 524 

capture such ‘feature diversity’, it may be hypothesized that invasion should lead to 525 

differential changes in phylogenetic richness (α- or β-diversity) compared to species 526 

richness. Winter et al. (2009) tested this by comparing taxonomic and phylogenetic 527 

richness metrics in invaded assemblages [ultimately showing that alien species led to a 528 

decrease in phylogenetic distinctness (i.e. divergence) rather than richness]. In a separate 529 

application Thuiller et al. (2011) found that species’ vulnerability to climate change 530 

clustered weakly along the phylogeny, and used this relationship to predict how the 531 

amount and distribution of phylogenetic richness will change in the future. 532 

 533 

(2) Applying divergence metrics  534 

Questions about ecological communities have frequently considered phylogenetic 535 

distance to be a proxy for differences in functional traits (Ackerly, 2009; reviewed in 536 

Freckleton, Harvey & Pagel, 2002; Mouquet et al., 2012; Srivastava et al., 2012), with 537 

the assumption that closely related species are more functionally similar, and thus overlap 538 

more in their ecological niche, than those that are more distantly related (Connolly et al., 539 

2011; Gerhold et al., 2015; but see Narwani et al., 2013; Purschke et al., 2013; Violle et 540 

al., 2011). Underlying this are additional assumptions that closely related species occur in 541 

sympatry and that trait evolution is divergent, so the most similar taxa are the most 542 

closely related (Gerhold et al., 2015). When these assumptions hold, it is often 543 

hypothesized that if environmental filtering drives community assembly, taxa within an 544 

assemblage will be more related on average than expected in a random or null 545 
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assemblage (Cavender-Bares & Wilczek, 2003; but see Mayfield & Levine, 2010; Webb 546 

et al., 2002). Alternatively, if competitive interactions are important, it may be 547 

hypothesized that co-occurring taxa will be less related (i.e. more divergent) than 548 

expected on average. Divergence indices, particularly MPD and MNTD indices, have 549 

been used to test these types of hypotheses about the mean relatedness of taxa within an 550 

assemblage. For example, Helmus et al. (2010) considered whether disturbed 551 

communities tended to contain more closely related species, reflecting the role of 552 

environmental filtering in selecting disturbance-tolerant taxa. They hypothesized that 553 

more closely related species might have similar traits, and so be similarly adapted to 554 

disturbance conditions. To test this, the authors used the PSV metric, which is closely 555 

related to MPD, and compared the average relatedness of species in disturbed 556 

communities versus non-disturbed communities.  557 

Note that although these are frequently expressed hypotheses in community ecology, 558 

there are many possible relationships between phylogenetic relatedness and co-559 

occurrence that can be tested using divergence metrics. Gerhold et al. (2015) provide 560 

alternative scenarios that may preclude the interpretations described above – for example, 561 

trait similarity may actually facilitate coexistence (see also Mayfield & Levine, 2010), 562 

competitive exclusion may be incomplete in assemblages, and regional species pools and 563 

processes, rather than local processes, may determine local assembly. Thus, testing 564 

questions about evolutionary history requires both identifying the correct type of metric 565 

for a given question as well as considering the assumptions that might relate patterns to 566 

processes. 567 
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The phylogenetic topology of species’ assemblages can further provide information about 568 

processes structuring regional species pools (Heard & Cox, 2007; Purvis et al., 2011), 569 

and the likelihood that these will be invaded or altered (Gerhold et al., 2011). 570 

Macroecological studies have incorporated information about divergences in phylogenies 571 

to compare phylogenetic distances separating sister lineages and capture variation in 572 

diversification rates (e.g. Ackerly, 2009; Weir & Schluter, 2007), to identify geographical 573 

centres of diversification (e.g. Jetz et al., 2012), or the drivers of niche evolution or 574 

conservation (e.g. Dormann et al., 2009; Wiens & Donoghue, 2004). Such 575 

macroecological approaches allow tests of whether diversification rates differ between 576 

biogeographical regions, across latitudes or at different times through history. In addition, 577 

patterns can be compared to null expectations generated from models that integrate the 578 

processes of speciation, extinction and colonization (Pigot & Etienne, 2015) providing 579 

more powerful tests of the mechanisms structuring regional species assemblages. 580 

 581 

(3) Applying regularity metrics 582 

The regularity metrics appear less frequently in the literature, and we identified no 583 

published examples for β-diversity. They are typically used for questions about how 584 

evenly evolutionary history is distributed between taxa in an assemblage, and as with 585 

divergence metrics, are often applied with the assumption that phylogenetic distance is a 586 

proxy for differences in functional traits. Under such a framework, one might hypothesize 587 

that greater evenness in the distribution of similarity among species should result in lower 588 

competition (Kraft, Valencia & Ackerly, 2008). Cadotte (2013) manipulated phylogenetic 589 

relatedness and species richness in plant communities, and tested whether the selection 590 
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effect (the dominance of highly competitive or productive species, one putative 591 

mechanism underlying the diversity–ecosystem function correlation), might be related to 592 

the topology of the phylogenetic tree. In fact, the selection effect was correlated with a 593 

regularity metric, the imbalance in abundances among clades (IAC). As regularity metrics 594 

reflect evenness in the distribution of dissimilarity among species, this finding suggests 595 

that the selection effect is strongest when closely related species are present. In the field 596 

of macroecology, Davies & Buckley (2011) considered VPD to explore unevenness in the 597 

distribution of PD globally for terrestrial mammals, which provided insight into the 598 

historical processes behind global patterns of species richness.  599 

 600 

V. A GUIDE TO PHYLO-DIVERSITY METRICS 601 

Here we provide a robust and intuitive framework to guide researchers and practitioners 602 

on the selection and matching of phylo-diversity metrics to their research questions. We 603 

have shown that the different metrics align with three dimensions of phylo-diversity: 604 

richness, divergence, and regularity; dimensions that themselves align naturally with 605 

common research questions (Fig. 5). In highlighting this natural linkage between research 606 

questions and associated hypotheses, phylogenetic dimensions, and appropriate metrics, 607 

we hope to facilitate the growing usage of phylogenies in ecology. Further, we hope that 608 

this work will encourage researchers to choose amongst existing metrics rather than 609 

formulate new metrics that have properties similar to those already in existence.  610 

 611 

(1) Metric selection for ecologists 612 
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Importantly, our classification framework predicts metric behaviour based on their 613 

mathematical properties. Although particular metrics have become entrenched in 614 

particular fields, we show that there is mathematical redundancy among them and that 615 

alternative metrics may be equally able to address similar questions. This suggests that 616 

the choice of metric could be simplified. Researchers must first specify whether they are 617 

most interested in describing properties within a set or between sets, and then determine 618 

whether their research question(s) necessitate the use of ‘how much’, ‘how different’ or 619 

‘how regular’ dimensions. By placing their questions within these dimensions, the 620 

researcher can then identify the set of most appropriate metrics to choose from (Fig. 5). 621 

The choice of metric need not depend on discipline, or whether the taxa of interest 622 

represent those found in an experimental sample, ecological community, biogeographical 623 

region, or clade of conservation interest.  624 

It is sometimes suggested that the choice of statistical analyses should be made a priori, 625 

during experimental design and before performing actual experiments (Underwood, 626 

1997). Although this is frequently unfeasible, especially for studies using observational 627 

data, this is meant to prevent issues related to multiple comparisons or bias in variable 628 

selection. Similar issues occur when multiple phylo-diversity metrics are used 629 

interchangeably in analyses. Although simply comparing models for all possible metrics 630 

and selecting the one with the best explanatory power has been employed in the past (see, 631 

e.g. Cadotte, 2013), it results in poorly justified analyses and potentially confusing 632 

inference and we do not recommend it. The general ‘phylogeny should be important’ 633 

hypothesis that accompanies multi-metric analyses obscures interpretation. As we have 634 

shown throughout this review, metrics from different dimensions should not be treated 635 
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interchangeably as they represent different types of information and effectively test 636 

different hypotheses.  637 

A recommended strategy is to find the most appropriate metric through a priori 638 

identification of the key components of the research hypothesis. If our question is about 639 

the total evolutionary diversity contained within a reserve (richness), or say, the average 640 

species distinctiveness (divergence) within assemblages across an environmental gradient, 641 

then the correct dimension should be straightforward to identify (Fig. 5). Once the 642 

dimension associated with the question is identified, researchers can restrict their choices 643 

to those the associated column in Table 1. They can also reduce the possible metric 644 

choices to those for either α-diversity or β-diversity, depending on which they are asking 645 

questions about.  646 

There can be validity in comparing multiple metrics within a dimension, particularly if 647 

the metrics have different properties (e.g. units, formulation) of interest to the researcher, 648 

and they are all appropriate to the particular question or conclusion. In addition, high 649 

redundancy amongst metrics within a dimension can make selection among them 650 

somewhat arbitrary. As a result it is usually easier to select the ‘anchor’ metric that 651 

represents a dimension (for α-diversity, PD for richness, MPD or perhaps MNTD for 652 

divergence, and VPD for regularity), given their ease of interpretation and precedence in 653 

the literature. One might use MPD when questions relate to branching occurring deep 654 

within a tree versus MNTD for questions related to terminal branching. Users may 655 

consider alternatives to the anchor metrics if these provide better fit to a specific question 656 

and analysis. For example, parametric indices (i.e. Hill numbers across a range of values 657 

of q) allow users to fully consider the impact of rare and common species on evolutionary 658 
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diversity. In addition, they may be used for comparative analysis of parametric indices 659 

across phylogenetic, taxonomic, and functional diversity. Alternatively, users may want 660 

to account for abundances in some form (range sizes, rarity, etc.), or compare results for 661 

presence–absence and abundance-weighted versions of metrics (e.g. MPD versus 662 

MPDAb). In other cases, it may be reasonable to select a metric if direct comparison with 663 

previously published values is desired. Even in these cases, we stress that our simulation 664 

results can be used to guide interpretation of alternative metrics, including through 665 

comparison of their behaviour with that of anchor metrics.  666 

The choice of phylogenetic units merits additional discussion. Metrics may be 667 

constructed using different countable units, including using branch lengths, pairwise 668 

phylogenetic distances between taxa, or evolutionary isolation. Each of these components 669 

can be measured similarly (i.e. time of evolution in millions of years), and should rather 670 

be understood as differing in their ‘targets’ or objectives. If one wants to conserve as 671 

many evolutionary units as possible, branch lengths should be the target of interest. If 672 

users wish to consider competition among species, pairwise distances may be an 673 

appropriate choice of unit. Phylogenetic isolation should be the target if users want to 674 

conserve unique species or relate conservation prioritization or ecological processes to 675 

differences in the rate of diversification across the tree. However, it is important to note 676 

that metric behaviour often did not differ significantly between metrics within the same 677 

dimension but constructed using different units (Fig. 2).  678 

There could also be cases in which a researcher wishes to consider the effect of multiple 679 

dimensions on a process or variable (for example, how does primary productivity in a site 680 

relate to richness and divergence in its plant community?). It is possible to use an 681 
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approach that matches questions and inference to the metric, while also assessing how the 682 

different dimensions influence the variable of interest. For this approach the analysis 683 

would consist of creating a statistical model that includes metrics from multiple 684 

dimensions. The logical way to do this would be to select a metric within each dimension 685 

following the recommendations in the previous section and then investigate nested 686 

models with subsets of the metrics. In the example above, if model selection suggests that 687 

a model containing both richness and divergence metrics is best, a researcher might 688 

conclude that both the total amount of history and the relative spacing of species are 689 

important predictors of productivity. 690 

 691 

(2) An example of metric selection 692 

To illustrate the process of metric selection with a more realistic scenario, we provide the 693 

following example. Consider an island mainland system with a number of plant species 694 

(Fig. 6) for which a researcher is interested in how evolutionary diversity varies between 695 

the mainland and islands (here, sites and islands are referred to interchangeably). The 696 

researcher first asks whether there are different amounts of evolutionary history 697 

represented by the plant communities at each site. As this is a question about the amount 698 

or sum of units of evolutionary history, metric choice should focus on the richness 699 

dimension (see Fig. 5). They may hypothesize that the most distant site (Island C) will 700 

share the least amount of evolutionary history with the remaining sites, since its distance 701 

should decrease the probability that species arrive from the mainland or potentially 702 

encourage diversification in situ (MacArthur & Wilson, 1967; Wiens & Donoghue, 2004). 703 

To compare the evolutionary history between the three sites, the researcher chooses a β-704 
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diversity richness metric (Table 1, red metrics in Fig. 3), perhaps a branch-length-based 705 

metric such as Faith’s PDβ that captures the amount of shared evolutionary history. Fig. 3 706 

shows that a number of metrics cluster closely and appear to capture the richness 707 

dimension, and a choice between these (Unifrac, SJaccard, SSorensen) should yield very 708 

similar results. 709 

Using the same system and phylogeny, the researcher asks additional questions regarding 710 

whether there are differences in how evenly evolutionary history is distributed within the 711 

plant assemblages on each of sites A–C. Given that they found that Island C shares the 712 

least amount of total evolutionary history with the other sites (Fig. 6, lower left panel), 713 

and Island C contains a number of endemic species, the researchers may now be 714 

interested in whether diversification rates differ between sites and if the endemic species 715 

on Island C reflect a recent radiation. The researchers recognize that this relates to the 716 

evenness or regularity of the distribution of evolutionary history, and so they choose a 717 

metric from the α-diversity regularity dimension (Table 1). They hypothesize that 718 

assemblages should be least even on Island C because the biota might derive from 719 

independent colonization events by evolutionarily distinct lineages (i.e. lineages 720 

separated by large phylogenetic distances) which subsequently radiated in situ, giving 721 

rise to clusters of species separated by short evolutionary distances. The researchers 722 

calculate VPD for each site, and can then compare these with the VPD expected if the 723 

island biota was randomly assembled. This hypothetical example illustrates how a 724 

researcher’s various questions can be connected simply with phylo-diversity metrics and 725 

how careful choice leads to clear interpretation of results. 726 

 727 
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VI. MOVING FORWARDS  728 

One result of our categorization of metrics is that researchers may be encouraged to look 729 

beyond a single frequently used metric and dimension and compare different dimensions, 730 

as is already done with the analogous framework for functional diversity (Villéger et al., 731 

2008). For example, PD and, less often, abundance-weighted versions such as PE, have 732 

been the dominant measure of phylogenetic information in conservation biology research. 733 

Although we question whether the multiplicity of phylogenetic metrics in the literature 734 

has in general advanced research, conservation biology, more than for the other fields, 735 

has limited its perspective to the richness dimension alone. Metrics from the divergence 736 

or regularity dimensions might provide complementary information about the distribution 737 

of biodiversity across taxa in a site, for example.  738 

We hope that this review stimulates broader thinking and discussion about the use of 739 

phylogenies in ecology, conservation and macroecology. However, it represents a starting 740 

point for deciding which metrics to apply to data; more analyses and work is still required 741 

to advance our understanding of these metrics.  742 

In our analyses we simulated a large number of landscape types and randomly generated 743 

trees in order to capture typical or average metric behaviour. However, parameter space is 744 

vast and future simulations should consider additional phylogeny and landscape attributes 745 

that may also influence metric behaviour. For example, it is understood that PD is 746 

strongly correlated with species richness, although less so when trees are unbalanced or 747 

distinct species are also spatially restricted (Rodrigues, Brooks & Gaston, 2005; Tucker 748 

& Cadotte, 2013). Thus, more complete consideration of parameter space is required to 749 

assess metric behaviour fully across a range of phylogenetic topologies and branch-length 750 
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distributions, as well as the phylogenetic signal strength in niche position and range size. 751 

Repeating tests with real, rather than simulated trees would also provide important 752 

information on expected values for metrics in natural systems. In addition, we still must 753 

determine whether metric correlations are robust to all types of phylogenies and 754 

landscapes, or whether certain types of perturbations inflate the importance of subtle 755 

metric differences.  756 

We believe that our framework supplies guidance to researchers and practitioners on how 757 

to use and interpret results from phylogenetic analyses. As noted previously, the three 758 

dimensions we employ are simplifications, although their use in both functional and 759 

phylogenetic approaches suggests they have utility. In addition, simulation results largely 760 

support the classification of metrics and so we suggest that this framework should serve 761 

as a starting point for choosing metrics, applying questions and interpreting results.  762 

 763 

VII. CONCLUSIONS 764 

(1) The use of phylogenies in community ecology, macroecology, and conservation 765 

biology reflects the shared recognition that accumulated evolutionary differences may 766 

explain or predict biological and ecological processes. Phylogenetic approaches have 767 

revolutionized these disciplines.  768 

(2) The rapid growth of new phylogenetic metrics has limited the development of 769 

phylogenetic methods in ecology and conservation, and prevents meta-analysis and clear 770 

interpretation of metrics.  771 

(3) We suggest that the intuitive, unifying framework of the phylogenetic dimensions – 772 

richness, divergence, and regularity – is very useful, since it applies to biological 773 
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questions at multiple ecological scales, for single or multiple groups of species, and 774 

across fields.  775 

 (4) We encourage appropriate metric selection by highlighting links between research 776 

questions and metrics falling in the appropriate phylogenetic dimensions; interpretation is 777 

made simple by understanding the relationship between a metric’s dimension and the 778 

mathematical basis of that dimension.  779 

(5) Informed metric selection and interpretation will allow the use of published results 780 

across subfields and applications and encourage future work. 781 
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