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Conserving avian evolutionary history can effectively
safeguard future benefits for people
Rikki Gumbs1,2,3*, Claudia L. Gray1,3, Michael Hoffmann1, Rafael Molina-Venegas4,
Nisha R. Owen3,5, Laura J. Pollock3,6

Phylogenetic diversity (PD)—the evolutionary history of a set of species—is conceptually linked to the mainte-
nance of yet-to-be-discovered benefits from biodiversity or “option value.” We used global phylogenetic and
utilization data for birds to test the PD option value link, under the assumption that the performance of sets of
PD-maximizing species at capturing known benefits is analogous to selecting the same species at a point in
human history before these benefits were realized. PD performed better than random at capturing utilized
bird species across 60% of tests, with performance linked to the phylogenetic dispersion and prevalence of
each utilization category. Prioritizing threatened species for conservation by the PD they encapsulate performs
comparably to prioritizing by their functional distinctiveness. However, species selected by each metric show
low overlap, indicating that we should conserve both components of biodiversity to effectively conserve a
variety of uses. Our findings provide empirical support for the link between evolutionary history and benefits
for future generations.

Copyright © 2023 The

Authors, some

rights reserved;

exclusive licensee

American Association

for the Advancement

of Science. No claim to

original U.S. Government

Works. Distributed

under a Creative

Commons Attribution

License 4.0 (CC BY).

INTRODUCTION
Biodiversity contributes a wide variety of benefits and services to
humanity including food, fuel, medicine, materials, and a myriad
other economic and cultural values (1, 2). Unfortunately, human-
ity’s reliance on biodiversity is now a major driver of the unprece-
dented declines across species and ecosystems globally (3, 4).
Accordingly, the goal of maintaining the benefits contributed by bi-
odiversity for current and future generations, through conservation
and sustainable use, now sits at the heart of global biodiversity
policy (5), including as part of the recently adopted Kunming-Mon-
treal Global Biodiversity Framework under the Convention on Bi-
ological Diversity (6).
There are many ways to value biodiversity and nature in general

(7), the most prominent of which is through ecosystem services (8).
However, the values and benefits of species are difficult to assess,
particularly for those benefits that are indirect or emerge unexpect-
edly (1), such as increased coffee yield through the maintenance of
insectivorous bird populations to act as pest control (9). These un-
expected benefits highlight the importance of maintaining the
option to use benefits in the future that are currently unknown or
unexploited, that is, the “option value” of biodiversity (8), and ex-
plicitly link the maintenance of biodiversity now to the capacity for
future generations to benefit from them (10, 11).
Given that the precise nature of future options are, by their very

definition, unknown and unfeasible to quantify presently, a suitable
proxy available now would prove to be a valuable tool to monitor
biodiversity’s capacity to provide benefits into the future. Phyloge-
netic diversity (PD)—which theoretically approximates the suite of
features shared by, and unique to, a set of species by measuring the

phylogenetic branches that connect them (12)—has been proposed
to fulfill this role, under the assumption that maintaining a greater
amount of PD will conserve distinct features and consequently a
wider variety of potential benefits (5).
Although it is not possible to predict the precise nature of future

benefits it is reasonable to assert that known benefits today were, at
some point in the human history, unknown future options for hu-
manity. For example, most biodiversity benefits today could be seen
as option value for the future generations of the first humans that
appeared in Africa roughly 200,000 years ago. Thus, work has been
done to assess the performance of PD at capturing known benefits
from plants when applied naively (i.e., selecting species for conser-
vation based on PD with no knowledge of the distribution of ben-
efits). Forest et al. (13) found that selecting sets of plant genera to
maximize PD in the Cape of South Africa would more efficiently
retain known benefits than selecting based on random sampling.
In addition, Molina-Venegas et al. (14) showed that maximizing
PD more efficiently safeguarded a larger number and wider
variety of known benefits provided by the plant genera globally.
However, whether the predictions of the PD/biodiversity benefit

framework will hold for other taxonomic groups beyond plants
remains unknown. Previous research into the link between PD
and the utilization of species has focused on maximizing diversity
irrespective of extinction risk, largely due to the lack of extinction
risk data available for the world’s plants (15). Nonetheless, under-
standing the distribution of utilized and threatened species across
the Tree of Life also has the potential to guide conservation
efforts to safeguard the most irreplaceable species, whose value to
people may also be a major driver of their imperilment (16–18).
Here, we categorize the most comprehensive species-level

dataset available of recorded consumptive uses of bird species (19,
20). We split the dataset into four distinct utilization types, against
which 94% of utilized species could be categorized: food and feed
(hereafter “food”); materials; medicinal, biochemical, and genetic
resources (hereafter “medicine”); and pets and display animals
(hereafter “pets”; see Materials and Methods). We first use this
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dataset to determine whether selecting sets of species to maximize
PD without knowledge of their utilization value can efficiently
capture species with known uses and thus indicate PD’s utility for
effectively maintaining both present and currently unknown
options. This is a test of the hypothesis that if we, in the past,
only retained sets of bird species that maximized PD to the
current day, we would capture more species with benefits than if
we selected sets at random. Then, we explore how conservation
strategies to maximize or retain threatened PD, using contemporary
extinction risk information, perform at safeguarding currently uti-
lized and threatened bird species. This is a test of the hypothesis that
prioritizing threatened bird species by PD can capture more species
with currently known uses than prioritizations based on extinction
risk alone, for the benefit of future populations. Last, we investigate
the relative performance of strategies that target evolutionary or
functionally unique species at capturing threatened and utilized
bird species and any redundancy between the two approaches.

RESULTS
Avian evolutionary history and utilized species
There were 4331 bird species (39.2% of all bird species) with at least
one type of utilization recorded on the International Union for
Conservation of Nature (IUCN) Red List, 608 (5.5%) of which
were threatened with extinction [vulnerable (VU), endangered
(EN), and critically endangered (CR) on the IUCN Red List],
albeit not necessarily by their utilization. Across our four broad uti-
lization categories, the use of species as pets (including display

animals; see Materials and Methods) was the largest category,
with 3855 species recorded as used for pets (441 threatened spp.),
followed by food (consumption of birds and/or their eggs; 1402
spp., 346 threatened), materials (including handicrafts, jewelry,
and ornaments; 112 spp., 37 threatened), and medicinal uses (57
spp., 15 threatened).
The order Passeriformes (perching birds), which represents 60%

of all bird species, comprised 36.5% of all utilization records in this
study and was the most common order used for food (291 spp.;
20.8% of species used for food), materials (26 spp.; 23% of species
used), and pets (1722 spp.; 45% of species used; fig. S1). Strigiformes
(owls) was the most common order used for medicine (11 spp.;
19.3%). The taxonomic distribution of species used for pets had
both the largest proportion represented by a single order and the
largest disparity between the first- and second-richest order, with
second-placed Psittaciformes (parrots) comprising only 8% of all
pet utilization records (fig. S1). In comparison, no other utilization
category has more than 23% of species records confined to a single
order, nor as steep a decline between the richest order and all others
as observed in pets (fig. S1). The order Bucerotiformes (hornbills
and hoopoes) is the only order to be significantly overrepresented
in each of the four utilization categories, whereas Passeriformes is
the only order to be significantly underrepresented in each category
(fig. S1).
Species associated with each utilization category captured less

PD than random across the avian phylogeny, indicating phylogenet-
ic clustering of utilization, with species used for pets exhibiting the
greatest phylogenetic clumping and those used for materials and

Fig. 1. The performance of a phylogenetic diversity (PD) maximization strategy at capturing utilized bird species. The number of utilized species captured by
selecting sets of species to maximize PD compared with random sets of species of the same number. Utilized species grouped into broad categories based on affinities
(see Materials and Methods for details). Significance based on standardized effect size (SES) scores, for alpha of 5% (*), 1% (**), and 0.01% (***). Error bars represent 95%
confidence interval around the mean for 1000 calculations.
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medicine being the least clumped (fig. S2). However, as reported for
plants (14), utilization categories with higher phylogenetic disper-
sion (i.e., less clumped on the phylogeny), such as medicine and
materials, exhibit increased relative gains in utilized species (fig. S2).
We found that selecting sets of species to maximize PD is gen-

erally an efficient strategy for capturing utilized species of birds
across the avian Tree of Life (Fig. 1), particularly at smaller
sample sizes and for phylogenetically dispersed uses. At the 5%
sample size, significantly more species used for food, materials,
medicine—and all species from all four major utilization categories
combined—are captured by maximizing PD than when selecting at
random (Fig. 1). PD maximization strategies perform significantly
better than random for five of five sample sizes for species used for
materials, four of five for species used for food, three of five for
species used for medicine. PD-maximizing strategies did not
perform better than random for species used for pets, which have
the highest phylogenetic clumping. Overall, PD-maximizing strate-
gies performed significantly better than random for 12 of 20 (60%)
combinations of utilization categories and sample size (Fig. 1). In-
cluding utilized species whose recorded uses could not be defini-
tively reconciled with a distinct utilization category did not affect
the results of PD maximization or threatened PD maximization
for utilization records overall (fig. S3).
When comparing the evolutionary distinctiveness (ED) scores

[which partitions total PD among species based on their evolution-
ary isolation (21, 22); see Materials and Methods] of species record-
ed for each utilization category, species used as pets had
significantly lower ED scores than those used for any other category
(Kruskal-Wallis test with Dunn’s test for pairwise comparisons; ad-
justed P < 0.05 for each pairwise comparison; table S1). Species used
for materials had significantly higher ED scores than those used for
food, and there were no significant differences in ED between all
other comparisons (table S1).

Prioritizing threatened avian evolutionary history to
safeguard utilized species
Given that conservation prioritization efforts typically focus on
threatened species, we explored whether selecting sets of threatened
species that would maximize the conservation of threatened avian
PD would also efficiently capture threatened utilized species. When
compared against sets of species selected using an “extinction risk-
weighted” strategy (based on IUCN Red List categories, where
species in higher categories of risk were more likely to be selected;
see Materials and Methods), the PD maximization strategy per-
formed significantly better across 12 of 20 combinations of utiliza-
tion categories and sample (Fig. 2) and performed particularly well
when smaller sets of species were selected for conservation (i.e.,
smaller sample sizes; Fig. 2).
The PDmaximization strategy outperformed the extinction risk-

weighted strategy for all sample sizes for the food and materials cat-
egories and for four of five of sample sizes for all utilized species
combined (Fig. 2). However, as observed when maximizing PD
for all bird species, PD maximization for threatened bird species
did not outperform the extinction risk-weighted strategy for
species used for pets (Fig. 2). When compared with an “extinction
risk-controlled” strategy (where we selected random sets of threat-
ened species with corresponding frequencies of Red List categories
to those selected for the PD maximization set; see Materials and
Methods), the PD maximization strategy performed similarly

well, outperforming the extinction risk-controlled strategy in 12
of 20 of combinations (fig. S4).
We then selected sets of species to conserve using the evolution-

arily distinct and globally endangered (EDGE) metric, which incor-
porates extinction risk to rank species based on their ED and “global
endangerment” (GE; see Materials and Methods). The EDGE ap-
proach significantly outperformed the extinction risk-weighted
strategy in four of five combinations for food, two of five for mate-
rials, one of five for medicine, and zero of five for pets (7 of 20 com-
binations of utilization category and sample size overall; fig. S5).
When compared with an extinction risk-controlled strategy,
EDGE captured significantly more species in five of five combina-
tions for food, two of five for materials, two of five for medicine, and
one of five for pets (9 of 20 combinations overall; fig. S6). However,
the EDGE approach did significantly outperform both extinction
risk-based strategies for all utilization categories combined at all
sample sizes (Fig. 3 and figs. S5 and S6).
As the targeted utilization of species can be linked to their func-

tional uniqueness (23–25), we also tested a conservation strategy
where threatened bird species were selected on the basis of their
functional distinctiveness (hereafter “FDist-weighted strategy”; see
Materials and Methods) for comparison with the PD maximization
strategy. While the PD maximization strategy outperformed the
FDist-weighted approach at small sample sizes for threatened
species used for materials and medicine (Fig. 3A and fig. S7), prior-
itizing species by their FDist performed comparably to the PDmax-
imization strategy and outperformed the strategy at larger sample
sizes for the more phylogenetically clumped utilization categories
of pets and food (Fig. 3B and fig. S7).

Conserving distinctive and utilized species
Last, we explored the relationship between two measures of species
distinctiveness, ED and FDist, and their relative performance at cap-
turing utilized and threatened bird species. ED and FDist are signif-
icantly but weakly correlated for all birds (r = 0.11, df = 9644, P <
0.0001) and threatened birds only (r = 0.1, df = 1291, P < 0.0001).
The ED and FDist of utilized species were significantly greater than
that of non-utilized species (all test results for pairwise comparisons
in table S2). As observed for plants (16), ED was significantly
higher, compared with species with no recorded uses, for species
used for food, materials, and medicine and for all utilization cate-
gories combined, when considering all bird species and threatened
species only (table S2). Similarly, FDist is significantly higher in uti-
lized species across all utilization categories and all categories com-
bined when considering all bird species, but not significantly
different for threatened birds used for medicine (all test results in
table S3).
When we selected threatened species for conservation based on

their ED and FDist ranks, the twomeasures of distinctiveness exhib-
ited low overlap in terms of the utilized species they prioritized, with
typically <50% overlap for all utilization categories at the 2.5 to 25%
sample sizes (5% sample size: Fig. 4; all sample sizes: fig. S8). If we
were to prioritize 5% of threatened bird species (74 spp.) for conser-
vation on FDist alone, we would omit 20 threatened monotypic
genera (several of which are highlighted for their uses, and some
of which are unexpected, in Fig. 4). Conversely, prioritizing 5% of
threatened species by ED alone would omit 48 of the world’s most
functionally distinct species (9% overlap of top 5% ED and FDist
spp.; Fig. 4).
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Of the 608 threatened and utilized species included in this study,
437 (72%) also have direct exploitation listed as a threat on the
IUCNRed List (19). One of these species, themasked finfoot (Helio-
pais personatus), is the only species in the top 2.5% of ED and FDist
of utilized and threatened birds (Fig. 5). The three species in the top
5% of both distinctiveness measures, alongside the masked finfoot,
are the Abyssinian ground hornbill (Bucorvus abyssinicus), greater
adjutant (Leptoptilos dubius), and malleefowl (Leipoa ocellata). The
17 utilized and threatened species in the top 10% for both distinc-
tiveness measures include the most evolutionarily distinct threat-
ened bird, the kagu (Rhynochetos jubatus), Madagascar serpent
eagle (Eutriorchis astur), lesser florican (Sypheotides indicus), and
takahē (Porphyrio hochstetteri; Fig. 5 and data S1).

DISCUSSION
Our findings support earlier work on plants (13, 14) and suggest
that maximizing PD provides a useful strategy for maintaining ben-
efits across the world’s birds, although PD’s performance varies de-
pending on the distribution of the utilization category across the
phylogeny and the proportion of total species examined (Fig. 1).
When considering the use of PD to prioritize the conservation of
threatened birds (Fig. 2), PD maximization generally outperforms
extinction risk-based approaches alone at capturing currently uti-
lized species. Our results indicate that maximizing overall PD can
increase the chances of capturing species with certain uses to
humans and is thus an effective strategy for the maintenance of
future options. In addition, our results suggest that conserving
threatened PD is essential to not only limit the loss of PD, and

thus future options, but also to retain current benefits that would
otherwise be neglected under either species extinction risk or func-
tional prioritizations alone.
The efficiency of PD at capturing benefits varies depending on

the number of species recorded and the distribution of the given
benefit across the avian Tree of Life. PD performed strongest for
the three benefits spread relatively widely across the avian phyloge-
netic tree: food, materials, and medicine (Fig. 1 and fig. S2). In con-
trast, the highly clumped distribution of species used as pets
resulted in minimal gain from the maximization of PD (Fig. 1
and fig. S2). The phylogenetic clumping of utilization categories in-
creased with their species richness (fig. S2), suggesting that PD pro-
vides particular utility at capturing rare benefits dispersed across the
Tree of Life.
The large number of bird species used as pets (recorded for 73%

of threatened birds and 35% of all birds in this study), which
account for the majority (90%) of utilized bird species (26), com-
bined with their highly clumped distribution on the bird phyloge-
netic tree and low ED, led to their considerable influence on the
results when all benefits were combined. Although Passeriformes
dominated utilized species, which is to be expected given the rich-
ness of the clade, the taxonomic distribution of utilized species
varied by utilization category (fig. S2), with the second-highest uti-
lized family differing between those used for food (Galliformes),
materials (Pelecaniformes), medicine (Accipitriformes, following
Strigiformes), and pets (Psittaciformes).
Despite the significant clumping and high prevalence of pet

species (fig. S2), PD still provided significantly greater gains than
random when all utilized species were combined at smaller

Fig. 2. The performance of a phylogenetic diversity (PD) maximization strategy at capturing utilized and threatened bird species. The number of threatened
utilized species captured by maximizing the conservation of threatened PD compared with the numbers saved when species are selected on the basis of their extinction
risk (i.e., IUCN Red List category, RL weighted), with greater weighting given to species in more at risk categories (see Materials and Methods). Significance based on SES
scores, for alpha of 5% (*), 1% (**), and 0.01% (***). Error bars represent 95% confidence interval around the mean for 100 values.
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sample sizes, where the pervasive presence of pet species was
reduced compared with larger sample sizes (Fig. 1). Further infor-
mation to disaggregate “pet” species into the constituent uses, e.g.,
whether species are kept as household pets or in zoological collec-
tions, would be valuable in decomposing the influence of pet species
on the overall results. Highly evolutionarily distinct birds (top 10%)
are more likely to be found in zoological collections than are other
species (27).
Conserving threatened PD is increasingly recognized as an im-

portant endeavor, with trends in global PD being adopted as an in-
dicator by The Intergovernmental Science-Policy Platform on
Biodiversity and Ecosystem Services (IPBES) (5) and indicators
for PD and the conservation status of EDGE species included in
the Convention on Biological Diversity’s Kunming-Montreal
Global Biodiversity Framework (28). Our results indicate that con-
serving threatened species based on PD captured more species with
recorded benefits than by focusing on extinction risk alone (Fig. 2)
and that species used by humans for medicine, materials, and food
are more evolutionarily distinct than those that are not (table S2).
Thus, whether through the EDGE metric—which combines ED
with extinction risk (figs. S4 and S5) (21, 29)—or through the max-
imization of PD irrespective of extinction risk categories (Fig. 2),
prioritizing evolutionary history for conservation can provide an ef-
ficient means of maintaining both future options—through the

maintenance of PD–and currently threatened benefits provided
by birds globally.
There has been lively debate in academic literature discussing the

value of PD as a conservation tool beyond a perceived surrogacy for
other aspects of biodiversity, such as functional diversity (30–33).
Our exploration of the relative performance of strategies to conserve
threatened PD compared with sets of threatened species selected
based on their FDist highlights that PD is comparably efficient at
capturing benefits (Figs. 3 and 4, and fig. S6). Given the evidence
that functionally distinct species are particularly targeted by con-
sumptive practices such as hunting (23) and the pet trade (25),
this result is unexpected as one can reasonably expect species sets
selected based on FDist to effectively capture utilized species in
our dataset.
Further, we found that, in addition to performing comparably to

sets of species that prioritize functionally distinct birds, the utilized
species captured by sets of species that prioritize evolutionarily dis-
tinct threatened birds shared low levels of overlap with those cap-
tured by sets of functionally distinct threatened birds (Fig. 5 and fig.
S8). Various highly evolutionarily distinct, utilized, and threatened
monotypic genera (e.g., maleo, Macrocephalon maleo; giant ibis,
Thaumatibis gigantea; and subdesert mesite, Monias benschi) and
families (e.g., the secretarybird, Sagittarius serpentarius; shoebill,
Balaeniceps rex; and Kagu, R. jubatus)—many of which have impor-
tant and unexpected utilitarian, cultural, and psychological value
(27, 34, 35)—were overlooked when prioritizing by FDist alone.
This was particularly pronounced when the number of threatened
species to be conserved was low (e.g., 5%; Fig. 4). Conversely, many
of the world’s most functionally distinctive birds would be over-
looked if we focused solely on conserving evolutionary history.
For example, the horned guan (Oreophasis derbianus), cape
parrot (Poicephalus robustus), mariana crow (Corvus kubaryi),
and several large fish eagles of the genus Haliaeetus would not be
prioritized under an ED-based prioritization if we could conserve
only 5% of threatened birds (Fig. 4).
Our findings suggest that the consideration of PD as simply a

surrogate for other “desirable” aspects of biodiversity such as func-
tional traits may require a rethink and that the unique value added
by PD is in need of greater recognition. Prioritizing threatened
species for conservation by their PD can effectively conserve
option values, particularly when resources are restricted (i.e.,
smaller sample sizes in our study), and the potential benefits are
rare and phylogenetically dispersed. Conversely, with unlimited re-
sources to conserve a large proportion of threatened species, prior-
itizing by FDist would—at least for birds—be more efficient at
capturing species associated with prevalent uses, particularly food
and pets. However, given the restricted nature of conservation re-
sources and the low overlap of utilized threatened species captured
by evolutionary and functional metrics, conservation efforts should,
where possible, prioritize both evolutionarily and functionally dis-
tinct species to effectively safeguard their associated benefits to
humans (Fig. 5).
However, whereas phylogenetic trees are increasingly available

for large parts of the Tree of Life (36–40), comprehensive functional
trait datasets are not yet available for the vast majority of species (41,
42). Thus, the gap between phylogenetic and functional data avail-
ability therefore needs to be bridged to facilitate the use of function-
al data in conservation prioritizations as readily as can be achieved
with PD. Here, we used FDist scores for birds derived from a limited

Fig. 3. Performance of the different conservation strategies at capturing uti-
lized and threatened species at 5 and 25% sample sizes. The number of threat-
ened species with recorded uses for the four main utilization categories, and all
groups combined, captured by each conservation strategy for the (A) 5% (75
spp.) and (B) 25% (375 spp.) sample sizes. Bars represent the 95% confidence in-
terval from 100 iterations. Bars in order, from left to right, for each category: Extinc-
tion risk-weighted (RL weighted; gray); functional distinctiveness–weighted
strategy (FDist; blue); evolutionarily distinct and globally endangered (EDGE) strat-
egy (green); phylogenetic diversity (PD) maximization strategy (orange).
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number of semiquantitative and categorical traits, with body size as
the only continuous measure (43, 44). It is common for studies of
functional diversity to rely on limited amounts of primarily categor-
ical traits (42, 45) and on traits that are often phylogenetically
clumped (46). However, continuous trait data are increasingly avail-
able for the world’s birds (47) and other vertebrates (48, 49). We
hope that our findings will inspire further explorations into how
the use of continuous trait datasets influences how utilized species
(or any species of interest) are represented in trait space and explore
how the unsustainable use of species will erode functional diversity
at local and global scales.
It is reasonable to assert that known benefits today, such as the

utilization data used for our study, were at one point in human
history unknown future options. Had we taken a time machine to
conduct this research at a remote past point in time when the
current utility of bird species was not yet realized (e.g., paleolithic
societies) and selected the sets of species to maximize PD with no
knowledge of their future benefits, we would have performed better

at capturing species with future benefits to humans—particularly
benefits that are relatively rare and phylogenetically dispersed—
than when selecting species at random. Our findings thus comple-
ment earlier work on plants at both a local (13) and global scale (14)
by providing empirical evidence for the link between evolutionary
history and the option value of biodiversity.
It is important to recognize that, for many species, their value to

people is now also a serious threat. The unsustainable use of species
has contributed to some bird species becoming extinct (e.g., the pas-
senger pigeon, Ectopistes migratorius) (50), and today is one of the
largest drivers of species population declines (51) and extinction
risk (18, 26).When combined with other threats, previously sustain-
able practices have the potential to drive species to extinction (34,
52). However, there is also good evidence that, when well-managed,
the use of wild species can be sustainable and contribute positively
to their conservation (53). Our findings highlight that, while it is
important to maintain diversity to ensure current and future bene-
fits can be realized, the scale of the biodiversity crisis necessitates the

Fig. 4. The performance of evolutionary and functional distinctiveness (FDist) at capturing utilized threatened bird species. The number of utilized species for
each utilization category, and all combined, captured when 5% (75 spp.) of threatened species are selected on the basis of their evolutionary distinctivness (ED) (orange)
or FDist (light blue) scores and the number of species captured by both ED and FDist (dark blue). Species featured are examples of high ED species not captured by the
FDist prioritization at the 5% sample size, from top to bottom: Shoebill [B. rex, hunted for food (64)], maleo [M. maleo, eggs used in traditional ceremonies and as or-
naments (34, 65)], secretarybird [S. serpentarius, reports of international trade for medicinal use (66)]; coral-billed ground cuckoo [Carpococcyx renauldi, collected for the
cagebird trade (67)]; and subdesert mesite [M. benschi, localized use of species for food (68)]. For results for all sample sizes, see fig. S8. Image credits: Shoebill, Claudia
L. Gray; maleo, Kevin Schafer; secretarybird: Anthony Lowney; coral-billed ground cuckoo: Lenny Worthington; subdesert mesite: Louise Gardner.
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sustainable use of species to guarantee their survival (3, 6). The
species highlighted here (Figs. 4 and 5, and data S1) are some of
the most distinctive and threatened species on Earth and the con-
servation and sustainable use of which are imperative to avert large
losses of irreplaceable phylogenetic and functional diversity.
Our work was limited to species for which some form of use or

trade had been recorded by an IUCN Red List assessor as part of the
assessment process and thus is not an exhaustive examination of the
uses and benefits provided by birds to humanity. It is likely that
many recorded consumptive uses of birds by humans have been
overlooked, such as the use of colorful feathers for various orna-
mental and cultural reasons (54). While this work focuses only on
direct benefits derived from birds, future work should also explore
the link between evolutionary history and the wide variety of indi-
rect benefits we receive from biodiversity, including those tied to
ecosystem functioning, cultural values, and psychological well-
being at the local and global scales (1, 3, 8, 55). In addition, more
research is needed to explore how the distribution of benefits across
the phylogeny affects the utility of PD for capturing beneficial
species. Last, birds represent only a small part of the role biodiver-
sity plays in humanity’s relationship with nature, and further re-
search across the Tree of Life is required.
Our study highlights the importance of conserving PD to ensure

we maintain a diversity of options for the future. We must strive to
retain variety across multiple dimensions of biodiversity if we are to
be truly ambitious about halting the loss of biodiversity for future
generations and the known and yet-to-be-discovered benefits
it bestows.

MATERIALS AND METHODS
Experimental design
Identifying species of importance
We restricted the taxonomic scope of our analyses to birds for two
reasons: (i) their almost complete data coverage (>99% of species)
and adequate recording of use and trade data on the IUCN Red List
(26) and (ii) their high phylogenetic coverage (>85% of species in-
cluded in a published phylogenetic tree) (56). Although there is now
somewhat comparable phylogenetic and IUCN Red List coverage
for other vertebrate classes, particularly mammals and amphibians,
the current IUCN Red List mammal use and trade data are consid-
ered inadequate for these types of analyses (26).
For our analyses, we extracted and categorized the benefits to

humans provided by bird species using the IUCN Red List use
and trade classification scheme (www.iucnredlist.org/resources/
general-use-trade-classification-scheme), which identifies 16 spe-
cific “consumptive uses” of species (Table 1). For our analyses, we
considered only those consumptive uses that could be directly rec-
onciled with one or more of the 18 broader categories of Nature’s
Contributions to People (NCPs) identified by IPBES (IPBES 2019).
We then grouped the IUCN categories of uses of species (hereafter
“IUCN uses”) based on these broader IPBES NCP category associ-
ations, and some uses were mapped to more than one
NCP (Table 1).
We identified utilized bird species that could reliably be grouped

into four broad utilization categories: fuel/energy, food, materials
(handicrafts, jewelry and other household goods), and medicine
(Table 1). As there was insufficient information to disaggregate
99% (4482 spp.) of pet records into their reason for use (e.g., per-
sonal pet or Zoo collection), we also included pets and display
animals combined as a single group. As there were just 12 bird
species utilized for energy (just three of which are threatened; use
7, Table 1), we did not analyze species used for energy independent-
ly from the overall dataset of utilized species.
For our analyses, we extracted a sample of 100 phylogenetic trees

from the distribution of 10,000 species-level bird trees of Jetz et al.
(56) and matched the species to the 2019 BirdLife International tax-
onomy for birds (57), which, as the Bird Red List Authority, estab-
lishes the Red List taxonomy for birds on the Red List. Where
species could not be matched from the trees to the taxonomy,
they were removed from the phylogenetic trees, resulting in a set
of 100 phylogenetic trees comprising 9645 species. We conducted
all the analyses described below and averaged results across the
100 phylogenetic trees to account for phylogenetic uncertainty
(14, 58). For our main analyses, we restricted our set of utilized
species to those species recorded in the food, materials, medicine,
and pet categories, which could also be matched to species in our
updated trees (4291 spp.; Table 1). However, we also ran additional
analyses for species linked to IUCN use 15, “sport hunting/speci-
men collecting,” which we could not reconcile with any broader cat-
egory due to insufficient information, and reran our analyses of all
utilized species with all species with recorded uses included, irre-
spective of direct link to a broader utilization category, to explore
the impacts of including all utilized species on the results (data S1).
Avian evolutionary history and utilized species
We calculated the number of species in each bird order associated
with each utilization category and compared this with the null ex-
pectation of taxonomic distribution of utilized records if their

Fig. 5. Threatened and utilized bird species in the top 2.5 to 10% of evolu-
tionary and functional distinctiveness (FDist). A selection of utilized and threat-
ened bird species that occur in the top 2.5% (top left: masked finfoot, H.
personatus); 5% (top middle: greater adjutant, L. dubius); and 10% (top right:
kagu, R. jubatus; bottom left: Madagascar serpent eagle, E. astur; bottom middle:
lesser florican, S. indicus; bottom right: helmeted hornbill, Rhinoplax vigil) of evo-
lutionary distinctiveness (ED) and FDist of threatened birds (all scores in Data S1).
Image credits: Masked finfoot: Tun Pin Ong; greater adjutant: Benjamin Fitzgerald;
kagu: Roger Le Guen; Madagascar serpent eagle: Dubi Shapiro; lesser florican: Par-
ashura M. Laad; helmeted hornbill: Doug Janson.
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distribution was at random across all birds. To do this, we selected
999 sets of bird species of equal number to those observed for each
utilization category at random from all bird species and calculated
the number of species from each bird order.We considered an order
to be significantly overrepresented or underrepresented in a utiliza-
tion category when the observed number fell within the highest
97.5% or lowest 2.5% of simulated values, respectively.
We used the greedy algorithm (32, 59) to find sets of species to

maximize PD (i.e., finding the longest path across a tree to connect
all species in a given set for size S to maximize branch lengths cap-
tured) at sample sizes S of 2.5, 5, 10, 25, and 50% of the total number
of species in the tree. As there are multiple sets of species that can
maximize PD for a given sample size, we generated 10 PD-

maximizing species sets for each of the 100 phylogenies, resulting
in 1000 species sets for each sample size [following Molina-
Venegas et al. (14)]. We then generated a null distribution of
1000 random species sets for each sample size for comparison
with our PD-maximizing sets. For each sample size, we then calcu-
lated how many species recorded for each utilization category were
captured by PD-maximizing sets and random sets of species, re-
spectively (both for each utilization category separately and all com-
bined). To generate comparable results across sample size S, we
calculated standardized effect sizes (SESs) for each sample size fol-
lowing Molina-Venegas et al. (14) using

SES ¼
MPD � Mnull
SDnull

where SES is the SES score for a given PD approach and sample size,
MPD is the observed mean value of the variable when species selec-
tion is phylogenetically informed,Mnull is the mean of the null dis-
tribution, and SDnull is the standard deviation of the null
distribution.
To assess the phylogenetic dispersion of species associated with

each utilization category, we calculated the PD captured by species
used for each category and all combined for each of the 100 phylo-
genetic trees. We then generated a null distribution of PD for each
tree by shuffling species names across the tree tips and recalculating
PD 1000 times and calculated an SES score as above for each utili-
zation category. We took the mean SES score for each utilization
category versus null distribution, following Molina-Venegas et al.
(14), where high SES scores indicate greater dispersion of utilized
species, and lower SES scores indicate phylogenetic clumping. We
also calculatedmedian ED scores (21) for all birds from the 100 phy-
logenetic trees used for the PD analyses. We then explored whether
species associated with each utilization category differed in their
ED scores.
Prioritizing threatened avian evolutionary history to
safeguard utilized species
Extinction risk must also be considered when identifying sets of
species to conserve, as PD-maximizing sets may not necessarily rep-
resent the optimal sets to avert the loss of threatened PD. For
example, a set of 100 bird species that are selected to maximize
PD could, in theory, all be listed as least concern (LC) by the
IUCN Red List and in no immediate danger of becoming extinct.
We therefore incorporated extinction risk in two ways to explore
the performance of conservation strategies that aim to avert the
loss of PD at capturing threatened and utilized species.
First, we considered all bird species listed as LC or near threat-

ened (NT) by the IUCN Red List to be currently at low risk of ex-
tinction and all species in threatened Red List categories—VU, EN,
CR, and extinct in the wild (EW)—to be “threatened.”We consid-
ered “low-risk” species as secured from extinction and then again
applied a greedy algorithm to identify sets of threatened species
that, if conserved, would maximize the gain in PD in addition to
that secured by the low-risk species. We generated 1000 sets of
PD-maximizing threatened species at sample sizes of 2.5, 5, 10,
25, and 50% of total threatened species in our phylogeny
(1491 spp.).
Second, we again considered LC and NT species to be low risk

and selected sets of threatened species to “conserve” using the orig-
inal “EDGE” approach. The EDGE approach prioritizes species

Table 1. The 16 specific IUCN uses defined by the IUCN Red List, their
purpose—determined from the description/definition given by the
IUCN Red List, the broader IPBES NCP categories to which each use
was linked, and the number of extant species and threatened (CR, EN,
or VU on the Red List) species with phylogenetic information included
in this study. “-” indicates zero species were listed under the given use by
the IUCN Red List. Total species refer to unique species, whereas a species
may occur in multiple use categories; hence, the total value is less than the
sum of the rows.

IUCN use IPBES NCP
category

Species Threatened
spp.

1. Food (human) Food 1402 346

2. Food (animal) Food - -

3. Medicine (human
and veterinary)

Medicinal 57 15

4. Poisons Medicinal - -

5. Manufacturing
chemicals

Medicinal - -

6. Other chemicals
(e.g., perfume)

Materials - -

7. Fuels Energy 12 3

8. Fiber Materials - -

9. Construction or
structural

Materials - -

10. Wearing apparel,
accessories

Materials - -

11. Other
household goods

Materials 47 21

12. Handicrafts,
jewelry, etc.

Materials 66 17

13. Pets/display
animals, horticulture

Pets (NCPs 13,
15, 16)

3855 441

14. Research Medicinal 1 -

15. Sport hunting/
specimen collecting

- 402* 62*

16. Establishing ex situ
production

- 1* -*

Total species 4291
(4331†)

604 (608†)

*Use categories that were excluded from the main analyses due to lack of
sufficient detail to link the use to a broader utilization category. †The
total of unique species when all uses are included.
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based on the combined magnitude of their ED and extinction risk
or GE (21). High-ranking EDGE species are threatened species that
are likely to be responsible for preserving large amounts of unique
PD into the future, and high ED plant species have been shown to
capture multiple benefits (16). Averting the extinction of high-
ranking EDGE species can therefore avert the greatest losses of
PD. We selected sets of threatened bird species based on their
EDGE ranks—selecting the highest-ranking species first—again at
sample sizes of 2.5, 5, 10, 25, and 50% of total threatened species.We
generated 100 EDGE scores for the threatened species from a
sample of 100 phylogenies from the distribution of Jetz et al. (56).
To assess the performance of the PD-maximizing and EDGE

strategies for capturing threatened species recorded in utilization
categories, we generated distributions of species captured at the
same sample sizes for comparison, under two alternative sampling
strategies. First, we generated a distribution of 1000 sets of threat-
ened species for each sample size, whereby the probability of a
species being selected for conservation was weighted by their
IUCN Red List category (i.e., species in more severe extinction
risk categories had a higher probability of being selected, with
weightings following the IUCN Red List Index weightings of cate-
gories: VU = 2, EN = 3, CR = 4, EW = 5), hereafter referred to as the
“RL-weighted” strategy, under the assumption that species with
higher risk of extinction are more likely to receive conservation
action (60).
Second, we implemented a sampling strategy where subsets of

threatened species are sampled at random but conditioned to
meet the proportion of threat categories sampled by each PD-max-
imizing subset of threatened species. For example, if a set of PD-
maximizing species was composed of 20% CR, 50% EN, and 30%
VU species, then we generated a null set of species for comparison
that selected species at random from each Red List category to
produce 20% CR, 50% EN, and 30% VU species. We repeated this
for each sample size across the 1000 iterations and hereafter refer to
the approach as the “RL-controlled” strategy. This strategy controls
for any potential relationship between phylogeny and extinction
risk, allowing the comparison of PD-maximizing sets against sets
of threatened species in general. We used the same approach as
before to determine the relative change in utilized species captured
and SES scores for each sample size.
We created a third null distribution of species, derived from

FDist—a measure of the isolation of species in functional space—
for comparison against the PD maximization approach, under the
assumption that species with “unusual” traits are more likely to be
targeted by humans for various uses (24, 25). To achieve this, we
matched the species in our dataset to the FDist scores from
Pollock et al. (44), who used traits on diet, foraging strategy, activity
patterns, and body size to generate FDist measures for all bird
species. We used these FDist scores to weight the probability of a
species being selected for conservation. We again generated SES
scores between the PD maximization and FDist-weighted
approaches.
Conserving distinctive and utilized species
Last, we explored the performance of prioritizing the most evolu-
tionarily and functionally distinct species at capturing utilized
threatened species by picking species in decreasing order of ED
and FDist individually. We estimated median ED scores for all
birds from the 100 phylogenetic trees used for the PD analyses.
We quantified the accumulated benefits and extent of overlap

between the utilized species captured in each approach for the
same sample sizes as PD-based test above. We then explored
whether species used for each category, and all categories combined,
were more “distinctive” than species with no recorded association to
each utilization category.

Statistical analyses
To determine statistical significance from the SES results, we fol-
lowed Molina-Venegas et al. (14) by determining that, for a 5%
nominal α, SES scores above +1.96 and below −1.96 indicate that
the observed results (e.g., number of utilized species captured)
were significantly larger or smaller than random expectation, re-
spectively. To determine whether the ED scores differed between
species in each utilization category, we used Kruskal-Wallis with
Dunn’s test for pairwise comparisons. We compared ED and
FDist scores of utilized species versus non-utilized species using
Welch’s t tests. We tested for a relationship between ED and
FDist of all birds, and threatened birds only, using Pearson’s corre-
lations. All statistical analyses were conducted in R (61) using the
packages Caper (62) and dunn.test (63), as well as the “greedyPD”
function developed by Mazel et al. (32).

Supplementary Materials
This PDF file includes:
Figs. S1 to S8
Tables S1 to S3
Legend for data S1

Other Supplementary Material for this
manuscript includes the following:
Data S1

REFERENCES AND NOTES
1. C. Gascon, T. M. Brooks, T. Contreras-Macbeath, N. Heard, W. Konstant, J. Lamoreux,

F. Launay, M. Maunder, R. A. Mittermeier, S. Molur, R. K. Al Mubarak, M. J. Parr,
A. G. J. Rhodin, A. B. Rylands, P. Soorae, J. G. Sanderson, J.-C. Vié, The importance and
benefits of species. Curr. Biol. 25, R431–R438 (2015).

2. M. Christie, B. Martín-López, A. Church, E. Siwicka, P. Szymonczyk, J. Mena Sauterel, Un-
derstanding the diversity of values of “Nature’s contributions to people”: Insights from the
IPBES Assessment of Europe and Central Asia. Sustain. Sci. 14, 1267–1282 (2019).

3. S. Díaz, J. Settele, E. S. Brondízio, H. T. Ngo, J. Agard, A. Arneth, P. Balvanera, K. A. Brauman,
S. H. M. Butchart, K. M. A. Chan, L. A. Garibaldi, K. Ichii, J. Liu, S. M. Subramanian,
G. F. Midgley, P. Miloslavich, Z. Molnár, D. Obura, A. Pfaff, S. Polasky, A. Purvis, J. Razzaque,
B. Reyers, R. R. Chowdhury, Y.-J. Shin, I. Visseren-Hamakers, K. J. Willis, C. N. Zayas, Pervasive
human-driven decline of life on Earth points to the need for transformative change. Science
366, eaax3100 (2019).

4. R. Dirzo, H. S. Young, M. Galetti, G. Ceballos, N. J. B. Isaac, B. Collen, Defaunation in the
Anthropocene. Science 345, 401–406 (2014).

5. IPBES, Global assessment report on biodiversity and ecosystem services of the Intergovern-
mental Science-Policy Platform on Biodiversity and Ecosystem Services (IPBES secretariat,
2019); https://ipbes.net/global-assessment.

6. Secretariat of the Convention on Biological Diversity, Kunming-Montreal Global biodiver-
sity framework. CBD/COP/15/L.25 (Convention on Biological Diversity, 2022), p. 14.

7. Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services,
Summary for policymakers of the methodological assessment of the diverse values and val-
uation of nature of the Intergovernmental Science-Policy Platform on Biodiversity and Eco-
system Services (IPBES) (IPBES, 2022).

8. Millenium Ecosystem Assessment, “Ecosystems and human well-being: Biodiversity syn-
thesis” (2005).

9. D. S. Karp, C. D. Mendenhall, R. F. Sandí, N. Chaumont, P. R. Ehrlich, E. A. Hadly, G. C. Daily,
Forest bolsters bird abundance, pest control and coffee yield. Ecol. Lett. 16,
1339–1347 (2013).

S C I ENCE ADVANCES | R E S EARCH ART I C L E

Gumbs et al., Sci. Adv. 9, eadh4686 (2023) 20 September 2023 9 of 11

D
ow

nloaded from
 https://w

w
w

.science.org at U
niversidad A

utonom
a de M

adrid on July 12, 2024

https://ipbes.net/global-assessment


10. M. W. Hayward, N. F. V. Meyer, N. Balkenhol, C. T. Beranek, C. K. Bugir, K. V. Bushell, A. Callen,
A. J. Dickman, A. S. Griffin, P. M. Haswell, L. G. Howell, C. A. Jordan, K. Klop-Toker, R. J. Moll,
R. A. Montgomery, T. Mudumba, L. Osipova, S. Périquet, R. Reyna-Hurtado, W. J. Ripple,
L. P. Sales, F. J. Weise, R. R. Witt, P. A. Lindsey, Intergenerational Inequity: Stealing the Joy
and Benefits of Nature From Our Children. Front. Ecol. Evol. 10, 10.3389/
fevo.2022.830830, (2022).

11. O. J. Schmitz, M. Sylvén, T. B. Atwood, E. S. Bakker, F. Berzaghi, J. F. Brodie,
J. P. G. M. Cromsigt, A. B. Davies, S. J. Leroux, F. J. Schepers, F. A. Smith, S. Stark, J.-
C. Svenning, A. Tilker, H. Ylänne, Trophic rewilding can expand natural climate solutions.
Nat. Clim. Change 13, 324–333 (2023).

12. D. P. Faith, Conservation evaluation and phylogenetic diversity. Biol. Conserv. 61,
1–10 (1992).

13. F. Forest, R. Grenyer, M. Rouget, T. J. Davies, R. M. Cowling, D. P. Faith, A. Balmford,
J. C. Manning, Ş. Procheş, M. van der Bank, G. Reeves, T. A. J. Hedderson, V. Savolainen,
Preserving the evolutionary potential of floras in biodiversity hotspots. Nature 445,
757–760 (2007).

14. R. Molina-Venegas, M. Á. Rodríguez, M. Pardo-de-Santayana, C. Ronquillo, D. J. Mabberley,
Maximum levels of global phylogenetic diversity efficiently capture plant services for hu-
mankind. Nat. Ecol. Evol. 5, 583–588 (2021).

15. E. Nic Lughadha, S. P. Bachman, T. C. C. Leão, F. Forest, J. M. Halley, J. Moat, C. Acedo,
K. L. Bacon, R. F. A. Brewer, G. Gâteblé, S. C. Gonçalves, R. Govaerts, P. M. Hollingsworth,
I. Krisai-Greilhuber, E. J. de Lirio, P. G. P. Moore, R. Negrão, J. M. Onana, L. R. Rajaovelona,
H. Razanajatovo, P. B. Reich, S. L. Richards, M. C. Rivers, A. Cooper, J. Iganci, G. P. Lewis,
E. C. Smidt, A. Antonelli, G. M. Mueller, B. E. Walker, Extinction risk and threats to plants and
fungi. PLANTS PEOPLE PLANET 2, 389–408 (2020).

16. R. Molina-Venegas, Conserving evolutionarily distinct species is critical to safeguard
human well-being. Sci. Rep. 11, 24187 (2021).

17. W. J. Ripple, K. Abernethy, M. G. Betts, G. Chapron, R. Dirzo, M. Galetti, T. Levi, P. A. Lindsey,
D. W. Macdonald, B. Machovina, T. M. Newsome, C. A. Peres, A. D. Wallach, C. Wolf, H. Young,
Bushmeat hunting and extinction risk to the world’s mammals. R. Soc. Open Sci. 3,
160498 (2016).

18. S. L. Maxwell, R. A. Fuller, T. M. Brooks, J. E. Watson, Biodiversity: The ravages of guns, nets
and bulldozers. Nature 536, 143–145 (2016).

19. IUCN, IUCN Red List of Threatened Species. Version 2020–1 (2020), (available at www.
iucnredlist.org).

20. S. H. M. Butchart, Red List Indices to measure the sustainability of species use and impacts
of invasive alien species. Bird Conserv. Int. 18, S245–S262 (2008).

21. N. J. B. Isaac, S. T. Turvey, B. Collen, C. Waterman, J. E. M. Baillie, Mammals on the EDGE:
Conservation priorities based on threat and phylogeny. PLOS ONE 2, e296 (2007).

22. D. W. Redding, A. O. Mooers, Incorporating evolutionary measures into conservation pri-
oritization. Conserv. Biol. 20, 1670–1678 (2006).

23. W. J. Ripple, C. Wolf, T. M. Newsome, M. Hoffmann, A. J. Wirsing, D. J. McCauley, Extinction
risk is most acute for theworld’s largest and smallest vertebrates. Proc. Natl. Acad. Sci. U.S.A.
114, 10678–10683 (2017).

24. W. J. Ripple, C. Wolf, T. M. Newsome, M. G. Betts, G. Ceballos, F. Courchamp, M. W. Hayward,
B. Van Valkenburgh, A. D. Wallach, B. Worm, Are we eating the world’s megafauna to ex-
tinction? Conserv. Lett. 12, e12627 (2019).

25. A. Toomes, P. García-Díaz, O. C. Stringham, J. V. Ross, L. Mitchell, P. Cassey, Drivers of the
Australian native pet trade: The role of species traits, socioeconomic attributes and regu-
latory systems. J. Appl. Ecol. 59, 1268–1278 (2022).

26. S. M. E. Marsh, M. Hoffmann, N. D. Burgess, T. M. Brooks, D. W. S. Challender, P. J. Cremona,
C. Hilton-Taylor, Prevalence of sustainable and unsustainable use of wild species inferred
from the IUCN Red List of Threatened Species. Conserv. Biol. 36, e13844 (2022).

27. A. M. Biega, M. Lamont, A. Mooers, A. E. Bowkett, T. E. Martin, Guiding the prioritization of
the most endangered and evolutionary distinct birds for new zoo conservation programs.
Zoo Biol. 38, 305–315 (2019).

28. Secretariat of the Convention on Biological Diversity, Monitoring framework for the
Kunming-Montreal global biodiversity framework. CBD/COP/15/L.26 (Convention on Bio-
logical Diversity, 2022), p. 26.

29. R. Gumbs, C. L. Gray, M. Böhm, I. J. Burfield, O. R. Couchman, D. P. Faith, F. Forest,
M. Hoffmann, N. J. B. Isaac, W. Jetz, G. M. Mace, A. O. Mooers, K. Safi, O. Scott, M. Steel,
C. M. Tucker, W. D. Pearse, N. R. Owen, J. Rosindell, The EDGE2 protocol: Advancing the
prioritisation of Evolutionarily Distinct and Globally Endangered species for practical
conservation action. PLOS Biol. 21, e3001991 (2023).

30. M. Winter, V. Devictor, O. Schweiger, Phylogenetic diversity and nature conservation:
Where are we? Trends Ecol. Evol. 28, 199–204 (2013).

31. D. F. Rosauer, A. O. Mooers, Nurturing the use of evolutionary diversity in nature conser-
vation. Trends Ecol. Evol. 28, 322–323 (2013).

32. F. Mazel, M. W. Pennell, M. W. Cadotte, S. Diaz, G. V. Dalla Riva, R. Grenyer, F. Leprieur,
A. O. Mooers, D. Mouillot, C. M. Tucker, W. D. Pearse, Prioritizing phylogenetic diversity
captures functional diversity unreliably. Nat. Commun. 9, 2888 (2018).

33. N. R. Owen, R. Gumbs, C. L. Gray, D. P. Faith, Global conservation of phylogenetic diversity
captures more than just functional diversity. Nat. Commun. 10, 859 (2019).

34. M. Indrawan, N. Wahid, M. Argeloo, S. Mile-Doucet, J. Tasirin, L. P. Koh, M. Summers,
P. J. K. McGowan, All politics is local: The case of Macrocephalon maleo conservation on
Sulawesi, Indonesia. Biodivers. Conserv. 21, 3735–3744 (2012).

35. F. Taterka, The Secretary Bird of Deir el-Bahari. Rev. Egyptol. 69, 231–249 (2019).
36. C. E. Hinchliff, S. A. Smith, J. F. Allman, J. G. Burleigh, R. Chaudhary, L. M. Coghill,

K. A. Crandall, J. Deng, B. T. Drew, R. Gazis, K. Gude, D. S. Hibbett, L. A. Katz,
H. D. Laughinghouse IV, E. J. McTavish, P. E. Midford, C. L. Owen, R. H. Ree, J. A. Rees,
D. E. Soltis, T. Williams, K. A. Cranston, Synthesis of phylogeny and taxonomy into a
comprehensive tree of life. Proc. Natl. Acad. Sci. U.S.A. 112, 12764–12769 (2015).

37. Y. Wong, J. Rosindell, Dynamic visualisation of million-tip trees: The OneZoom project.
Methods Ecol. Evol. 13, 303–313 (2022).

38. D. L. Rabosky, J. Chang, P. O. Title, P. F. Cowman, L. Sallan, M. Friedman, K. Kaschner,
C. Garilao, T. J. Near, M. Coll, M. E. Alfaro, An inverse latitudinal gradient in speciation rate
for marine fishes. Nature 559, 392–395 (2018).

39. R. W. Stein, C. G. Mull, T. S. Kuhn, N. C. Aschliman, L. N. K. Davidson, J. B. Joy, G. J. Smith,
N. K. Dulvy, A. O. Mooers, Global priorities for conserving the evolutionary history of sharks,
rays and chimaeras. Nat. Ecol. Evol. 2, 288–298 (2018).

40. F. Forest, J. Moat, E. Baloch, N. A. Brummitt, S. P. Bachman, S. Ickert-Bond,
P. M. Hollingsworth, A. Liston, D. P. Little, S. Mathews, H. Rai, C. Rydin, D. W. Stevenson,
P. Thomas, S. Buerki, Gymnosperms on the EDGE. Sci. Rep. 8, 6053 (2018).

41. R. Molina-Venegas, J. C. Moreno-Saiz, I. Castro Parga, T. J. Davies, P. R. Peres-Neto,
M. Á. Rodríguez, Assessing among-lineage variability in phylogenetic imputation of
functional trait datasets. Ecography 41, 1740–1749 (2018).

42. V. J. Debastiani, V. A. G. Bastazini, V. D. Pillar, Using phylogenetic information to impute
missing functional trait values in ecological databases. Ecol. Inform. 63, 101315 (2021).

43. H. Wilman, J. Belmaker, J. Simpson, C. de la Rosa, M. M. Rivadeneira, W. Jetz, EltonTraits 1.0:
Species-level foraging attributes of the world’s birds and mammals. Ecology 95,
2027 (2014).

44. L. J. Pollock, W. Thuiller, W. Jetz, Large conservation gains possible for global biodiversity
facets. Nature 546, 141–144 (2017).

45. P. Griffith, J. W. Lang, S. T. Turvey, R. Gumbs, Using functional traits to identify conservation
priorities for the world’s crocodylians. Funct. Ecol. 37, 112–124 (2023).

46. I. Morales-Castilla, M. Á. Rodríguez, B. A. Hawkins, Deep phylogeny, net primary produc-
tivity, and global body size gradient in birds. Biol. J. Linn. Soc. 106, 880–892 (2012).

47. J. A. Tobias, C. Sheard, A. L. Pigot, A. J. M. Devenish, J. Yang, F. Sayol, M. H. C. Neate-Clegg,
N. Alioravainen, T. L. Weeks, R. A. Barber, P. A. Walkden, H. E. A. MacGregor, S. E. I. Jones,
C. Vincent, A. G. Phillips, N. M. Marples, F. A. Montaño-Centellas, V. Leandro-Silva,
S. Claramunt, B. Darski, B. G. Freeman, T. P. Bregman, C. R. Cooney, E. C. Hughes, E. J. R. Capp,
Z. K. Varley, N. R. Friedman, H. Korntheuer, A. Corrales-Vargas, C. H. Trisos, B. C. Weeks,
D. M. Hanz, T. Töpfer, G. A. Bravo, V. Remeš, L. Nowak, L. S. Carneiro, A. J. Moncada R,
B. Matysioková, D. T. Baldassarre, A. Martínez-Salinas, J. D. Wolfe, P. M. Chapman, B. G. Daly,
M. C. Sorensen, A. Neu, M. A. Ford, R. J. Mayhew, L. F. Silveira, D. J. Kelly, N. N. D. Annorbah,
H. S. Pollock, A. M. Grabowska-Zhang, J. P. McEntee, J. C. T. Gonzalez, C. G. Meneses,
M. C. Muñoz, L. L. Powell, G. A. Jamie, T. J. Matthews, O. Johnson, G. R. R. Brito, K. Zyskowski,
R. Crates, M. G. Harvey, M. J. Zevallos, P. A. Hosner, T. Bradfer-Lawrence, J. M. Maley,
F. G. Stiles, H. S. Lima, K. L. Provost, M. Chibesa, M. Mashao, J. T. Howard, E. Mlamba,
M. A. H. Chua, B. Li, M. I. Gómez, N. C. García, M. Päckert, J. Fuchs, J. R. Ali, E. P. Derryberry,
M. L. Carlson, R. C. Urriza, K. E. Brzeski, D. M. Prawiradilaga, M. J. Rayner, E. T. Miller,
R. C. K. Bowie, R.-M. Lafontaine, R. P. Scofield, Y. Lou, L. Somarathna, D. Lepage, M. Illif,
E. L. Neuschulz, M. Templin, D. M. Dehling, J. C. Cooper, O. S. G. Pauwels, K. Analuddin,
J. Fjeldså, N. Seddon, P. R. Sweet, F. A. J. DeClerck, L. N. Naka, J. D. Brawn, A. Aleixo,
K. Böhning-Gaese, C. Rahbek, S. A. Fritz, G. H. Thomas, M. Schleuning, AVONET: Morpho-
logical, ecological and geographical data for all birds. Ecol. Lett. 25, 581–597 (2022).

48. B. F. Oliveira, V. A. São-Pedro, G. Santos-Barrera, C. Penone, G. C. Costa, AmphiBIO, a global
database for amphibian ecological traits. Sci. Data 4, 170123 (2017).

49. A. Feldman, N. Sabath, R. A. Pyron, I. Mayrose, S. Meiri, Body sizes and diversification rates
of lizards, snakes, amphisbaenians and the tuatara. Glob. Ecol. Biogeogr. 25,
187–197 (2016).

50. A. Hinsley, J. Willis, A. R. Dent, R. Oyanedel, T. Kubo, D. W. S. Challender, Trading species to
extinction: Evidence of extinction linked to the wildlife trade. Cambridge Prisms Extinction
1, e10 (2023).

51. L. McRae, R. Freeman, J. Geldmann, G. B. Moss, L. Kjær-Hansen, N. D. Burgess, A global
indicator of utilized wildlife populations: Regional trends and the impact of management.
One Earth 5, 422–433 (2022).

S C I ENCE ADVANCES | R E S EARCH ART I C L E

Gumbs et al., Sci. Adv. 9, eadh4686 (2023) 20 September 2023 10 of 11

D
ow

nloaded from
 https://w

w
w

.science.org at U
niversidad A

utonom
a de M

adrid on July 12, 2024

http://www.iucnredlist.org
http://www.iucnredlist.org


52. S. Chen, Z. Fan, D. D. Roby, Y. Lu, C. Chen, Q. Huang, L. Cheng, J. Zhu, Human harvest,
climate change and their synergistic effects drove the Chinese Crested Tern to the brink of
extinction. Glob. Ecol. Conserv. 4, 137–145 (2015).

53. B. L. Tufts, J. Holden, M. DeMille, Benefits arising from sustainable use of North America’s
fishery resources: Economic and conservation impacts of recreational angling. Int.
J. Environ. Stud. 72, 850–868 (2015).

54. R. R. N. Alves, E. L. S. Mota, T. L. P. Dias, R. R. Nóbrega Alves, U. P. B. T.-E. Albuquerque, Eds.
(Academic Press, 2018), pp. 261–275.

55. R. Molina-Venegas, M. Fischer, N. P. Mollel, A. Hemp, Connecting plant evolutionary history
and human well-being at Mt. Kilimanjaro, Tanzania. Bot. J. Linn. Soc. 194, 397–409 (2020).

56. W. Jetz, G. H. Thomas, J. B. Joy, D. W. Redding, K. Hartmann, A. O. Mooers, Global Distri-
bution and Conservation of Evolutionary Distinctness in Birds. Curr. Biol. 24,
919–930 (2014).

57. BirdLife International, BirdLife Taxonomic Checklist 4.0 (2019); http://datazone.birdlife.org/
species/taxonomy.

58. T. F. Rangel, R. K. Colwell, G. R. Graves, K. Fučíková, C. Rahbek, J. A. F. Diniz-Filho, Phylo-
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