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Abstract

:

The phylogenetic distance between species often predicts differences in ecologically important traits. The phylogenetic diversity and structure of biological communities can inform our understanding of the processes that shape those communities, and there is a well-developed framework for comparing phylogenetic structures of communities. However, particularly in studies of phylogenetic distances from one focal species to other members of its assemblage (a one-to-many framework), the standard metrics of community-wide studies encounter significant limitations due to the left-skewed distribution of pairwise phylogenetic distances in most biological communities. For studies that require estimating the degree of phylogenetic isolation of a focal taxon, the mean phylogenetic distance (MPD) usually provides little power to distinguish among taxa because it is heavily weighted by the many ways to be distantly related, whereas the nearest taxon distance (NTD) is highly idiosyncratic and ignores cases where multiple close relatives may contribute equally strongly to influence the focal species. Here we highlight the value of examining the cumulative distribution of phylogenetic distances in studies that take a focal-species approach. We describe and discuss the benefits of two new metrics. An integrated metric of phylogenetic distances (AUPhyDC) uses information from the whole cumulative distribution, whereas the tenth quantile (PD10) is an extremely simple metric that improves on NTD by capturing the influence of multiple close relatives on ecological interactions. Several recent examples found that PD10 did a better job of revealing ecological patterns than NTD or MPD. We provide R code to facilitate the use of these approaches and advocate for the inclusion of PD10 along with NTD and MPD in statistical packages for phylogenetic ecology.
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1. Introduction


The consideration of evolutionary relationships among species has transformed the way we look for patterns in ecology and the way we think about ecological communities [1,2]. Shared evolutionary history produces correlations in trait values, which are expressed as a phylogenetic signal in the trait [3,4]. Although convergent evolution and strong stabilizing selection can reduce the phylogenetic signal [5], a wide array of ecologically important physiological or behavioral traits show a significant phylogenetic signal [6,7,8,9], and niche conservatism is now recognized as an important feature of a species’ ecology [10]. The combination of readily available DNA sequence data, taxonomic supertrees [11,12,13,14], and new tools to estimate evolutionary divergence among pairs of species [15,16,17] has prompted many ecologists and conservation biologists to adopt a phylogenetic perspective.



When ecologically important traits show a phylogenetic signal, we expect that evolutionary history will influence the interactions of species with each other and their environment. For instance, because closely related species are likely to share traits that are favored under similar conditions (habitat filtering), species that share a habitat are predicted to be more closely related to each other than would be expected at random [11,12]. On the other hand, individuals of very closely related species that are living close together within a suitable habitat may compete for the same limiting resources. At such local scales, we expect limiting similarity to result in longer phylogenetic distances than expected by chance [13,14,15,16]. Tests of these hypotheses consider averages across species in a community and community-level outcomes such as phylogenetic diversity.



Separate from these community-level questions, we may be interested in one focal species’ phylogenetic relationship to the other species in its assemblage. For instance, Darwin’s naturalization hypothesis posits that an introduced plant species will be more successful when it is less closely related to the species in its new range [17,18]. Many tests of this hypothesis have utilized the quantitative tools of phylogenetic ecology in plants, animals, and microbes e.g., [19,20].



Another interesting application of phylogenetic distance metrics is in the study of species interactions such as plant–herbivore, plant–pollinator, and plant–pathogen interactions. Because many plant traits involved in pathogen attack or resistance show phylogenetic conservatism [16], we should expect the host ranges of plant pathogens to show a phylogenetic signal, and they do [9,21,22]. The same is often true for herbivores e.g., [23]. The ecological implication of phylogenetic signal in host range is that co-occurring plants that are more closely related will share more pathogens [24] and herbivores [23], and a species that is more phylogenetically isolated from its community should escape disease [25] and herbivory [26]. In addition, a similar phylogenetic signal is often also seen in plant–pollinator interactions e.g., [27], and plant–fungal mutualisms e.g., [28], where close relatives are more likely to share mutualists.



A large number of metrics of phylogenetic diversity and distance have been developed for biological communities and are summarized in several recent reviews [29,30,31]. For describing phylogenetic divergence [29] across a community or an assemblage of taxonomic units, the two most commonly used metrics are the mean pairwise distance (MPD) and the mean nearest taxon distance (MNTD). The MNTD takes the phylogenetic distance to the closest relative for each taxon and calculates the mean across all taxa. The MNTD provides an estimate of how phylogenetically distinct, on average, is each member of the community from its closest relative. In contrast, the MPD is the mean of the pairwise distances from each taxon to each other taxon (mathematically equivalent to average taxonomic diversity (AvTD or △+, [32]). One way MPD and MNTD improved upon previous metrics is that they do not depend on the size of the assemblage and, therefore, can be compared across studies [32]. Although both MPD and MNTD measure phylogenetic divergence, MPD reflects branching deeper in the phylogenetic tree, whereas MNTD reflects structure at the tips of the branches, and the information provided by the two metrics is often distinct and complementary [29].



We have found that these most common metrics for analyzing phylogenetic distances at the community level have problematic limitations when applied to questions about focal species utilizing a one-to-many approach. In a focal-species context, phylogenetic distances are measured from one species to many neighbors, thus the nearest taxon distance (NTD) is restricted to a single pairwise distance. This makes the NTD measure strongly dependent on the presence of even a single close relative in a diverse community, highly sensitive to any phylogenetic or taxonomic errors that may appear in the data (in ways that MNTD is not), and insensitive to whether the focal species has one or many close relatives as neighbors. Because in any assemblage of species there are more ways to be distantly related to neighbors than closely related [33], the mean taxon distance (MTD) in a focal-species context will be shaped strongly by the numerous long phylogenetic distances in the assemblage, which limits its sensitivity. Metrics other than the mean and nearest taxon distances could improve studies of focal species in communities.



Here, we use empirical examples from real plant communities to outline and illustrate some of these limitations of commonly used mean and nearest phylogenetic distance metrics when applied to focal-species analyses of biological communities. We then show how inspecting the cumulative distribution of phylogenetic distances provides informative insights, and how information across the distribution can be collapsed into a single metric. We advocate for the usefulness of phylogenetic distance quantiles and share our experience with one particularly useful metric, the 10th quantile phylogenetic distance (PD10). Finally, we briefly describe how this measure can be weighted for species abundance and can be extended to whole-community analysis.




2. Materials and Methods


2.1. Phylogenetic Structure of Example Plant Communities


To illustrate the behavior of standard metrics, as well as to show how cumulative distribution and quantile-based metrics can be applied for focal-species analyses of communities, we drew on the example of a plant community that we have studied extensively: a non-grazed meadow in coastal California with 43 angiosperm species, dominated by non-native annuals (Figure 1) [25]. We collected plant community data as part of a previous study [25] on the campus of the University of California Santa Cruz. We used this data set simply as a representative example of a well-studied, wild plant community that consists of a mix of native and introduced species. Our previous published work in this system allowed us to draw on species composition, phylogenetic relationships including focal-species (one-to-many) analyses, and a dependent variable (disease intensity) to illustrate the use of the metrics [25].



To test the generality of our findings related to the phylogenetic structure of angiosperm communities, we inspected plant species composition data for eight diverse plant communities across the state of California, USA. We identified 32 datasets available through the University of California Natural Reserves System (https://ucnrs.org/plant-list/, accessed on 25 November 2020), and of these we selected 8 sites, ranging in size from 159 to 286 plant species, that encompass a broad range of types of communities (e.g., desert, maritime chaparral, montane forest, salt marsh) and geographic regions (e.g., Sierra Nevada Mountains, Mojave Desert, Coast Range Foothills, Central Coast) (Table S1).




2.2. Calculation of Community Phylogenetic Distance Metrics


The first step in calculating community phylogenetic distance metrics is to calculate a matrix of all pairwise phylogenetic distances from a phylogenetic tree of the community. Units of phylogenetic distance are Myr = Millions of years of independent evolution, which is twice the time to the most recent common ancestor (given as Ma in Figure 1). The R code to calculate the distance matrix and metrics is given in File S1, including the phylogenetic tree for the meadow community in Figure 1. File S2 includes code for creating a phylogenetic tree from a list of genus and species names of plants in any community.



When a supertree is used to create a phylogenetic tree for a community that includes more than two species in the same genus (or family), the resulting tree includes polytomies if the supertree is not resolved below the genus (or family) level. Within a polytomy clade, all of the reciprocal phylogenetic distances among species would be identical, even though some species are more closely related than others. In such cases, the polytomy can be resolved by grafting a finer resolution phylogeny of that clade (from the literature or prepared directly from sequence data) onto that branch and dated using the bladj function in the same way as the tree is dated in File S2.



A community of n species is represented by a symmetric distance matrix with a diagonal of n zeros, which are distances of each species to itself, and a lower triangle of (n2 − n)/2 distance elements. The MPD is the mean of all pairwise distances from each taxon to each other taxon, and the MNTD is the mean of the closest pairwise distance for each taxon, averaged across all taxa. Because the distance from the species to itself (0 Myr) is excluded, the MNTD is the average 0th quantile of the phylogenetic distances. For the species in our example meadow community (Figure 1), these measures are MPD = 244.1 Myr and MNTD = 71.3 Myr.
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Figure 1. Phylogenetic tree of the 43 angiosperm plant species recorded in ten 20 m radius plots in a meadow on the UC Santa Cruz campus in coastal California. Units (Ma) are millions of years ago. See details of plant sampling and tree construction in Parker et al. [25]. Colored circles indicate the node distance that corresponds to the PD10 phylogenetic distances discussed in Section 3.2. The dated Newick file for the tree and code to visualize and analyze the tree are given in File S1. 
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2.3. Examination of Phylogenetic Distances from Focal Species in a Community


Many ecological questions are best addressed by examining how phylogenetic distances shape how focal species interact with neighboring species, rather than examining the phylogenetic structure of the community overall. Each focal plant species in a community of n species has n − 1 phylogenetic distances to neighboring species. We used the UCSC Meadow community to examine the structure of phylogenetic distances from the focal-species perspective using cumulative distributions of phylogenetic distances as quantiles (in 2% increments); thus, the 0th quantile is the nearest phylogenetic neighbor to the focal species (nearest taxon distance, NTD), the 10th quantile (the distance at which 10% of all distances are less than or equal to that phylogenetic distance; PD10), the 50th quantile is the median distance, and the 100th quantile is the maximum phylogenetic distance. We also calculated the mean phylogenetic distance from the focal species to all other community members (meanPD). We heuristically compared the information provided by each metric, inspecting how well each metric discriminated among different focal species in the context of the community.




2.4. Calculation of the AUPhyDC: Area under the Phylogenetic Distance Curve


The limitations of traditional phylogenetic distance metrics led us to explore a new way to synthesize all phylogenetic distance information for a given focal species by calculating the area under the phylogenetic distance curve (AUPhyDC), analogous to the area under the disease progress curve (AUDPC) that is commonly used in studies of plant disease spread [34]. The AUPhyDC is calculated as a Riemann sum of the areas of rectangles with height at the midpoint phylogenetic distances of each two successive quantiles. We used 2% quantile intervals; with the quantile scale in decimals rather than percents, the scale ranges from 0 to 1 with units of width of 0.02. The AUPhyDC has larger values for focal taxa that are phylogenetically isolated from their neighbors, and smaller values for those with many close relatives in the community.




2.5. Abundance Weighting of PD10 or AUPhyDC Metrics


Phylogenetic distance metrics at the community level such as MPD and MNTD can be weighted by species abundances to provide, for example, a scaled measure of evolutionary diversity of a community [35]. The PD10 and AUPhyDC metrics can also be weighted by relative abundance. Functionally, a vector of one-to-many phylogenetic distances can be expanded so that each species pair is replicated in proportion to the relative abundance of the target species. The cumulative distribution of phylogenetic distances is then generated based on the individuals (or units of percent cover). Weighted PD10 (wPD10) and weighted AUPhyDC (wAUPhyDC) are calculated from this distribution (R Code in File S1).





3. Results


3.1. Distributions of Phylogenetic Distances in Communities Are Skewed toward Long Distances


The distribution of phylogenetic distances in the UCSC Meadow community was left-skewed with a few short distances and many long distances (Figure 2). This reflects that there are many more ways for species to be distantly related than to be closely related. For example, there are 10 Poaceae species that have relatively short distances to each other, but each also has a 309 Myr distance to all 32 of the Eudicot species in the community. Of the eight distinct plant communities in the UC Natural Reserve System, all showed this same left-skewed structure (Figure 2). This means that broadly across plant communities, most plant–plant interactions will be with distantly related neighbors, even for species that have a number of close relatives in the community.




3.2. Limitations of Standard Phylogenetic Metrics for Focal-Species Analyses


We examined the cumulative distribution of phylogenetic distances from a focal species to all the other species in a community, and variation among these curves revealed important differences among species (Figure 3). For instance, in the UCSC Meadow community, Medicago polymorpha (orange) has a number of close relatives and then a big gap without intermediate relatives, whereas for Cirsium vulgare (magenta), intermediate relatives make up a full quarter of the community (Figure 1 and Figure 3). Meanwhile, the closest relative of Anagallis arvensis (blue) jumps straight to 221 Myr. The curves in Figure 3 illustrate the structural limitations of the common phylogenetic metrics for focal-species (one-to-many) applications. The nearest phylogenetic (taxonomic) distance (NTD) does not reveal when a focal species has multiple close relatives in the assemblage. Within our meadow community, Medicago polymorpha and Cirsium vulgare share an NTD of about 10 Myr (Figure 1 and Figure 3). However, M. polymorpha has five close relatives, such that 14% of the species in the community are <21 Myr distant. In contrast, C. vulgare has just one close relative, with its next closest species at >80 Myr (Figure 3). Similarly, Rumex salicifolius has a single relative at 59 Myr, but its next closest species is a very distant 238 Myr. The distribution of NTD across all species is heavily right-skewed (Figure 4a). Across all the species in the UCSC Meadow community with an NTD < 20 Myr, half of those have a second neighbor equally closely related, but this is not captured in the NTD. Any ecological process that shows a continuous response to phylogenetic relatedness would be expected to be influenced by multiple close relatives of a focal species; host sharing by both pathogens and herbivores is just one example. By focusing only on the single closest taxon, NTD omits potentially important information from other relatives in the community.



On the other hand, mean phylogenetic distance (called meanPD here for focal-species analyses, to distinguish it from the community-wide MPD) is disproportionately influenced by the long distances that dominate most communities (Figure 2 and Figure 4c). This swamping effect diminishes the contribution of close relatives, those species most likely to have strong ecological interactions (Figure 4). As such, meanPD is unlikely to provide a sensitive measure of how focal species interact ecologically with their neighbors. In Figure 3, the meanPD shows some variation among the five species (e.g., M. polymorpha and C. vulgare, with more close relatives, have lower meanPD values than those species without close relatives), but the measure is not very sensitive to the short phylogenetic distances that most reflect ecological importance. Note that the mean distance for M. polymorpha is actually greater than that for C. vulgare, despite having five-fold more close relatives. Using the median phylogenetic distance instead of the mean is not an effective alternative. Four of the five species have exactly the same median phylogenetic distance to their neighbors, irrespective of how many close relatives they have in the community. Such limitations are not restricted to the exemplar species of Figure 3; the mean phylogenetic distances for all the species are distributed in a narrow range from 217 to 298 Myr (Figure 4c), all within the range of distances where a phylogenetic signal suggests ecological interactions to be weak. Given these limitations, we suggest that focal-species studies may not be well served by either meanPD or NTD.
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Figure 4. Distributions of four one-to-many metrics of phylogenetic distance. (a) Phylogenetic distance to the most closely related taxon (NTD); (b) the 10th quantile distance from the focal species to the remaining taxa (PD10); (c) mean phylogenetic distance from each focal taxon to the remaining taxa (meanPD); (d) area under the phylogenetic distance curve (AUPhyDC) for each focal taxon, as described in Figure 5. Metrics were calculated for each of the 43 angiosperm focal taxa shown in Figure 1. For all metrics, phylogenetic distance from a taxon to itself is excluded. The blue curve indicates the empirically measured phylogenetic signal of two plant species sharing a fungal pathogen, where logit (probability of sharing) = 3.35861 − 2.857656 × log10(1 + phylogenetic distance in Myr) [21,25]. 
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3.3. AUPhyDC: Area under the Phylogenetic Distance Curve


Given the limitations of meanPD and NTD for focal-species studies, we explored the use of a novel metric, the area under the phylogenetic distance curve (AUPhyDC), to synthesize phylogenetic distance information across all taxa in the community (Figure 5). The AUPhyDC has a larger value for those species that are more phylogenetically isolated from the rest of the community (i.e., where most distances are long). Calculating the AUPhyDC for each of the 43 species in the UCSC Meadow community showed a relatively flat distribution of AUPhyDC values across species (Figure 4d).
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Figure 5. Area under the phylogenetic distance curve (AUPhyDC). The AUPhyDC provides a flexible, integrative measure of the overall distribution of phylogenetic distances from a focal taxon to all the other taxa in its community. The magenta line and circles show the cumulative phylogenetic distance curve of Cirsium vulgare, as shown in Figure 3. Each circle is the phylogenetic distance associated with that quantile, in increments of 2%. The area under that curve (AUPhyDC: area under the phylogenetic distance curve, in grey) can be estimated using a Reimann sum of the area of each of the grey rectangles (see Section 2.4 and File S1). The AUPhyDC is larger for taxa that are more evolutionarily isolated from their surrounding community because long phylogenetic distances are reached at lower quantiles. 
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3.4. PD10: The 10th Quantile Phylogenetic Distance


Inspection of the cumulative distribution curves in Figure 3 suggests an important pattern: the greatest differences among focal species occur between the 5th and 20th quantiles of phylogenetic distances. As described above, the influence of the many long phylogenetic distances obscures variation among species beyond the 20th quantile of phylogenetic distances. Between the 5th and 20th quantiles, focal taxa that are part of a diverse clade of close relatives show phylogenetic distances quite distinct from those for taxa that are more phylogenetically isolated. In the plant assemblages examined to date [25,36,37], we and others have found consistently that the 10th quantile is a superior metric for examining how focal species differ in the structure of their phylogenetic relationships.



To illustrate, we compare NTD, meanPD, and PD10 for their descriptive (and predictive) power in the 43-species meadow community described above (Figure 1). We studied whether phylogenetic isolation decreased the vulnerability of a focal species to pathogen attack [25] (Figure 6). We found that diseased leaf area declined significantly with PD10 (Figure 6b). However, this relationship was obscured when using either NTD (Figure 6a) or meanPD (Figure 6c). In that system, PD10 did a better job of characterizing phylogenetic rarity in a way that was ecologically relevant, integrating the contributions of pathogens from multiple potential shared hosts. Boxplots for NTD, PD10, and meanPD for each of the focal species in the eight additional plant communities show similar patterns (Figure 2); PD10 consistently spans a broad range of variation in phylogenetic isolation of focal species, including the short to intermediate phylogenetic distances associated with ecologically relevant differences, without the idiosyncratic patterns associated with the NTD and with less compression of distances seen in the meanPD.




3.5. Abundance Weighting of AUPhyDC and PD10


Weighting phylogenetic distance by abundance in a focal-species context is conceptually equivalent to focusing on the individual plant and the probability of interactions with other species (or individuals, including conspecifics) in its community. In contrast to the unweighted metrics, weighting by abundance allows the incorporation of the abundance of the focal species itself. The weighted PD10 and AUPhyDC metrics provide a meaningful and straightforward way to integrate conspecific and heterospecific interactions in terms of their contributions to the ecological interactions of a particular individual in a community. An example from the UCSC Meadow community of the effects of weighting on these measures is provided in Figures S1 and S2.





4. Discussion


4.1. Distributions of Phylogenetic Distances in Communities Are Skewed toward Long Distances


Plant communities show a left-skewed distribution of phylogenetic distances between species. We found this pattern for our intensively-studied meadow community, as well as for eight diverse plant communities across California. It has also been noted by others [33]. The left-skewed structure of phylogenetic distances between plant species means that most potential ecological interactions between plant species are between distant relatives. However, the phylogenetic signal decays rapidly for many ecologically important traits, which means that species pairs at short phylogenetic distances are expected to have the strongest ecological interactions. For instance, the probability that two plant species share a fungal pathogen declines from >0.9 if the species are less than 10 Myr apart, and to less than 0.1 by 100 Myr (Figure 2, UCSC Meadow) [25]. Similarly, oak trees suffered ten-fold more herbivory if their neighbor was a close relative than if the neighbor was >100 Myr phylogenetically distant [26]. Besides interactions with plant enemies, a range of other traits important in ecological interactions may also show a phylogenetic signal: e.g., competitive asymmetry among plant pairs [38], pollinator preferences [27], ecological optima in diatoms [39], and animal prey ranges [40].




4.2. Cumulative Phylogenetic Distance Curves for Analysis of Focal Species


As we have shown, the cumulative phylogenetic distance curves can be a rich source of information. The curves themselves can be compared to test predictions about how ecological processes respond to phylogenetic relatedness. For example, Lynch et al. [41] compared the cumulative phylogenetic distance curves with bootstrapped 95% confidence intervals for sets of tree species that differed in their susceptibility to an invasive pest–pathogen complex. Those species that were vulnerable to attack were a phylogenetic subset of the overall tree community, showing shorter than expected phylogenetic distances, and those species for which attack was lethal were an even more restricted subset of closely related species. Another approach is to do comparisons across the full range of phylogenetic distance quantiles to inspect observed patterns in the context of a null model. For example, in an earlier study we drew assemblages randomly from a regional species pool, calculated cumulative phylogenetic distance curves, and generated null distributions for quantile segments from 1% to 50% (extended data Figure 4 in [25]). Then, we compared the observed assemblage to the null distributions, allowing a test for significant under- or over-dispersion at each quantile segment (extended data Figure 5 in [25]).



Although inspection across the full range of quantiles may be most informative, simpler metrics are useful and often necessary for the purposes of comparing large numbers of samples or species. We explored two new metrics for analysis of the structure of one-to-many phylogenetic distances for ecological studies using a focal-species approach: the area under the phylogenetic distance curve (AUPhyDC) and the 10th quantile distance (PD10).




4.3. Uses and Contextual Limits of the AUPhyDC


The AUPhyDC provides a highly integrative measure of phylogenetic distance from a focus species to all other members of the community. The values of AUPhyDC are smaller for species with numerous close relatives and large for species that are phylogenetically isolated. However, there are challenges to the application of AUPhyDC as a general approach. For instance, the maximum possible AUPhyDC value in a community is always equivalent to the value of the longest distance between two species in that community. A focal species for which the distance to its closest relative is also the greatest observed phylogenetic distance in the system would have both the 0th and the 100th quantile equal to that maximum phylogenetic distance, and its AUPhyDC would be the maximum distance times 1. For example, in an assemblage of one monocot species and ten dicot species, all the pairwise distances from the monocot would be 309 Myr (time to most recent common ancestor between monocots and dicots, and the maximum phylogenetic distance for this assemblage). In this case, the AUPhyDC for the monocot would be 309. However, if the assemblage included nonvascular plants, the maximum phylogenetic distance would be 940 Myr (twice the time since the estimated appearance of the earliest land plants). A universal standard for plant communities could be established as the complement area of the AUPhyDC; 940 minus the observed AUPhyDC. This complement AUPhyDC (cAUPhyDC) would have larger values when the focal species had larger numbers of close relatives, and smaller values when phylogenetically isolated. Communities of different types of organisms—fungi, mammals, insects, etc.—have different maximum phylogenetic distances and would require different universal standards. Currently, AUPhyDC is most valuable as a tool for comparing species within a community or within a bounded phylogenetic range.




4.4. Ecological Value of the 10th Quantile Phylogenetic Distance PD10


Although we adopted PD10 because of its superior performance in focal-species (one-to-many) studies, the mean PD10 (MPD10) may also be useful as a community-wide metric in the same way that MPD and MNTD are currently used. For example, in a study of habitat filtering in the pygmy forest community on nutrient-deficient sites in Northern California, Cary [37] found that the degree of nutrient deficiency and the stature (pygmy-ness) of trees was closely related to MPD10 of the assemblage, but that no pattern was detected using either MPD or MNTD. Similarly, Lynch et al. [41] found that the MPD10 was a useful indicator of phylogenetic clustering and strongly predicted susceptibility of tree host species to a novel pest–pathogen complex. The subset of regional tree species that could be attacked by the beetle had a MPD10 ≅ 130 Myr, whereas the more restrictive subset of hosts on which the beetle and fungal pathogen could reproduce were more closely related (MPD10 ≅ 110 Myr), and the smaller subset of tree hosts for which attack was lethal showed the lowest MPD10 (≅65 Myr). These are just two examples of where PD10 may be useful in the analysis of the phylogenetic structure of biological communities, where the more traditional measures of MPD and MNTD have dominated, including patterns and maintenance of diversity, community assembly, and biological invasions [42,43,44].



Our PD10 metric reflects evolutionary isolation of a focal species from its neighbors. This is analogous to the use of measures of evolutionary distinctiveness (ED) that are commonly applied in discussions of conservation priorities and extinction threats [45,46], but which are seldom used in studies of community structure and species interactions. For the nine plant communities presented here (Figure 2), PD10 and ED are positively correlated (Pearson’s r 0.46 to 0.91; Table S2). An advantage of ED is that it provides a single value for evolutionary distinctiveness of each focal species from all other members of an assemblage or clade without reference to particular thresholds; this contrasts to the heuristically selected 10th quantile for PD10, a somewhat arbitrary threshold similar to the median (50th quantile) or 95% confidence intervals. However, PD10 has the important advantage of having a clear conceptual and intuitive linkage to the distribution of phylogenetic distances from a focal species to each of its neighbors, conveying clear information about how community structure can shape species interactions. Such insights are particularly important for comparisons across different communities, or when considering management options, such as manipulating the structure of community composition to effect a desired outcome, e.g., reducing disease intensity. Although ED measures may be useful analytically, the scaling of PD10 is linked to phylogenetic distance itself and is thus more intuitive.



In summary, because it is a simple, comparable, and useful metric, we advocate for the consideration of the 10th quantile of phylogenetic distance (PD10) in focal-species analyses of phylogenetic structure (Figure 3 and Figure 4b). PD10 has the twin benefits of being unaffected by the preponderance of long phylogenetic distances in most communities (unlike meanPD), and integrating important information from multiple close relatives (unlike NTD). For communities with fewer than 10 species, by definition, PD10 is the same as NTD, thus it only provides additional information for larger assemblages. Like both meanPD and NTD (but unlike AUPhyDC), PD10 can be readily compared across studies.




4.5. Abundance Weighting of AUPhyDC and PD10 Permits Inclusion of Conspecific Interactions


Because interactions between conspecifics are often ecologically important, many interactions (e.g., competition, herbivory, pathogen attack, facilitation) are best examined by integrating the effects of both conspecifics and close relatives [24]. Whereas unweighted PD10 and AUPhyDC, such as MNTD and MPD, do not include the distance of a focal species to conspecifics (i.e., where PD = 0 Myr), the weighted versions provide the option of doing so. For a focal species that is numerically dominant, intraspecific interactions will be common and likely ecologically important. A weighted PD10 for that species would be (appropriately) small. In fact, when a focal species makes up more than 10% of the community, the PD10 would be zero. The use of weighted metrics to combine the effects of conspecific and heterospecific neighbors is a powerful feature of applying an individual-centered perspective to phylogenetic ecology.





5. Conclusions


The widespread availability of phylogenetic information has transformed the evolutionary ecology of species interactions. Ecological questions about the performance of focal species in the context of an assemblage of neighboring species of different degrees of relatedness take the form of one-to-many comparisons of phylogenetic distances. Because ecologically important traits often show a phylogenetic signal, the degree of phylogenetic isolation from neighbors may influence the intensity of disease, herbivory, competition, or facilitation experienced by a species. Analysis of the cumulative distribution curves of one-to-many phylogenetic distances, including the area under such curves (AUPhyDC), can help uncover structural differences among species in phylogenetic isolation from their communities. Quantiles such as PD10 provide simple and effective measures of phylogenetic isolation for focal-species analysis while avoiding the biases generated by the left-skewed distributions of phylogenetic distance common to most biological communities. We envision the use of PD10 alongside NTD and meanPD as a standard, potentially more informative metric that can be compared across studies. More focal-species studies are needed to evaluate the effectiveness of these metrics, and we hope future researchers will explore their behavior in their own systems.
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Figure 2. Features of the cumulative distribution of pairwise phylogenetic distances in plant communities. All pairwise phylogenetic distances were calculated for angiosperm plants in the UCSC Meadow (final panel, phylogenetic tree shown in Figure 1), and in each of eight UC Natural Reserves (species list in Table S1, and the R code to create phylogenetic trees from lists in ). Phylogenetic distances are given as Myr of independent evolution between pairs of plant taxa (2× the time to the most recent common ancestor). Clouds of dots show the distributions of NTD (orange), PD10 (green), and meanPD (magenta) phylogenetic distances for all focal species in that community; associated box plots show the 25th and 50th quantile box, median thick line, and min and max whiskers. The blue curve in the UCSC Meadow panel indicates the empirically measured phylogenetic signal of host sharing, given as the probability that two plant species share a fungal pathogen at a given phylogenetic distance, where logit(pS) = 3.35861 − 2.857656 × log10(Myr + 1) [21,25]. 
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Figure 3. Cumulative phylogenetic distance curves for five focal UCSC Meadow plant species to other species in the community. Phylogenetic distances from the focal species to every other species in the meadow community are based on the phylogenetic tree in Figure 1. Focal species are Medicago polymorpha (orange); Cirsium vulgare (magenta); Rumex salicifolius (black); Anagallis arvensis (blue); Chlorogalum pomeridianum (green). Vertical dashed lines indicate the thresholds for nearest taxon distance (NTD), the 10th quantile (PD10), the 50th quantile (median); the mean phylogenetic distance for each focal species is shown as a correspondingly colored bar at right. 
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Figure 6. Phylogenetic isolation as a predictor of plant disease severity: comparison of three phylogenetic distance metrics. Disease severity on the meadow species in Figure 1, as a function of three phylogenetic distance metrics for focal plants to their surrounding community. The PD10 metric (b) was a better predictor than either NTD (a) or meanPD (c). Panel b for PD10 is adapted from Figure 2b in Parker et al. [25] and we have added the equivalent panels for NTD and meanPD based on the same data. The regression analysis for PD10 showed a highly significant effect of phylogenetic isolation on reducing disease severity (log10(mean % Disease) = 2.638 − 0.788 × log10(phylogenetic distance); R2 = 0.171, p = 0.006), but such a pattern was not revealed when using either NTD (R2 = 0.001, p = 0.82) or meanPD (R2 = 0.081, p = 0.065) as measures of phylogenetic distance. Each circle represents the mean % foliar disease and mean phylogenetic metric for a species of plant across 10 replicate plots in the meadow; whiskers indicate standard error of the mean. Disease severity data previously published in [25]. 
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