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ABSTRACT: Aim: Rarity, which is believed to influence extinction risk, can be defined in terms of
local abundance, geographical range size and habitat breadth. Phylogenetic patterns in these
attributes provide insight into the extent to which rarity and extinction risk are conserved during
evolution and the potential for species-level heritability. We evaluated phylogenetic signal (i.e., related
species resembling each other more than species drawn at random) and evolutionary conservatism
(similarity among related species exceeding that expected from a Brownian model of evolution) in
three axes of rarity (local abundance, geographical range size and habitat breadth) among species in
a regional pool of tropical woody plants.

Location: The Madidi region in Bolivia.

Time period: 2001-2010.

Major taxa studied: Lignophyta clade.

Methods: We used a network of 48 1-ha forest plots and 442 0.1-ha forest plots to measure local
abundance and habitat breadth of 1,700+ woody plant species (from 100+ plant families). We
estimated geographical range size from occurrence records of individual species across the
Neotropics. We characterized overall phylogenetic patterns of rarity using Blomberg's K and applied
variance partitioning among taxonomic levels, as well as disparity analysis, to describe patterns of
trait distribution at different depths in the phylogeny.

Results: We found phylogenetic signal, but not evolutionary conservatism, in the three axes of rarity.
The variance in rarity among supra-specific taxa, particularly families and genera, exceeded that
calculated from random draws of species from the Madidi region. Phylogenetic signal, estimated by
the proportion of variance among supra-specific taxonomic levels, varied between 23 and 36% for
local abundance and geographical range size, and between 9 and 10% for habitat breadth.

Main conclusions: The regional pool of woody plant species in Madidi exhibits phylogenetic signal in
rarity that is consistent with biologically significant species-level heritability.
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1 - INTRODUCTION

Many authors have defined rarity in terms of the local abundance of individuals and geographical range size (for a review, see
Gaston, 1994), with habitat breadth often included as a third axis (Rabinowitz, Cairns, & Dillon, 1986; McGill, 2011). Each of
these three axes of rarity is a species-level trait that describes a key aspect of abundance and distribution thought to influence
extinction risk, albeit at different scales: small local populations are vulnerable to demographic stochasticity and environmental
variation (Aitken, Yeaman, Holliday, Wang, & Curtis-McLane, 2008; Lande, 1993); species with small geographical ranges are
particularly susceptible to adverse conditions occurring simultaneously across their entire extent (Gaston, 2003; Harnik,
Simpson, & Payne, 2012; McKinney, 1997); and species that occupy fewer habitats are more vulnerable to environmental
change (Biesmeijer et al., 2006; Colles, Liouw, & Prinzing, 2009; McKinney, 1997).

Studies concerning the determinants of species abundance and distribution often focus on ecological factors, leaving aside
the evolution of traits that may determine rarity. Phylogenetic patterns in local abundance, geographical range size and habitat
breadth provide insight into the evolution of traits that determine rarity and the factors that influence extinction risk (Jones,
Sechrest, & Gittleman, 2005). Furthermore, the extent to which the axes of rarity are phylogenetically conserved or labile
determines, in part, how extinction risk is distributed across a given phylogeny and the amount of uniquely shared evolutionary
history under threat (Purvis, 2008). Likewise, because phylogenetic signal implies species-level heritability of traits (sensu
Housworth, Martins, & Lynch, 2004), phylogenetic patterns of rarity indicate the extent to which rarity is heritable at the species
level (Borregaard, Gotelli, & Rahbek, 2012; Jablonski, 1987, 2008; Ricklefs & Latham, 1992; Waldron, 2007).

Some previous analyses have shown that rarity is more similar among closely related species than expected by chance
(Jablonski, 1987; Jones et al., 2005; Leao, Fonseca, Peres, & Tabarelli, 2014; Machac, Zrzavy, & Storch, 2011; Menken,
Boomsma, & van Nieu- kerken, 2009; Mouillot & Gaston, 2009; Ricklefs & Latham, 1992; Waldron, 2007), whereas others
have supported the opposite conclusion (Gaston, 2003; Ricklefs, 2010, 2011). These different outcomes may be explained in
at least two ways, each deserving of further inquiry. First, phylogenetic patterns of rarity might be largely idiosyncratic,
reflecting peculiarities of different study systems (Jones et al., 2005). To examine this possibility, studies of phylogenetic
patterns of rarity in major groups of organisms other than well-studied vertebrates, such as birds and carnivores, would be
informative. We know of only three analyses of the phylogenetic structure of distribution and abundance in tropical plants
(Dexter & Chave, 2016; Leao et al., 2014; Ricklefs, 2010), although tropical plants represent a sizable portion of diversity on
Earth and include many species with poor dispersal abilities and small geographical ranges (Gaston, 2003; Ghalambor, Huey,
Martin, Tewksbury, & Wang, 2006). These characteristics might promote similarity in rarity among closely related species
(Jones et al., 2005), in which case phylogenetic patterns of rarity in tropical plants might differ from those in other organisms,
such as birds, carnivores or extra-tropical plants.

Second, most previous analyses have not been designed to examine general phylogenetic patterns of rarity, particularly
when these patterns might vary with the phylogenetic or taxonomic level at which they are measured (Jones et al., 2005;
Machac et al., 2011). Most have used metrics that quantify patterns of rarity across entire phylogenies, such as Blomberg’s K
(Blomberg, Garland, & lves, 2003) or Pagel’s A (Pagel, 1999). In addition, few studies have addressed the hierarchical
distribution of rarity within a phylogeny, as may be done using taxonomically nested analyses or node-by-node analyses (but
see Jones et al., 2005; Machac et al., 2011). Combining these different metrics might reveal whether particular evolutionary
patterns of rarity are common only at certain taxonomic levels or phylogenetic depths. Likewise, phylogenetic patterns of rarity
might depend on the particular axis of rarity being examined. This possibility could be evaluated directly by estimating
phylogenetic patterns in the three axes of rarity in the same study system(s). Nonetheless, few empirical studies have done so
(Ricklefs, 2010, 2011).

Here, we tested the hypothesis that the three axes of rarity (local abundance, geographical range size and habitat breadth)
in tropical plants exhibit phylogenetic signal and evolutionary conservatism. We assessed phylogenetic signal at different levels
of phylogenetic relationship using a whole-phylogeny metric as well as two approaches that describe patterns at different
phylogenetic depths. We used an extensive network of forest plots (48 large plots and 442 small plots) located in the Madidi
region of the Bolivian Andes, which encompasses extensive topographic and environmental variability and hosts rare and
widespread species. We measured local abundance and habitat breadth of 1,700+ woody species; we also used occurrence
records across the Neotropics to quantify geographical range size. We found phylogenetic signal in the three axes of rarity, in
that closely related species had more similar population characteristics than expected from a null model that randomly



assigned rarity values to species. These results suggest that extinction risk may be elevated in some clades of the Madidi
species phylogeny.

2 - MATERIALS AND METHODS

2.1 - Field sampling

We focused on woody plants (including trees, shrubs, lianas, palms and tree ferns) of the Madidi region of Bolivia, located in
the northeastern slope of the Bolivian Andes. The Madidi region encompasses a wide range of vegetation types and
environmental conditions (for a review, see Fuentes, 2005), which extends from 200 to 6,000 m in elevation.

Between 2001 and 2010, 490 vegetation plots were established at 200 - 4,500 m of elevation distributed in many tropical
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FIGURE 1 Geographical distribution of plots in the Madidi Region of Bolivia. The map on the left shows the vegetation types
according to Navarro and Maldonado (2002), large plots (1.0 ha, triangles) and small plots (0.1 ha, circles). The map on the top

right shows the elevation gradient for Bolivia, the Madidi region in white and the plots in red

forest habitats (Figure 1). Forty-eight large plots were 1 ha (100 m x 100 m) in area and 442 small plots were 0.1 ha (100 m x
10 m or 50 m x 20 m) in area. In each large plot, all plant stems with a diameter at breast height (DBH, at 1.3 m above ground
level) = 10 cm were recorded and tagged. For the small plots, all stems with DBH = 2.5 cm were recorded, but not tagged. All
plots were within closed-canopy mature forest with no sign of recent disturbance, and each plot was at least 250 m from the



nearest other plot. Each stem was assigned to a morphospecies in the field. Vouchers of every morphospecies were deposited
at multiple herbaria [including the Herbario Nacional de Bolivia in La Paz (LPB) and the Missouri Botanical Garden in St Louis,
MO], and voucher information was digitized in Tropicos® (http://tropicos.org/).

2.2 - Taxonomy and dated phylogeny

In 2011, we identified vouchers and undertook a comprehensive appraisal with the help of specialists to ensure that species
names were applied consistently across all plots. The taxonomy followed the Angiosperm Phylogeny Website (APW; Stevens,
2001 onwards) and Tropicos®. Our analyses included only individuals that were determined to currently accepted species, and
excluded morphospecies as well as stems determined only to supra-specific taxonomic ranks. Altogether, the large plots
contained 28,409 individuals representing 806 accepted species in 100 families, and the small plots contained 112,492
individuals representing 1,729 accepted species in 134 families. We excluded 692 morphospecies (29% of all species) from
the small plots and 224 (22%) from the large plots, because they could not be assigned to named species. Additionally, 246
individuals from the large plots (1%) and 5,801 from the small plots (5%) were excluded because they remained unidentified.

A phylogeny resolved to the species level was not available for the species in the study region. We therefore constructed a
phylogeny that included all extant Lignophyta families (angiosperms, gymnosperms and ferns) as terminal taxa (Supporting
Information Figure S1 in Appendix S1), based on tree R20120829 in Phylomatic version 3 (Webb & Donoghue, 2005), revised
following APW. We compiled published estimates of node ages from APW for 74% of the 426 nodes in the Lignophyta family-
level phylogeny. Given that single nodes were often assigned different ages by different studies (Supporting Information Table
S2 in Appendix S1), we explored the effect of uncertainty in node age estimates by conducting analyses using three ultrametric
trees based on the minimal (youngest), median and maximal (oldest) ages for each node. For each of these three options, we
obtained pseudo-chronograms using the BLADJ function of Phylocom version 4.2 (Webb, Ackerly, & Kembel, 2008).

2.3 - Measuring the three axes of rarity

For each species, we estimated local abundance, geographical range size and habitat breadth (Supporting Information Tables
S3 and S4 in Appendix S2), using data from large and small plots separately because the species pools included in each type
of plot did not fully overlap. Local abundance was calculated as the sum of all individuals divided by the number of all same-
sized plots in which a species occurred. Geographical range size was calculated as the extent of occurrence (EOO), a
measure of the spatial spread of the occurrences of a species. This is not a measure of the area over which a species actually
occurs, but it is rather the geographical extent of the species (Gaston & Fuller, 2009). We estimated EOO as the area of the
minimal convex polygon enclosing all known occurrence points (following IUCN Standards and Petitions Working Group, 2014;
Joppa et al., 2016). For each species, all georeferenced records of occurrence in the Neotropics were downloaded from
Tropicos®. Given that Tropicos® houses the Madidi data set, the taxonomic match between vegetation plot data and specimen
data is well curated. We excluded records for which the geographical coordinates of the specimen and the description of the
collecting locality did not match the country of origin. Habitat breadth was quantified as the number of habitats in which a
species was known to occur within the Madidi region, following standardized vegetation types delineated to represent major
biotic responses to bioclimatic, geomorphological and edaphic features in the study region (Navarro & Maldonado, 2002;
Figure 1). Additionally, we calculated species’ habitat breadth as climatic range (see Supporting Information Appendix S3 for
further details).

Given that the distributions of local abundance, geographical range size and habitat breadth showed marked positive skew
(Supporting Information Table S5 in Appendix S4), we logo-transformed these variables to approximate normal distributions for
further analysis. The three axes of rarity were weakly correlated, with Spearman’s correlation coefficients < 0.21 (Supporting
Information Figure S6 in Appendix S4).
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2.4 -Measuring phylogenetic patterns of rarity

We defined phylogenetic signal in each axis of rarity as the tendency of related species to resemble each other more than
species drawn at random from the same phylogeny (Blomberg et al., 2003; Minkemdiller et al., 2012). The null model used to
test this hypothesis, known as ‘tip randomization’, randomly assigns species trait values across a given phylogeny, so that trait
values have no memory of their ancestry, and any similarity among species attributable to shared ancestry is eliminated.
Following Losos (2008), we defined phylogenetic conservatism (and, conversely, lability) as more (less) phylogenetic trait
clustering than expected from a Brownian (random) null model of evolution (Felsenstein, 1985). Using these definitions,
phylogenetic signal is necessary but insufficient to demonstrate phylogenetic conservatism.

We described phylogenetic patterns of rarity by combining metrics from the following three approaches: (a) a whole-
phylogeny metric (Blomberg's K; Blomberg et al., 2003); (b) an analysis designed to describe patterns at different phylogenetic
depths (variance partitioning among taxonomic levels; Hadfield & Nakagawa, 2010); and (c) an analysis designed to describe
patterns on a node-by-node basis (disparity analysis; Harmon, Schulte, Larson, & Losos, 2003). The first approach tested for
both phylogenetic signal and phylogenetic conservatism, whereas the others tested only for phylogenetic signal.

The first approach was based on Blomberg’s K, a metric that is scaled by the expected K value under a Brownian model of
evolution, so that K < 1 (K> 1) implies that relatives resemble each other less (more) than expected under a Brownian model
of evolution (Blomberg et al., 2003). We calculated K based on the family-level phylogeny described above and random
samples of one species per family. We drew 1,000 random samples to obtain a distribution of 1,000 observed K values. To test
for phylogenetic signal and conservatism, we compared each of the 1,000 observed K values against 10,000 iterations of the
tip randomization and Brownian null models. We emphasize that this first approach, based on Blomberg’s K, quantifies
phylogenetic patterns in rarity among species that belong to different plant families, but not among confamilial species.

Our second approach quantified patterns of rarity among species within genera and did not require a dated phylogeny.
Instead, it was based on partitioning variance among nested random effects representing hierarchical taxonomic levels
(Hadfield & Nakagawa, 2010). The proportion of variance explained by supra-specific taxonomic levels provides an estimate of
‘phylogenetic heritability’ (sensu Housworth et al., 2004) that is analogous to Pagel’s A (Hadfield & Nakagawa, 2010). Following
Prinzing, Durka, Klotz, and Brandl (2001), we tested for phylogenetic signal by comparing observed variation within
hierarchical taxonomic levels with expected values according to a tip randomization null model. We calculated 95% confidence
intervals for expected variation within each hierarchical taxonomic level as the interval between the 2.5 and 97.5 percentiles of
10,000 iterations of the null model. Then, we examined whether observed values fell within these confidence intervals.
Additionally, to know which genera and families were more common or rarer than expected by the tip randomization null model
(in terms of the three axes of rarity), for each genus and family we compared observed fitted values with the respective
distribution of fitted values from the 10,000 null model iterations.

The third approach involved disparity analysis, which tested for phylogenetic signal at each node of the phylogeny, using
all the species in the data sets. For this analysis, we added polytomies for genera and species at the tips of the family-level
phylogeny described above. Disparity is the average Euclidean distance in trait space between pairs of species within a clade
(Harmon et al., 2003). Relative disparity for a clade descending from a given node within a broader phylogeny is calculated by
dividing its disparity by the average disparity across the whole phylogeny. Relative disparity values < 1 imply that clades
contain relatively little of the variation present across the phylogeny as a whole and, consequently, most variation is found
between clades (rather than within clades). Conversely, values > 1 imply that most of the variation across the phylogeny is
contained within clades. To test for phylogenetic signal, we calculated observed relative disparity at each node of the
phylogeny and compared it with expected values derived from 50,000 iterations of the tip randomization null model.

All the comparisons between distributions of observed and expected values were based on Holm—Bonferroni p-adjusted
values to account for multiple comparisons. All analyses were performed in R version 3.0.2 (Supporting Information Appendix
S4; R Development Core Team, 2014).

3 - RESULTS



The first approach we used to describe phylogenetic patterns of rarity, based on Blomberg’s K, quantified phylogenetic
patterns in rarity only among species that belong to different plant families. It did not reveal statistically significant phylogenetic
signal or conservatism (Figure 2 and Supporting Information Figures S7 and S8 in Appendix S5). Observed Blomberg's K
values were always indistinguishable from those generated by the tip randomization null model and, except in the case of local
abundance in the large plots, always lower than the values generated by the Brownian model of evolution (Figure 2 and
Supporting Information Figures S7 and S8 in Appendix S5).

Our second approach to describing phylogenetic patterns of rarity was variance partitioning among taxonomic levels,
including confamilial and congeneric species. It revealed statistically significant phylogenetic signal in all three axes of rarity.
Even though most of the variance in each of the axes of rarity was concentrated among species within genera, variance
among supra-specific taxonomic levels always exceeded that produced by the tip randomization null model (Figure 3).
Phylogenetic heritability, estimated by the proportion of variance explained by supra-specific taxonomic levels, was 23-36% for
local abundance and geographical range size, and 9-10% for habitat breadth (Figure 3). For the three axes of rarity, the
proportion of variance associated with a taxonomic family was always greater than expected by the tip randomization null
model. The same was true for genera, with the exception of habitat breadth in the large plots

The comparisons between the observed fitted values and the expected fitted values revealed that both large and small
plots included families and genera that were more common or rarer than expected by chance. For the large plots, only 4% of
the families and 9.6% of the genera were rarer than expected by chance in at least in one of the three axes of rarity examined
here (Supporting Information Table S9 and Figures S10 and S11 in Appendix S5). Conversely, for the small plots 32.8% of the
families and 22% of the genera were found to be rarer than expected by chance on at least one of the rarity axes, and 2.2% of
the families and 2.3% of the genera were rarer than expected by chance on all three axes (Supporting Information Table S12
and Figures S13 and S14 in Appendix S5). Interestingly, most families in the asterid clade were rarer than expected by chance
on at least one rarity axis (Figures 4a and 5a and Supporting Information Figures S10, S11, S13, and S14 in Appendix S5),
and some (e.g., Gesneriaceae,
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FIGURE 2 Distribution of Blomberg’s K values for observed data and the two null models (tip randomization and Brownian
motion) using the ultrametric tree based on the median ages for the large (1.0 ha) and small plots (0.1 ha). Boxplots show the
median (thick line), the interquartile range (box) and whiskers extending to the most extreme values within 1.5 3 interquartile
ranges from the box. The distribution of observed values was generated by repeatedly sub-sampling the species pool to obtain
one species per family. The horizontal lines at the bottom join observed and null model distributions when they do not differ
statistically (using adjusted p .05)
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FIGURE 3 Percentage of variation in rarity axes explained by different taxonomic levels according to a variance partitioning
analysis for the large (1.0 ha) and small plots (0.1 ha). Large circles represent observed values and boxplots the distribution of
values generated by the tip randomization null model. Boxplots show the median (continuous line), the interquartile range (box)
and whiskers extending to the most extreme values within 1.5 3 interquartile ranges from the box. Dark and light grey
backgrounds indicate that observed values fall below or above the 95% confidence interval for the null model, respectively

Campanulaceae and Macgraviaceae) were rare on all three axes (Figure 5a). Rarity within the asterid clade exhibits a strong
pattern of phylogenetic signal in our study region.

Disparity analysis indicated that clades originating at various depths in the phylogeny exhibited phylogenetic signal in
habitat breadth and geographical range size (disparity < 0.8; p <.05). For the large plots, habitat breadth exhibited
phylogenetic signal in the clade formed by the families Boraginaceae, Lamiaceae, Bignoniaceae and Verbenaceae (Figure 6).
For the small plots, geographical range size exhibited phylogenetic signal in several nodes of the Rosales clade (involving
Rhamnaceae, Cannabaceae, Urticaceae, Moraceae and Ulmaceae), in the nodes subtending Laurales and Magnoliales
(including Monimiaceae, Hernandiaceae, Lauraceae, Siparunaceae, Myristicaceae, Magnoliaceae and Annonaceae) and in the
node subtending two monocot families Arecaceae and Poaceae (Figure 7). These patterns were partly consistent with those
revealed by the variance partitioning analysis; the clades that revealed phylogenetic signal with the disparity analysis
(described above) also contained families that were more common than expected by chance with respect to geographical
range size (Figure 5) and rarer than expected by chance with respect to habitat breadth (Figure 6), reaffirming that these
clades exhibit phylogenetic signal.

Disparity analysis also revealed some clades that exhibit high phylogenetic lability in local abundance (Figure 7). In
particular, analyses based on the small plots showed that relative disparity was higher than expected by the tip randomization

null model in the nodes subtending the clade formed by two monocot families (Arecaceae and Poaceae; disparity = 8.5; p <
.05; Figure 7).
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4 - DISCUSSION

We examined phylogenetic patterns of rarity within a regional pool of tropical woody plants and found phylogenetic signal in
local abundance, habitat breadth and geographical range size, in the sense that variation among supra-specific taxa exceeded
that expected by chance. Embedded in this overall pattern, a few clades exhibited high lability in local abundance. Overall, our
results support the hypothesis that local abundance, geographical range and habitat breadth are more similar among closely
related species than expected by chance. Below, we explore implications of these findings and discuss caveats with respect to
our analyses.

4.1 - Detection of phylogenetic patterns of rarity

Null models are central to our ability to infer phylogenetic patterns of rarity. Metrics that compare rarity (local abundance,
habitat breadth and geographical range size, in this case) across all species in a phylogeny (e.g., Blomberg’s K), or between
sister species, are compared with values expected under various null models (Krasnov, Poulin, & Mouillot, 2011; Machac et
al., 2011; Waldron, 2007). However, to our knowledge this is the first use of an explicit null model (tip randomization) to assess
phylogenetic patterns of rarity based on variance partitioning across taxonomic levels. Previous studies have suggested that
rarity is phylogenetically labile because it is most variable among species within genera (Gaston, 2003; Ricklefs, 2010, 2011),
a result similar to this study. However, previous studies did not explicitly use null models to test the significance of phylogenetic
signal or conservatism. Our variance partitioning analysis showed that the three axes of rarity were most variable among
species within genera, but supra-specific taxonomic levels always explained more variance than expected by the tip
randomization null model (Figure 3), indicating phylogenetic signal. Thus, our study highlights the usefulness of interpreting
variance partitioning across taxonomic levels with explicit null models when one is testing for phylogenetic patterns of rarity.

Although the analysis of variance across taxonomic levels detected phylogenetic signal (Figure 3), the analysis based on
Blomberg’s K failed to detect phylogenetic signal or conservatism (Figure 2). Two considerations might contribute to this
difference. One is that the analysis based on Blomberg’s K did not include all species. In particular, we generated 1,000
samples by randomly choosing one species per family and, based on each of those samples, measured Blomberg’s K (see
Materials and Methods). This, in turn, might have decreased the precision of estimates of Blomberg’s K, which is thought to
decrease with the degree of incomplete sampling in phylogenies (Munkemdiller et al., 2012). Moreover, incomplete sampling in
our analysis was not random. Instead, we designed our analysis to include only one species per family. Thus, the analysis
based in Blomberg’s K could not detect phylogenetic signal in rarity among confamilial and congeneric species. Yet, the
phylogenetic signal detected by the analysis of variance is largely attributable to similarity among confamilial species (Figure
3).

A second potential issue is that, with whole-phylogeny metrics, such as Blomberg's K, opposite patterns at different
phylogenetic depths might obscure each other (Machac et al., 2011). For example, analyses of local abundance in the small
plots detected phylogenetic signal among confamilial and congeneric species (Figure 3), but also high lability at deeper levels,
including a few clades corresponding to families or groups of families (Figure 7). This shows that phylogenetic patterns of rarity
may depend on the phylogenetic scope over which they are measured (Jones et al., 2005; Machac et al., 2011).

4.2 - Biological significance of phylogenetic patterns of rarity

We detected significant phylogenetic signal in rarity, but not phylogenetic conservatism as defined here relative to a Brownian
model of evolution (Losos, 2008). More detailed phylogenetic data might uncover conservatism in rarity among con-familial
species, and this should be a goal for future studies. However, the level of phylogenetic signal detected here might be
biologically significant in the context of species-level heritability (Jablonski, 2008), even in the absence of phylogenetic
conservatism. Absence of phylogenetic conservatism does not imply absence of species-level heritability. Indeed, species-
level heritability can be defined as the tendency of closely related species to be more similar than expected by chance



(Jablonski, 2008), which matches the definition of ‘phylogenetic heritability’ (Hadfield & Nakagawa, 2010; Housworth et al.,
2004) as well as the definition of phylogenetic signal adopted here.
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FIGURE 6 Phylogeny calibrated at the family level for the large plots (1.0 ha), showing a node with phylogenetic signal for
habitat breadth (grey dot) according to disparity analysis
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FIGURE 7 (a) Phylogeny calibrated at the family level for the small plots (0.1 ha), showing nodes with phylogenetic signal for
geographical range size (grey squares) and phylogenetic lability for abundance (black stars) according to disparity analysis. (b)
Detail of the phylogeny focused on clades characterized by phylogenetic signal in geographical range size and phylogenetic
lability in abundance

The processes underlying this pattern of phylogenetic signal are poorly understood. At least three hypotheses could
explain the pattern. First, phylogenetic signal in rarity could follow phylogenetic signal in other biological variables, such as
body size, dispersal ability, habitat requirements and other life-history traits (Gaston, 2003). It might also be determined partly
by phylogenetic signal in vulnerability to negative-density dependence imposed by pathogens (Gilbert & Webb, 2007), although
these interactions could potentially evolve rapidly (Ricklefs, 2010, 2011). Second, closely related species may share broad-
scale geographical domains and, thus, temporal and spatial environmental templates that may largely determine species rarity
(Machac et al., 2011; Mouillot & Gaston, 2009). Third, given directional trends between range size and species age (Pigot,
Owens, & Orme, 2012), clades characterized by high levels of recent diversification would include a higher proportion of
species with small ranges than clades characterized by lower levels of recent diversification. Thus, phylogenetic signal in
geographical range would emerge in regional species pools that include clades that diversified extensively and recently as well
as clades that did not. This third hypothesis is consistent with a negative relationship between species diversity, on the one
hand, and range size and abundance, on the other (Dexter & Chave, 2016).

43 - Phylogenetic scope and patterns of rarity in tropical plants

The strength of phylogenetic signal or conservatism may depend on the phylogenetic scope used to describe patterns of rarity
(see discussion above; Jones et al., 2005; Machac et al., 2011). Thus, it is important to describe the phylogenetic scope of
studies focused on regional species pools so that the results are interpreted accordingly, and proper comparisons established.
The most basal nodes in the dated, familylevel phylogenies that we used reach into the Paleozoic, separating ferns from seed
plants and gymnosperms from angiosperms (Figures 4a and 5a). However, the regional pool of woody species in Madidi
includes few non-angiosperm species, and it is mostly composed of clades that diverged from each other no more than 110
Ma [Figures 4b and 5b; i.e., postdating the crown age of angiosperms according to most estimates (Magallon, Gomez-
Acevedo, Sanchez-Reyes, & Hernandez-Hernandez, 2015]. Point estimates for the age of the most derived nodes in the
phylogenies that we used in this analysis are largely > 20 Ma (Figures 4b and 5b), reflecting the fact that divergence of
angiosperm families is generally thought to predate the Neogene (Magallon et al., 2015). Nonetheless, we detected



phylogenetic signal attributable to similarity of confamilial species of unknown age. In lieu of information on the ages of many
angiosperm families, current appraisals of the origin of Neotropical plant diversity suggest that a large fraction of the extant
species diversity, and perhaps genus diversity, arose during the Mid-to-Late Miocene or more recently (Hughes, Pennington, &
Antonelli, 2013), including the Pliocene and Pleistocene in the case of Andean species (Hughes & Atchison, 2015). Hence, our
findings are likely to describe phylogenetic patterns of rarity that range mostly from the Late Cretaceous to the Neogene.

We are aware of only three previous studies of phylogenetic patterns of rarity in tropical plants that span a phylogenetic
scope similar to that of our study. These studies focused on one or two axes of rarity (as opposed to three in our study). Leao
et al. (2014) found evidence of phylogenetic signal in geographical range size measured as extent of occurrence and area of
occupancy among 6,929 species from the Atlantic forest of Brazil, representing 112 angiosperm families (Pagel’s A 0.54, 0.57,
respectively). Dexter and Chave (2016) demonstrated phylogenetic signal in geographical range size and also local abundance
among 631 Amazonian angiosperm tree genera (Pagel’s A 0.37, 0.32, respectively). The third study used variance partitioning
across taxonomic levels to examine phylogenetic signal in local abundance among 250 tree species representing 53
angiosperm families in a 50-ha plot in Panama (Ricklefs, 2010). Although this last study did not use an explicit null model to
test the significance of phylogenetic signal (see above discussion), it found that 32% of the variance occurred among
supraspecific taxonomic levels. Further studies are needed before generalizations about phylogenetic patterns of rarity can be
drawn for regional pools of tropical plant species. Nonetheless, the studies currently available suggest that regional pools of
tropical plant species might often be characterized by phylogenetic signal in rarity.

4.4 - Implications for conservation

Some evidence (e.g., for mammals, crinoids and foraminifera) suggests that species distributed across a wide range of
environmental conditions have higher persistence than those restricted to fewer habitats (Colles et al., 2009). Also,
geographical range size, followed by habitat breadth, appears to play an important role in the survival of marine animal species
(Harnik et al., 2012; Saupe et al., 2015); extant species have significantly larger geographical ranges than extinct species
(Saupe et al., 2015). In this sense, rarity has been associated with differential persistence of species during times of
background levels of extinction as well as during mass extinction events (Colles et al., 2009; Harnik, Fitzgerald, Payne, &
Carlson, 2014; Jablonski, 1986, 2008; Saupe et al., 2015). Thus, the pattern of phylogenetic signal described here (Figures 3
and 527) may partly determine impacts of ongoing climate change on Andean floras. Temperature in the study region has
increased by 0.2—-0.3 8C per decade during the last 30 years, and these rates increase at higher elevations (Vuille & Bradley,
2000). Species with small population sizes, narrow habitat breadths and restricted geographical distributions are likely to be
more threatened by climate change than species with larger populations and broader habitat breadths and geographical
ranges (Aitken et al., 2008). If that were the case, then our results showing phylogenetic signal in rarity would suggest that
extinction risk from climate change would be phylogenetically clustered across Madidi woody plants. Accordingly, some clades,
such as Asterids (Figures 4a and 5a and Supporting Information Figures S10, S11, S13 and S14 in Appendix S5), would have
a particularly high proportion of threatened species, so the amount of evolutionary history under threat could be higher than
expected by chance (Purvis, 2008).

4.5 - Caveats

Our analyses might have been affected by the exclusion of morphospecies (species without a specific epithet) from the
analysis. Morphospecies accounted for 29 and 22% of all named plus unnamed species in the 0.1-ha and 1-ha plots,
respectively. The potential impact of this exclusion depends on the distribution of morphospecies across the phylogeny. If the
morphospecies were randomly distributed across the phylogeny, then we would not expect the analysis to be strongly biased.
Alternatively, if morphospecies were not randomly distributed across the phylogeny, and if they tended to have low (or high)
values of rarity, then the potential for bias in our analysis would be higher. Additionally, we excluded from the analysis
individuals that were not determined to the species level. Some of these individuals may have belonged to species included in
the analysis, in which case, habitat breadth and local abundance might have been underestimated for some species.



Geographical range size was estimated across the Neotropics and therefore would be less likely to be affected by these
exclusions. Regardless, the proportion of unidentified individuals was relatively small (1 and 5% for 1-ha and small plots,
respectively) and is likely to have had only a minor effect on our analyses.

We measured geographical range size as the extent of occurrence (EOQ), calculated as the area encompassed by the
minimal convex polygon enclosing all known occurrences of a species. This measure is affected by incomplete botanical
sampling, even though it may be relatively robust to this kind of sampling error (Joppa et al., 2016). The effect of this error on
estimates of phylogenetic signal depends on how it is distributed across the phylogeny. Under the reasonable assumption that
error in measures of EOO is random relative to phylogenetic relationships, error in estimates of EOO would introduce negative
bias in estimates of phylogenetic signal (Housworth et al., 2004). Thus, phylogenetic signal in geographical range size would
be stronger than we documented here. Deviations from the assumption above could introduce negative or positive bias in
estimates of phylogenetic signal, depending on the particular relationship between measurement error and the phylogeny.

Phylogenetic patterns of rarity might depend on the spatial scale at which they are examined (Krasnov et al., 2011;
Machac et al., 2011; Mouillot & Gaston, 2009). It is therefore important to highlight that we measured habitat breadth and local
abundance at a regional scale (across the Madidi region), and geographical range size at a continental scale (across the
Neotropics). It is difficult to predict how our results would change if habitat breadth and local abundance were measured at a
continental scale. Krasnov et al. (2011) suggested that phylogenetic patterns of habitat breadth and abundance are stronger
when measured at larger spatial extents. If so, we would expect that phylogenetic signal in habitat breadth and abundance
measured at a continental scale would be even higher than we documented here.
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