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Abstract

Premise: Within plant communities, few species are abundant, and most are locally
rare. Worldwide, 36% of plant species are exceedingly rare and often face high ex-
tinction risk. However, the community phylogenetic impact of the loss of rare plants
is largely unknown in many systems. We address this gap by investigating how rare
species contribute to phylogenetic diversity, considering multiple metrics of rarity and
multiple elevations in a subalpine plant community.

Methods: We collected abundance data at three sites near the Rocky Mountain
Biological Laboratory (Colorado, USA). We calculated each species' range size from
public occurrence data. We calculated phylogenetic signal for abundance and range
size, compared community phylogenetic metrics weighted by range size and abun-
dance to unweighted metrics, and quantified the change in phylogenetic diversity
when removing single species and groups of species ranked by rarity.

Results: We found phylogenetic signal for abundance, but not range size. There was
no difference between rarity-weighted and -unweighted phylogenetic diversity met-
rics. Finally, phylogenetic diversity did not decline more when we removed single rare
species or groups of rare species than when we removed single common species and
groups of common species.

Conclusions: We found that rare species, whether at low abundance or with a small
range, do not disproportionately contribute to phylogenetic diversity in our subalpine
plant community. These results were consistent across elevations. Instead, rare species
might provide phylogenetic redundancy with common species. Deeper understanding
of functional differentiation is needed to understand contributions of rare species to
this system.
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Worldwide, 36% of all plant species are exceedingly rare
(observed five or fewer times globally; Enquist et al., 2019)
and are often at high risk of extinction (Yessoufou and
Davies, 2016; Enquist et al., 2019). Even if not globally rare,
the majority of plant species in a community are locally rare
and most likely to go locally extinct if conditions change
(Matthies et al, 2004; Zavaleta and Hulvey, 2004;
Zettlemoyer et al., 2019). While rare species have been
observed to perform critical ecosystem functions, such as

supporting pollinators, enhancing fire resilience, and con-
tributing to food web diversity (Bracken and Low, 2012;
Mouillot et al., 2013; Leitao et al., 2016), their contributions
to evolutionary diversity and associated ecosystem functions
are unknown in most systems (Violle et al., 2017; Dee
et al,, 2019). In particular, their role in maintaining phylo-
genetic diversity remains poorly understood, with few
studies addressing this question (Anderson et al., 2004; Mi
et al., 2012; Herzog and Latvis, 2022). Here we contribute to
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this gap by examining how major axes of rarity contribute
to phylogenetic diversity in a subalpine plant community,
for which little is known about phylogenetic diversity
(Bryant et al., 2008; Veldhuisen et al., 2023).

Understanding community phylogenetic diversity is es-
sential because it is strongly linked to ecosystem processes. It
correlates more positively with biomass than does species
richness or functional diversity (Cadotte et al., 2008) and
promotes ecosystem stability, productivity, and resistance to
invasion (Cadotte et al., 2012; Cadotte, 2013; Davies
et al,, 2016; Galland et al., 2019; Delavaux et al., 2023). In
plant communities specifically, species richness increases
arthropod diversity more when diversity is also high
(Dinnage et al., 2012), and phylogenetic diversity predicts soil
microbial diversity better than plant species richness (Milcu
et al, 2013). Despite the increasing recognition of the
importance of phylogenetic diversity, it is unclear how rare
species contribute to phylogenetic diversity in most systems,
which is especially critical to understand in the face of
ongoing species losses (White et al., 2023).

The niche differentiation hypothesis suggests that rare
species use distinct resources and that they are distinct from
each other and from more abundant species (Hanski, 1982;
Gaston, 1994; Grime, 1998). Previous studies do support the
functional distinction of rare species (Mouillot et al., 2013;
Leitao et al.,, 2016; Jiao et al., 2017; Ge et al., 2019; Coulon
et al., 2023). For example, Ge et al. (2019) found that rare
desert annual plants do not exhibit the same well-
established functional trade-off between water-use efficiency
and relative growth rate as dominant species, suggesting
niche differentiation in physiological traits. However, link-
ing rarity to traits and niche space has proven to be complex
(Crisfield et al., 2024). Phylogenetic divergence can poten-
tially capture multivariate niche differences more holistically
than single-trait approaches (Cadotte et al., 2009; Huang
et al., 2020; E-Vojtko et al., 2023). If rare species have un-
ique combinations of genetic variants that allow them to
persist (Mouillot et al., 2013), they will be more evolutio-
narily divergent than other species, leading to higher phy-
logenetic diversity in the community (Mi et al., 2012).

Alternatively, rare species might not contribute uniquely
to community phylogenetic diversity, for several reasons.
First, if ecologically important traits in a particular habitat
are not phylogenetically conserved, niche differentiation will
be decoupled from phylogenetic relationships (Cavender-
Bares et al., 2009; Swenson and Enquist, 2009), and rare
species with unique niches could have any relationship to
the rest of the community. Second, ecologically important
traits could be conserved phylogenetically but also con-
strained ecologically, such that species with traits adapted to
a particular habitat are closely related (known as “en-
vironmental filtering”; Cavender-Bares et al., 2009; Mayfield
and Levine, 2010; Kraft et al., 2015). Filtering could lead to
phylogenetic  “redundancy” among species (Webb
et al., 2002; Cavender-Bares et al., 2009). Rare species might
also be closely related to others in their community because
they speciated locally, which may be a particular issue in

areas with a history of rapid diversification (Klak
et al., 2004; Hughes and Eastwood, 2006; Hughes and
Atchison, 2015; Xing and Ree, 2017). Despite these possi-
bilities, the observation of unique contributions of phylo-
genetic diversity to ecosystem functions suggests that
pervasive phylogenetic redundancy and relatedness may not
be the norm (Cavender-Bares et al, 2009; Cadotte
et al., 2008, 2012; Cadotte, 2013; Davies et al., 2016).

Given these alternative possibilities, it is critical to assess
the contributions of rare species to phylogenetic diversity
independently of measures of functional diversity (Gerhold
et al., 2015; Cadotte et al., 2019; Hahn et al.,, 2024). To date,
we know of only two studies investigating the contributions
of rare plants to phylogenetic diversity. Mi et al. (2012)
found that rare tree species in temperate, subtropical, and
tropical forests were phylogenetically more diverse than
abundant species when in less-disturbed plots. In contrast, a
recent study of North American tall-grass prairies (Herzog
and Latvis, 2022) found that rare species were randomly
distributed across the phylogeny, providing phylogenetic
redundancy with more abundant species. Herzog and Latvis
(2022) noted that their tall-grass prairies are dominated by
species from only a small subset of families and are signif-
icantly less diverse than expected by chance. It is
unsurprising that tall-grass prairies would be less diverse
than the tropical forests studied by Mi et al. (2012) (Tietje
et al, 2023). Our subalpine communities are somewhat
more phylogenetically diverse than tall-grass prairies
(Bryant et al., 2008; Herzog and Latvis, 2022; Veldhuisen
et al., 2023), and so we may expect higher contributions by
rare species.

Rarity can be categorized in multiple ways, including
small population size, limited range, narrow habitat speci-
ficity, or combinations thereof (Rabinowitz, 1981). These
metrics can independently or jointly categorize species as
rare, but they are not always correlated (Sexton et al., 2009;
Jain et al., 2014; Crisfield et al., 2024). For example, a species
may have a high local abundance but a restricted distribu-
tion or vice versa. Because range size and local abundance
can differ for a single species, it is possible that rare species
quantified by range size would impact phylogenetic diver-
sity in different ways than rare species quantified by abun-
dance, and therefore it is key to investigate different metrics
separately. Indeed, a previous study found that the func-
tional diversity contributions of a rare species depend on
how rarity is measured (Jain et al., 2014). Within local
communities, low local abundance is a typical metric of
rarity, but range size is also an important axis of rarity to
address, given that species with low local abundance may or
may not be buffered by persisting across a wide geograph-
ical distribution and niche space (Rabinowitz, 1981;
Johnson, 1998). Indeed, both low-abundance and range-
restricted species are observed to be at higher risk of ex-
tinction (Staude et al., 2020a, b; Manes et al., 2021).

Here we tested whether rare plant species, defined by
low local abundance and a small range, disproportionately
contribute to phylogenetic diversity in subalpine plant
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communities. We hypothesized that rare species contribute
more to phylogenetic diversity due to their evolutionary
distinctiveness and that losing rare species will cause greater
declines in diversity metrics compared to common species.
We tested this idea across an elevational gradient in the
Colorado Rocky Mountains near the Rocky Mountain
Biological Laboratory (RMBL; Gothic, Colorado, USA). In
this system, plant communities are known to be more
phylogenetically overdispersed at higher elevations (Bryant
et al, 2008; Veldhuisen et al, 2023), indicating greater
potential for rare species to play unique roles at higher
elevation. We first predicted (1) that range size and local
abundance will show phylogenetic signals, indicating that
common and rare species occupy different phylogenetic
lineages. Then, we predicted (2) that weighting phylogenetic
diversity metrics by high abundance or large range will
decrease phylogenetic diversity, consistent with the predic-
tion that rare species contribute more to diversity than
common species. As a consequence, we predicted (3) that
removing species from the data set according to rarity will
decrease phylogenetic diversity more when the removed
species are rare than when they are common. Finally, we
predicted (4) that removing rare species will have the
strongest impact on phylogenetic diversity at high elevation
sites. Our study is particularly novel in considering multiple
metrics of rarity, multiple elevations, and subalpine plant
communities in the investigation of the contributions of
rarity to community phylogenetic diversity.

MATERIALS AND METHODS
Study system and abundance data

We collected abundance data for a forb community at three
sites in Washington Gulch near RMBL from June to August
in 2021 and 2022. The RMBL is located in the East River
Valley of the West Elk Mountains, approximately 10 km
from Crested Butte, Colorado. Study sites were located at
2815m asl. (38°53’50”N, 106°58’43"W), 3165m a.s.l
(38°57'38"N, 107°01'53”W), and 3380 m a.s.l. (38°58'10"N,
107°01’'53”W). At each of the three sites, we had five
1.2 x 1.2 m plots that were randomly placed within each site
each summer. (Sites and plots were described by Veldhuisen
et al., 2023 and Sloat et al., 2015.)

We identified all vascular plants to species level within
each 1.2 x 1.2m plot at the three sites. We confirmed our
identifications against RMBL Herbarium specimens
(herbarium code RMBL) and iNaturalist observations. Each
plot was sampled once per year near the peak of the growing
season (approximately mid July, depending on the year and
elevation). Plant sampling dates were staggered to ensure all
communities had the same relative phenological time point.
In each plot, we counted all individuals of every species. We
only counted plants rooted within the plot, and unidentifiable
individuals and non-native species were excluded from
all analyses. To ensure consistency, we established clear

guidelines for decision-making and had everyone collect data
from the same plot and compare results to standardize pro-
tocol. To quantify abundance and generate a single number
by which to rank a species, we averaged local abundance
across all five plots at each site and the two data
collection years. Overall, we collected data for 39 species at
the low-elevation site, 27 at the middle-elevation site, 36 at
the high-elevation site, and 59 species total.

Range size

We calculated range size as extent of occurrence (EOO) and
area of occupancy (AOO) (Gaston and Fuller, 2009; Staude
et al, 2020b). To obtain these values, we downloaded
occurrence data for each species using the R package rgbif
(Chamberlain and Boettiger, 2017) and calculated AOO and
EOO with the R package red (Cardoso, 2017). We restricted
GBIF downloads to occurrences in North America with
<1000 m coordinate uncertainty and observations made
since 1990 to ensure coordinate accuracy (Appendix S1).
We focused on North American observations because the
continent spans a wide range of environmental conditions
that are also accessible to the same lineages present at our
site. In addition, all but eight species were endemic to North
America, and thus their global distributions were fully
captured by this area. The package red calculates AOO as
the total cells occupied by the provided points at a 2 x 2 km
resolution, which aligns with IUCN resolution requirements
(Cardoso, 2017). We used only the AOO values to calculate
phylogenetic signal (Prediction 1) and rank species for
testing the impact of their removal (Prediction 2) because
AOQO is less sensitive to extremes and outlier observations
(Gaston and Fuller, 2009; Staude et al., 2020b).

Phylogenetic metrics

To calculate phylogenetic signal and community phyloge-
netic diversity, we used the ALLMB.tre angiosperm phy-
logeny of Smith and Brown (2018). This phylogeny includes
all genera in our data set and 55 of 68 species. If a species
was missing from the phylogeny but was the only member
of its genus in the plots, we replaced it with a closely related
congener in the Smith and Brown phylogeny
(Appendix S2). Only the genus Senecio had multiple species
in the plots missing from the phylogeny. We removed
S. crassulus A. Gray and S. bigelovii A. Gray from all phy-
logenetic analyses because they have no available genetic or
phylogenetic information. We could not find an up-to-date
genus-level phylogeny for Erigeron to inform replacements,
so we removed Erigeron elatior (A. Gray) Greene and Eri-
geron glacialis (Nutt) A. Nelson from all analyses. All
pruned phylogenies were fully resolved.

To test Prediction 1, we calculated phylogenetic signal for
both abundance and range size using Blomberg's K (Blomberg
et al, 2003) and Pagel's A (Pagel, 1999). We calculated
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Blomberg's K with the function phylosignal() in the R package
picante (Kembel et al., 2010) with 5000 randomizations, and
Pagel's A with the function phylosig() in the R package phy-
tools (Revell, 2011) with 5000 iterations and model set to
lambda. Blomberg's K or Pagel's A values near 1 indicate trait
evolution consistent with Brownian motion. In contrast, K less
than 1 or Pagel's A near zero suggests less phylogenetic signal
than expected by Brownian motion.

We calculated Faith's phylogenetic diversity (PD;
Faith, 1992), mean phylogenetic distance (MPD), and mean
nearest taxon distance (MNTD) and their associated stan-
dard effect sizes (SES) in picante (Kembel et al., 2010).
Faith's phylogenetic diversity (Faith, 1992) is the total evo-
lutionary distance (branch length) across a phylogenetic tree
describing the relationships among the taxa in a data set.
This metric will increase if relationships are more distant
across the tree (species are more evolutionarily divergent).
Mean phylogenetic distance is the mean distance between
pairs of species. As such, it also increases as evolutionary
relationships are more distant across the tree. However, it
will be less sensitive to rare cases of distantly related species
that would otherwise elevate Faith's phylogenetic diversity.
Mean nearest taxon distance is the mean of the distance to
the closest relative of each taxon and reflects the typical
distance to any species' closest relative in the data set and
increases as closest relatives are more distant. Therefore,
MNTD is more reflective of the tendency of species to have
closer relatives than it is of the overall evolutionary diversity
across the entire tree (community of species) that is cap-
tured by the former metrics. (For further discussion, see
review by Tucker et al., 2017.)

To calculate SES, we used the sample.pool null model
for each metric to randomly draw species from the RMBL
community with 5000 iterations. Positive SES values indi-
cate that the species group in question is more phyloge-
netically diverse than a random draw of the same number of
species from the regional species pool (overdispersion). SES
values above 1.96 will have P-values above 0.975, indicating
statistical significance of SES. Negative SES values indicate
that the species group in question is less phylogenetically
diverse than a random draw of the same number of species
from the regional species pool (underdispersion). SES values
below -1.96 will generate P-values below 0.025, indicating
statistical significance of SES.

Weighting by abundance and range size

To test Prediction 2, we calculated MPD and MNTD
weighted by abundance and range size. We then compared
the weighted versus unweighted standard effect sizes for
each community. To weight these metrics, we used the
function ses.mpd in picante (Kembel et al, 2010), but
switched the parameter abundance.weighted= from false to
true, and weighted by local abundance and log of the AOO
value. Since PD is directly correlated with species richness,
it cannot be weighted by abundance. We considered

changes in diversity in response to weighting significant if
the SES absolute values became greater than 1.96.

Removing species

To test Prediction 3, we removed species and recalculated
phylogenetic diversity after the removal. For each site, we
ranked species in order of decreasing rarity in terms of both
local abundance and range size, such that the most abun-
dant and largest range-size species were ranked first and the
lowest abundance and smallest range-size species were
ranked last. Then, we removed one species at a time in order
of increasing rarity (removing the most abundant and
largest range sizes first) and calculated the SES for PD,
MPD, and MNTD of the resulting community. We also
tested for autocorrelation of residuals from a regression
between standard effect size and the abundance rank of
removed species within each site using the Durbin-Wallis
test with 1, 2, and 3 steps to see if removal of similarly
ranked species had similar effects. Finally, we also tested for
the effects of leaving out single species at the plot level at
each site, which offers increased replication but smaller
community sizes (and therefore smaller observed commu-
nity phylogenies, which are likely to increase variance in the
resulting phylogenetic diversity estimates).

Removing individual species is likely to result in a noisy
signal, especially given that estimates of abundance and
range size will themselves include error, resulting in
imperfect ranking of species according to rarity. Moreover,
rare species could be lost in groups rather than individually
during periods of change, and the loss of multiple species
will have strong phylogenetic effects if extinctions are
phylogenetically clustered, which has been observed (Willis
et al., 2008; Eiserhardt et al, 2015; Gonzalez-Orozco
et al,, 2016). To test the impact of losing groups of species
at a time, we removed groups of 10 species in order of
abundance and range size. Using a sliding window
approach, we created groups of 10 species, starting with the
top 10 most-abundant species, then shifting to species
ranked 2-11, 3-12, and so on until the 10 least-abundant
species. We then calculated the SES of phylogenetic diver-
sity for the community with each group of 10 removed. We
analyzed all data in R version 4.3.1 (R Core Team, 2023).

RESULTS

Community composition and phylogenetic
signal

The low-elevation site contained 39 species across 17 fam-
ilies, the middle site had 27 species across 14 families, and
the high site had 36 species across 20 families. We found
that local abundance ranged from 0.5 to 573.5 individuals
per site when pooled across plots and averaged across years,
with a median average abundance of 10.5 individuals per
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site (Figure 1). At all three sites, the least-abundant species
had only one individual in one year with an average of 0.5
individuals per site across years. These species were Noccaea
fendleri (A. Gray) Holub, Primula pauciflora (Greene) A.R.
Mast & Reveal, and Rumex densiflorus Osterh. at the low-
elevation site (Figure 1A); Eucephalus breweri (A. Gray)
G.L. Nesom at the middle (Figure 1B); and Arctostaphylos
uva-ursi L., Erigeron speciosus DC., Hydrophyllum capita-
tum Douglas ex Benth., Senecio integerrimus Nutt., and
Erigeron eatonii A. Gray at the high-elevation site
(Figure 1C). The most-abundant species at the low-
elevation site was Collomia linearis Nutt. with an average
abundance of 573.5 individuals (Figure 1A). At the middle-
elevation site, Heliomeris multiflora Nutt. was the most
abundant with an average of 253.5 individuals (Figure 1B),
and at the high-elevation site Polygonum douglasii Greene
was the most abundant with an average of 130 individuals
(Figure 1C). Range size measured as AOO spanned from
108 km? for Rumex densiflorus to 469,436 km* for Achillea
millefolium L., with a median range size 2316km?
(Figure 1).

We found phylogenetic signal for abundance with only
Blomberg's K (Blomberg's K=0.304, P=0.04; Pagel's
A=0.926, P=0.17; Figure 2A), but not for range size with

either metric (Blomberg's K=0.09, P=0.7;

A=7.3 x 107, P=1; Figure 2B).

Pagel's

Weighting community phylogenetic metrics

Weighting MPD and MNTD by abundance (Figure 3A) and
range size (Figure 3B) did not significantly change phylo-
genetic diversity at any of our sites. At the low-elevation
site, MPD SES was positive when unweighted and negative
when weighted by range size. However, both SES values
were still very near zero and nonsignificant (Figure 3B).
Also at the low-elevation site, weighting by abundance
increased SES values for MPD and MNTD, but SES values
stayed nonsignificant. At other sites, impacts of weighting
were variable and depended on the metric in question
(Figure 3A, B), but never caused the SES values to be sta-
tistically significant.

Removing species

In general, removing species according to rarity did not
reveal consistent effects on phylogenetic diversity. Because
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range size did not show phylogenetic signal (i.e., particular
lineages did not tend to be represented by small range sizes),
this was expected, and here we focus on results for abun-
dance, which did show phylogenetic signal (results for single
species removal according to range size are available in
Appendix S3). For abundance, removing species in order of
decreasing abundance impacted SES values inconsistently
across metrics and sites, and removing the rarest species did
not consistently decrease phylogenetic diversity by any
metric (Figure 4). These site level results were also reflected
at the plot level, though variability was even greater, as
expected for the smaller community sizes (Appendix S4).
At the high-elevation site specifically, removing the
most-abundant species did not change the SES for PD,
slightly lowered SES for MPD, and increased the SES for
MNTD (Figure 4). Removing the least-abundant species

increased the SES for PD, MPD, and MNTD. The
middle-abundance species both increased and decreased
SES values for all metrics depending on the species
(Figure 4).

At the middle-elevation site, removal of the most- and
least-abundant species increased SES across all metrics
(Figure 4). Removing other low-abundance species (ranked
20-26 of 29) both increased and decreased SES values
depending on metric and individual species (Figure 4). As
for the high-elevation site, removing the middle-ranked
abundance species had mixed impacts on community
phylogenetic diversity by all metrics (Figure 4).

Finally, at the low-elevation site removal of the most and
least-abundant species lowered SES values by all metrics
(Figure 4). For both PD and MTD, SES values decreased
with the removal of each of the top five most-abundant
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FIGURE 3 Standard effect sizes to compare weighted and unweighted mean phylogenetic distance (MPD) and mean nearest taxon distance (MNTD).

Unweighted values are in blue; weighted values are in green. (A, B) Weighting by (A) abundance and (B) range size at the three elevational sites. Weighting
by abundance and range size does not significantly change MPD or MNTD for the sites. At the middle-elevation site, range size-weighted MPD has a

standard effect size and is nearly invisible in panel B.

FIGURE 2

Phylogenies with log values of abundance (A) and range size (B) indicated by branch colors. (A) Abundance shows significant phylogenetic

signal for Blomberg's K only (K =0.304, P=0.04, Pagel's A =0.93, P=0.168); (B) range size does not show any significant signal (K= 0.09, P =0.7, Pagel's

A=73 %107, P=1).
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FIGURE 4 Change in standard effect size (SES) when individual species are removed in order of decreasing abundance at the three elevational sites. The
horizontal black line in each graph shows the SES of the metric for the overall community at each site; the dots show how the SES changes when the species
at the rank indicated on the x-axis is removed. Mean nearest taxon distances (MNTD) are shown in the top row, mean phylogenetic distances (MPD) are in
the middle row, and phylogenetic diversities (PD) are on the bottom. No clear pattern suggests that removing rarer species (right side of each panel)
decreases MNTD, MPD, or PD more than removing more-abundant species (left side of each panel).

species (Figure 4). This decrease in SES was also mostly true
for MPD, except that the removal of the third most-
abundant species did not change the SES value. While the
removal of the least-abundant species decreased SES values
for all metrics, removal of the next three least-abundant
species either did not change or increased SES values
depending on metric and species (Figure 4). Like the
middle- and high-elevation sites, removing the middle-
ranked species at the low-elevation site had variable impacts
on SES values for all metrics (Figure 4). We tested for
autocorrelation between points within each site at one, two,
and three steps and found no significant autocorrelation
(P> 0.05 for all; Appendix S5).

Removing groups of 10 species in order of abundance
also did not produce consistent patterns (Figure 5). Re-
moving the groups with the rarest species did not decrease
SES for PD and instead increased SES at all sites (Figure 5).
At the low-elevation site, removing groups of common
species had the most-negative impact on SES values, while
removing the most common species did not impact SES at
the high-elevation site and increased the SES at the middle-
elevation site (Figure 5). We only show results for PD here
because results for MPD and MNTD were similarly
inconsistent (Appendix S6). Like the removal of individual
species, we only removed groups of species based on
abundance because we found no phylogenetic signal in
range size (Figure 2B).

DISCUSSION

We hypothesized that rare species (quantified by local
abundance and range size) would contribute dis-
proportionately to phylogenetic diversity, especially at
higher elevations, but our results were not consistent with
this idea. We found that abundance did show phylogenetic
signal, but range size did not. We predicted that weighting
MPD and MNTD by higher abundance and larger range
size would decrease phylogenetic diversity (consistent with
disproportionately high contributions by rare species), but it
did not. Finally, we predicted that removing rare species
(individually or in groups) would decrease phylogenetic
diversity more than removing common species, but diver-
sity dropped more with the removal of rare species only
occasionally and not more so at high elevations. Our results
are strikingly consistent in suggesting that rare species do
not contribute disproportionately to phylogenetic diversity
in this system.

Our results may be influenced by limitations on our
ability to detect the effects of rarity on community phylo-
genetic diversity, stemming from both the calculation of
rarity and the calculation of diversity. An important con-
tribution of our study is its examination of multiple axes of
rarity (abundance and range size), but separating these axes
also has the potential to obscure the effects of an integrated
metric of rarity. How best to quantity rarity remains an
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FIGURE 5 Change in standard effect size (SES) for phylogenetic diversity (PD) when groups of 10 species are removed in order of decreasing
abundance at the three elevational sites. The horizontal black line in each graph shows the SES of the metric for the overall community at each site; dots
show how the SES changes when the group is removed. Numbers on the x-axis rank the most-abundant species in the group that was removed. For example,
for the point at x =5, the species that were removed were ranked 5-14. No clear pattern suggests that removing rarer species (right side of each panel)
decreases PD more than removing more-abundant species (left side of each panel).

active area of discussion in the field (Crisfield et al., 2024;
Falaschi et al., 2025). Our focus was also on local rarity
contributions to local community composition (though
range size estimates were global for most species), and
different patterns might arise across larger scales (Hartley
and Kunin, 2003). Finally, our power to detect deviations of
community phylogenetic diversity from expected phyloge-
netic diversity is limited by the regional species pool, which
here was only modestly larger (same order of magnitude)
than community composition.

Our results are consistent with a similar recent study
that found that rare and common species contribute simi-
larly to phylogenetic diversity in tallgrass prairies (Herzog
and Latvis, 2022). The authors sampled 21 tallgrass prairie
communities and calculated PD each time they added
increasingly rare species, which were quantified by per-
centage cover. They then calculated breakpoints where
phylogenetic diversity changed significantly from the addi-
tion of one species to the next. Still, they found that the
location of statistically significant breakpoints was not
consistently associated with rare species (Herzog and
Latvis, 2022). Although we did not calculate breakpoints in
our data, the results of Herzog and Latvis are similar in that
the phylogenetic contributions of a species are not con-
sistently predictable based on rarity.

In contrast to our results, Mi at al. (2012) compared the
phylogenetic diversity of rare and common species in
temperate and tropical tree plots and found that rare species
were phylogenetically distinct, which they framed as sup-
port for the niche differentiation hypothesis. While we now
know we cannot assume that relatedness predicts niche
space in a straightforward way (Mason and Pavoine, 2013;
Davies et al., 2016; Blonder, 2018), the results of Mi and

colleagues are informative. In particular, they found that
rare species contribute more phylogenetic diversity only in
plots with lower levels of disturbance (Mi et al., 2012). If
disturbance has caused local extinctions of rare species
before the time frame of our study, the rarest species will no
longer be present, and we would instead be observing the
less-rare species that still occur. If previous disturbance has
already caused the local extinction of rare species, it may
still be true that rare species historically contributed the
most phylogenetic diversity, but we would not be able to
observe it. Similarly, disturbance could also lower phylo-
genetic diversity if only a subset of related species survived
(Helmus et al., 2010). It is worth noting that none of our
species are listed in the Colorado Rare Plant Guide
(Colorado Natural Heritage Program, 2023), so our species
with the smallest ranges and lowest abundance may not, in
fact, be considered rare in a global context, and rarer species
may already have been lost. We measured the impact of the
removal of one species at a time and in groups of 10, but
patterns of actual loss in this system (e.g., sets of related
species) are unknown and are likely to be highly system-
specific (Zavaleta and Hulvey, 2004; Hooper et al., 2012;
Sanders et al, 2018; Chase et al, 2020; Carmona
et al,, 2021). Evaluating disturbance or historical species loss
at our sites would be an important avenue for future
research in this system.

Regardless of whether native species are changing, the
addition of new species via invasions or range shifts may also
alter phylogenetic diversity, and some work suggests such
newcomers can cause declines diversity (Selvi et al., 2016; Fitt
and Lancaster, 2017; Daru et al, 2021). We know that range
shifts and invasive species are impacting this system, while other
species are declining (Renwick et al., 2016; Zorio et al., 2016;
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Shepard et al.,, 2022). We did not include non-native species in
our analyses because our plots included only four non-native
species, all of which currently occur at low abundance. Three of
the four non-native species are in Asteraceae, and as such
would likely not change our results. Evidence does suggest
plants are shifting their elevational ranges in this system (Zorio
et al,, 2016), however, so investigating the phylogenetic impact
of range-shifting newcomers may be important for future work.

We found phylogenetic signal in abundance but not in
range size. Herzog and Latvis (2022) tested for phylogenetic
signal in abundance in their tall grass prairie communities
and found signal at the regional scale and in 5 of their 21
communities. Previous work has tested phylogenetic
signal in range size with mixed results (Morin and
Lechowicz, 2013; Zacai et al., 2017; Pigot et al., 2018). Pigot
et al. (2018) found that introduced bird species have strong
phylogenetic signal in their native range size, but random
samples of birds do not show phylogenetic signal in range
size, so this finding was unique to introduced species. Morin
and Lechowicz (2013) found weak but significant signal in
range size in tree species in forest plots worldwide. Zacai
et al. (2017) found that phylogenetic signal in range size
varies regionally and is likely influenced by spatiotemporal
environmental stability over geological time. Each of these
studies addressed range size across broad spatial and tem-
poral scales (Morin and Lechowicz, 2013; Zacai et al., 2017;
Pigot et al, 2018), while we only included present-day
species native to the North American Rocky Mountains.
Previous work indicates that including non-native species or
broadening our spatial scope to include more species may
change our phylogenetic signal results, which is consistent
with other context-dependent community phylogenetic
patterns (Cavender-Bares et al,, 2009; Willis et al., 2009;
Park et al., 2020).

Work in other systems has suggested that rare species
provide the most unique functional trait combinations
(Mouillot et al., 2013) and contribute significantly to func-
tional diversity (Leitdo et al, 2016; Coulon et al., 2023),
although results depend on how rarity is quantified (Jain
et al., 2014). Our results show no evidence that rare species
are phylogenetically distant from the rest of the community;
however, we did not investigate their functional uniqueness,
which may produce a different pattern. Phylogenetic
diversity is expected to reflect the broad multivariate trait
combinations of species, but often correlates poorly with
variation in individual traits, which in some cases may be
critical for structuring communities (CaraDonna and
Inouye, 2015; Gerhold et al., 2015; Maitner et al.,, 2022;
E-Vojtké et al., 2023). Similarly, one study using a theo-
retical modelling approach found that prioritizing phylo-
genetic diversity for conservation efforts did not always
maximize functional diversity, even when traits showed
phylogenetic signal (Mazel et al., 2017). Whether our rare
RMBL plant community members are functionally unique
or redundant is unknown, but our results suggest that
species with low abundance and a small range may provide
redundancy in terms of phylogenetic diversity.

Taken together, our results raise important questions
about the potential contributions of rare species to other
dimensions of biodiversity, such as functional diversity and
functional rarity. The contributions of rare species to all
facets of diversity are particularly important to understand
because extinction risk threatens the loss of lineages that
contribute unique evolutionary diversity to communities
(Willis et al., 2008; Eiserhardt et al., 2015; Gonzalez-Orozco
et al.,, 2016). Violle et al. (2017) emphasized the critical role
of functional rarity in maintaining ecosystem processes and
resilience. Future research should explore whether the rare
species in this system possess unique functional traits that
contribute disproportionately to ecosystem functioning,
even if they do not increase phylogenetic diversity. Under-
standing the interplay between phylogenetic and functional
rarity will help clarify the broader ecological significance of
rare species and inform conservation strategies to preserve
biodiversity and ecosystem stability in the face of global
change. Integrating functional trait data with evolutionary
frameworks will allow us to better assess whether rare
species provide irreplaceable ecosystem functions or
reinforce redundancy within ecological communities.

CONCLUSIONS

Our study aimed to test whether rare species contribute
disproportionately to phylogenetic diversity in our sub-
alpine plant community, a question central to under-
standing their ecological and evolutionary significance.
Contrary to our hypothesis, we found that rare species in
our system do not uniquely increase phylogenetic diversity,
and their contributions to phylogenetic diversity vary
inconsistently with the identity of the species, elevation, and
phylogenetic metric. These findings challenge assumptions
that rare species increase evolutionary diversity and raise
questions about their broader ecological roles.
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